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Abstract.  

  
Prior s tudies have d emonstrated that inhibition of CHK1 c an promote a ctivation of E RK1/2 an d 

phosphorylation of his tone H2AX, and also that inhibition of PARP1 can im pact on growth factor –induced 

ERK1/2 activation. The present studies were initiated to determine in whether CHK1 inhibitors interacted with 

PARP1 inhibition to facilitate apoptosis. Transient expression of dominant negative CHK1 raised basal ERK1/2 

activity and prevented CHK1 inhibitors from activating ERK1/2. CHK1 inhibitors modestly increased the levels 

of PARP1 ADP ribosylation and molecular or small molecule inhibition of PARP1 blocked CHK1 inhibitor –

stimulated histone H2 AX ph osphorylation a nd activation of E RK1/2. Sti mulated histone H2 AX 

phosphorylation was ATM dependent. Multiple CHK1 inhibitors interacted in a greater than additive fashion 

with m ultiple P ARP1 in hibitors to c ause t ransformed c ell k illing in  s hort term vi ability a ssays a nd 

synergistically killed tumor cells in colony formation assays. Over-expression of BCL-XL or loss of BAX/BAK 

function, bu t not the f unction of B ID, s uppressed C HK1 inhibitor + PA RP1 in hibitor let hality. Inhibition of 

BCL-2 family protein function enhanced CHK1 inhibitor + PARP1 inhibitor lethality and restored drug-induced 

cell killing in cells over-expressing BCL-XL.  Thus PARP1 plays an important role in regulating the ability of 

CHK1 inhibitors to activate ERK1/2 as well as the DNA damage response. An inability of PARP1 to modulate 

this response results in transformed cell death mediated through the intrinsic apoptosis pathway. 
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Introduction.  

Multiple C HK1 i nhibitors in cluding UC N-01 ( 7-hydroxystaurosporine) a nd A ZD7762 are cur rently be ing 

evaluated as  a nti-neoplastic agents i n cl inical tr ials, both al one an d i n combination w ith c hemotherapeutic 

agents and ionizing radiation (Mow et al, 2001; Prudhomme, 2006). These agents are proposed to enhance the 

toxicity of chemotherapeutic drugs by inhibition of CHK1 with subsequent inappropriate cell cycle progression 

after DNA damage (Graves et al , 2000).  I nhibition of CHK1 may directly promote activation of the protein 

phosphatase CD C25C a nd c an al so inte rfere with CD C25C e limination by  bl ocking its  binding to  14- 3-3 

proteins and subsequent degradation (Graves et al , 2000; Peng et al , 1997).  T he CHK1 inhibitor UCN-01 is 

known to  have many additional intracellular kinase targets including the  downstream effector of PI3 kinase, 

PDK-1, as well as “classical” PKC isoforms (Komander et al, 2003).  

 

Based on initial phase I studies, the maximal free achievable concentration of UCN-01 in human plasma was 

thought to be at or below ~100 nM with a long plasma half-life due to UCN-01 binding to human alpha 1 acidic 

glycoprotein (Sausville et al, 1998; Fuse et al, 1998; Hagenauer et al, 2004; Fuse et al, 2005; Dees et al, 2005). 

Nonetheless, the combination of UCN-01 with topotecan or cisplatin has shown some preliminary evidence of 

patient activity (Hotte et al, 2006; Perez et al, 2006). We have noted in a wide variety of tumor cell types that 

UCN-01 activates the ERK1/2 pathway, and that pharmacologic or genetic inhibition of t he ERK1/2 pathway 

dramatically p otentiates a poptosis an d s uppresses t umor grow th i n vi vo (Da i et  a l, 20 01; D ai et  a l, 200 2; 

McKinstry et al, 2002; Hawkins et al, Hamed et al, 2008; Dai et al, 2008). Recently, we reported that the novel 

CHK1 in hibitor A ZD7762 interacts with M EK1/2 inhibitors a nd f arnesyltransferase in hibitors i n a s imilar 

manner to  U CN-01 to  kill m alignant hematopoietic ce lls in v itro ( Pei e t al , 2 008). T hus m ultiple CH K1 

inhibitors can interact with multiple MEK1/2 inhibitors to  promote tumor ce ll kil ling. It has  been noted that 

CHK1 i nhibition l eads to f ormation o f s ingle-and double-stranded D NA br eaks, a s judged by in creased 

phosphorylation of the atypical histone H2AX, often referred to as γH2AX (Bucher and Britten, 2008; Syljuasen 

et a l, 2005). Subsequently, we a lso noted that UCN-01, in addition to activating ERK1/2, promotes increased 
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MOL#67199 5
phosphorylation of hi stone H2AX, indicative that DNA damage was occurring due to the inhibition of CHK1 

function, and that inhibition of ERK1/2 further enhanced histone H2AX phosphorylation prior to induction of 

apoptosis ( Dai e t al , 2008). Thus CHK1 dependent r egulation o f E RK1/2 m ay pl ay an im portant r ole D NA 

damage sensing and repair in transformed cells.   

 

Cells c ontain m ultiple c omplexes o f p roteins th at re gulate DNA d amage se nsing a nd re pair re sponses. On e 

central protein in the regulation of multiple forms of DNA repair processes is poly (ADP-ribose) polymerase 

(PARP1), which due to its central role in DNA repair, particularly non-homologous end joining, and has been 

pharmacologically targeted for cancer therapeutics with inhibitors that block i ts ADP r ibosylation and repair 

function  ( Schreiber et al, 2006; Schreiber et al, 2002; Rodon et al, 2009). Indeed, multiple PARP1 inhibitors 

have be en de veloped w ith s everal in cl inical us e in cluding G PI15427, CEP6800, N U1025 a nd A ZD2281 

(Grazia-Graziani a nd Sz abo, 2005). Although in itially n oted for it s role  i n th e re pair of DNA  st rand-breaks, 

PARP1 has been shown to have a  much wider range of b iologic actions and participates in  the regu lation of  

transcription, DNA replication, apoptosis, and modulating ROS levels (Quenet et al, 2009; McCabe et al, 2006; 

Spina-Purrello et al, 2002). We and others have noted that signaling from the EGF receptor can regulate PARP1 

activity, in part through regulation of the ERK1/2 pathway (Hagan et al, 2007).  

 

Based on the fact that CHK1 inhibitors activate ERK1/2 and promote H2AX phosphorylation, and that PARP1 

function h as b een li nked t o E RK1/2 s ignaling, we i nvestigated w hether i nhibition of P ARP1 fu nction 

modulated the activation of cell signaling pathways induced by CHK1 inhibitor treatment. Our data demonstrate 

that CHK1-induced phosphorylation of ERK1/2 and H2AX is  blunted or abolished when PARP1 function or 

expression is  reduced. A reduced ability of ce lls to  increase ERK1/2 act ivation correlated with a s ynergistic 

induction of cell killing that was mediated through the intrinsic apoptosis pathway.   

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 9, 2010 as DOI: 10.1124/mol.110.067199

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#67199 6
Materials and Methods. 

Materials. Phospho-/total-ERK1/2 antibodies, GAPDH, 10H ADP ribosylation, PARP1, Phospho-/total-CHK1, 

ATM and Phospho-/total-H2AX antibodies were a ll purchased from Cell Signaling Technologies (Worcester, 

MA, USA ). T UNEL k its w ere p urchased from NE N L ife Sc ience Prod ucts (NE N L ife Sc ience Prod ucts, 

Boston, MA) and Boehringer Mannheim (Manheim, Germany), respectively. Trypsin-EDTA, RPMI, penicillin-

streptomycin were purchased f rom GIBCOBRL (GIBCOBRL Life Technologies, Grand Island, NY). MDA-

MB-231, MCF7, SKBR3, BT474 and PANC1 cells were purchased from the ATCC. The 4T1 line was kindly 

provided by Dr. A. Larner (VCU). SV40 Large T mouse embryonic fibroblasts lacking expression of various 

pro-apoptotic BH3 domain p roteins wer e k indly p rovided by Dr.  S.  Korsmeyer (Harvard Un iversity, Boston, 

MA). T he pl asmid to  e xpress do minant negative CH K1 w as kin dly s upplied by  D r. S teven G rant ( VCU). 

PD184352, P D98059, N U1025, P J34 a nd A G1478 w ere pur chased f rom Cal biochem / EMD s ciences ( San 

Diego, CA). The validated siRNA molecules used knock down ATM (SI02663360; SI00299299; SI00604730) 

were from Qiagen (Germantown, MD). UCN-01 was purchased from Sigma-Aldrich (St. Louis MO). AZD7762 

and AZD2281 were purchased from Axon Medchem (Groningen, Netherlands). UCN-01 was purchased from 

Sigma (St. Louis, MO). Obatoclax (GX15-070) was supplied by GeminX Pharmaceuticals (Malvern, PA).  

 

Methods.  

Culture and in vitro exposure of cells to drugs. Tumor cells for t he studies in this manuscript were cultured at 

37 
o
C (5% (v/v CO

2
) in vitro using RPMI supplemented with 10% (v/v) fetal calf serum.  In vitro Vehicle /  

UCN-01 / PD184352 / AZD7762 / PJ34 et al. treatment was from a 100 mM stock solution of each drug and the 

maximal concentration of Vehicle (DMSO) in media was 0.02% (v/v).     

 

Cell treatments, SDS-PAGE and Western blot analysis. For in v itro analyses of short-term apoptosis effects, 

cells were treated with Vehicle / drugs or their combination for the indicated times. Cells for colony formation 

assays were plated at 250-4000 cells per well in sextupilcate and for in vitro assays 14 hours after plating were 
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MOL#67199 7
treated with the individual or the drug combination(s) at a fixed increasing dose ratio according to the Method 

of T-C Chou and P Talalay, for 48h followed by drug removal. Ten-14 days after exposure or tumor isolation, 

plates were washed in PBS, fixed with methanol and stained with a filtered solution of crystal violet (5% w/v). 

After washing w ith t ap w ater, the  co lonies were co unted bo th m anually ( by eye) and dig itally us ing a  

ColCount
TM

 plate reader (Oxford Optronics, Oxford, England). Data presented is the arithmetic mean (± SEM) 

from both counting methods from multiple studies.  Colony formation was defined as a colony of 50 cells or 

greater.   

For SDS PAGE and immunoblotting, cells were plated at 5 x 10
5
 cells / cm

2
 and treated with therapeutic 

drugs at the indicated concentrations and after the indicated time of treatment, lysed with whole-cell lysis buffer 

(0.5 M T ris-HCl, p H 6.8, 2% SDS, 10% glycerol, 1 % β-mercaptoethanol, 0 .02% bromophenol b lue), and  th e 

samples were boiled for 30 min. The boiled samples were loaded onto 10-14% SDS-PAGE and electrophoresis 

was ru n overn ight. Prot eins w ere el ectrophoretically t ransferred on to 0.22 μm n itrocellulose, and 

immunoblotted with various primary antibodies against different proteins. All immunoblots were visualized by 

use of an Odyssey Infra Red Imaging System.  

  

Short-term cell viability assays after drug exposure. Cells were isolated at the indicated times in the Figure by 

trypsinization, and either subjected to trypan blue cell viability assay by counting in a light microscope or fixed 

to slides, and stained using a commercially available Diff Quick (Geimsa) assay kit.  

 

Recombinant adenoviral vectors; infection in vitro. W e g enerated and  p urchased pr eviously no ted 

recombinant adenoviruses to  e xpress co nstitutively act ivated M EK1 o r A KT pr oteins a nd m itochondrial 

protective protein BCL-XL (Vector Biolabs, Philadelphia, PA). Unless otherwise stated, cells were infected 

with th ese a denoviruses a t an  app roximate m ultiplicity of i nfection (m .o.i.) of 50 . A s n oted ab ove, c ells 

were further incubated for 24 h to  ensure adequate expression of transduced gene products prior to  drug 

exposures. 
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MOL#67199 8
siRNA transfection in vitro. Approximately 10 nM  of a de fined pre-validated siRNA (Ambion technologies) 

was diluted into 50 μl growth media lacking FBS and pen-strep. Based on the Manufacturer’s instructions, an 

appropriate amount of Lipofectamine 2000 reagent (usually 1 μl) (Invitrogen, Carlsbad, CA) was diluted into a 

separate vial containing media with lacking FBS or pen-strep.  The two solutions were incubated separately at 

room temperature for 5 min, then mixed together (vortexed) and incubated at room temperature for 30 min.  The 

mixture was added to each well (slide or 12-well plate) containing an appropriate amount (~ 0.5 ml) of pen-

strep- and FBS-free medium.  Cells were incubated for 2-4 h at 37 deg C with gentle rocking.  Media was then 

replaced with 1 ml of 1x pen-strep and FBS containing media. 

 

Data analysis. Comparison of the  effects be tween various in v itro drug t reatments was performed following 

ANOVA us ing t he S tudent’s t test. D ifferences w ith a p-value o f <  0. 05 w ere co nsidered s tatistically 

significant. E xperiments s hown a re th e m eans of m ultiple i ndividual points from  m ultiple s tudies (± S EM). 

Median dose e ffect is obologram co lony f ormation analyses to  de termine s ynergism o f dr ug i nteraction were 

performed acco rding to  the  Me thods o f T-C Chou and P  Talalay using  t he Cal cusyn pr ogram f or Windows 

(BIOSOFT, Cambridge, UK). Cells were treated with agents at an escalating fixed concentration drug dose. A 

indicates s ynergy of inte raction between the  tw o dr ugs; a co mbination index o f ~ 1.00 indicates an additive 

interaction; a CI value of > 1.00 indicates antagonism of action between the agents.  
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MOL#67199 9
Results.  

Previously we hav e pu blished that MEK1/2 i nhibitors in teract w ith U CN-01 in a s ynergistic m anner to  k ill 

mammary tum or ce lls in v itro and in v ivo ( Hamed e t al , 2008). To pr ove or  re fute whether U CN-01 and a  

chemically unrelated CHK1 inhibitor AZD7762, were mediating their ERK1/2 activating effects via inhibition 

of CHK1, we made use of a  plasmid to express dominant negative CHK1. Expression of a d ominant negative 

CHK1 p rotein in MCF7 c ells en hanced ba sal leve ls of E RK1/2 phosphorylation w ithin 24h and blunted the 

ability of UCN-01 or AZD7762 to stimulate ERK1/2 phosphorylation (Figure 1A).  

 

UCN-01 w as s hown pr eviously in m alignant blood tum or ce lls to  incr ease the  pho sphorylation o f his tone 

H2AX, indicative of DNA damage (Dai et al, 2008). Based on this observation, we determined whether another 

marker of the DNA damage response in tumor cells, PARP1 ADP ribosylation, could be visualized. Treatment 

of MCF7 breast cancer cells with either UCN-01 or AZD7762 increased PARP1 ADP ribosylation as judged 

using t he ant i-poly ADP r ibose 10 H ant ibody (F igure 1B) . O f no te, in creased E RK1/2 p hosphorylation 

correlated with e levated PARP1 (10H) reactivity.  Co -exposure of cel ls to the  PARP inhibitor PJ34 blocked 

CHK1 in hibitor –induced PA RP1 act ivation and  PA RP1 A DP rib osylation. T o c onfirm our find ings using a 

molecular a pproach, w e kn ocked down exp ression of PA RP1. K nock d own of PA RP1 exp ression in  breast 

cancer cells significantly reduced AZD7762 –induced activation of ERK1/2 (Figure 1C). Thus CHK1 inhibitor 

–induced ERK1/2 activation requires functional expression of PARP1. 

 

In breast cancer cells UCN-01 and AZD7762 rapidly increased H2AX phosphorylation (Figures 2A and 2 B). 

Inhibition of PARP1, either by use of PJ34 or by knock down of PARP1 expression, significantly reduced the 

induction of H2AX phosphorylation by the CHK1 inhibitors.  In other model systems phosphorylation of H2AX 

has been shown to be mediated by the ataxia telangiectasia mutated (ATM) protein and PARP1 plays a key role 

in permitting A TM activ ation. K nock down o f A TM e xpression pr evented U CN-01 o r A ZD7762 f rom 

increasing H 2AX pho sphorylation ( Figure 2C) . O f no te, bo th CHK1 i nhibitors promoted a  co mpensatory 

increase in CHK1 phosphorylation, which was also ATM dependent. Collectively, the data in Figures 1 and 2 
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MOL#67199 10
demonstrates th at CHK1 in hibitor m ediated p hosphorylation o f bo th E RK1/2 a nd H 2AX r equires 

PARP1function and that phosphorylation of H2AX after CHK1 inhibitor exposure requires expression of ATM. 

 

We next explored the survival of PARP1 inhibited cells after CHK1 inhibitor treatment. Inhibition of PARP1 

promoted CH K1 inhibitor l ethality in a  r ange o f br east cancer ce lls ( Figure 3A ). V ery s imilar da ta w ere 

obtained in p ancreatic c ancer ce lls (F igure 3B) .  In ag reement w ith d ata us ing s hort te rm v iability as says, 

median dose e ffect co lony f ormation as says, as  j udged by  co mbination in dex ( CI) v alues o f less than  1 .00 

demonstrated a s ynergy o f dr ug in teraction i n killing tumor ce lls ( Tables 1 a nd 2) . P ARP1 inhibitors ar e 

presently ge nerating a s ignificant l evel of cl inical i nterest a nd w e de termined w hether o ther m ore cl inically 

relevant P ARP1 in hibitors r ecapitulated t he l ethal e ffects o f P J34 o r s iRNA kno ck do wn o f P ARP1.  T he 

clinically relevant PARP1 inhibitors ABT888, NU1025 and AZD2281 enhanced the lethality of UCN-01 and of 

AZD7762 in breast cancer ce lls (Figure 3C) . S imilar data were obtained in o ther breast cancer ce lls (Figure 

3D). A s CH K1 i nhibitor – induced ATM ac tivation w as P ARP1 dependent, w e de termined the impact o f 

inhibiting A TM f unction o n dr ug combination l ethality.  K nock down o f A TM e xpression s ignificantly 

enhanced the lethality of PARP1 inhibitor + CHK1 inhibitor lethality, suggesting that in the absence of PARP1 

+ CHK1 signaling, the compensatory activation of ATM is a pr otective signal (Figure 3E). Similar data were 

obtained w hen a c linically r elevant ATM i nhibitor w as us ed in stead of s iRNA kn ock d own (F igure 3 F). A s 

manipulation of PARP1 / CHK1 function was leading to a DNA damage response in tumor cells, and inhibition 

of ATM f urther e nhanced t his e ffect, w e ne xt de termined w hether dr ug e xposure e nhanced t umor ce ll 

radiosensitivity. In bo th s hort-term an d l ong-term co lony as says inh ibition o f P ARP1 + CH K1 f unction 

enhanced the toxic effects of exposure to ionizing radiation (Figure 3G).   

 

In Figures 1 and 2 w e noted that loss of PARP1 function suppressed CHK1 inhibitor –induced activation of 

ERK1/2.  Inhibition of CHK1 inhibitor –induced ERK1/2 activation using a MEK1/2 inhibitor enhanced CHK1 

inhibitor to xicity, an e ffect tha t w as bl ocked by  ov er-expressing an ac tivated f orm o f ME K1 (F igure 4 A). 

However, e xpression of a  c onstitutively a ctivated MEK1 p rotein o nly partially s uppressed t he toxicity o f 
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MOL#67199 11
PARP1 in hibitor + CH K1 in hibitor tr eatment ( Figure 4B) . Ex pression o f an act ivated f orm o f AKT 

significantly s uppressed P ARP1 inhibitor + CHK1 i nhibitor l ethality an d co mbined e xpression o f ac tivated 

MEK1 and AKT proteins abolished drug toxicity (Figure 4C).   

 

Based on the cell survival findings in prior Figures, including evidence that ERK1/2 signaling promoted MCL-1 

and BCL-XL expression, we determined the apoptosis pathway(s) being induced by the combination of CHK1 

and P ARP1 in hibitors. T ransformed m ouse e mbryonic f ibroblasts g enetically del eted f or BA X/BAK were 

resistant to  drug co mbination l ethality (F igure 5A ). In co ntrast, ce lls tha t w ere de leted f or the  cas pase 8 

substrate BID or for BIM did no t exhibit any reduction in drug lethality (Figure 5A, data not shown). Over-

expression of BCL-2 family proteins has  been shown to  block CHK1 inhibitor + MEK1/2 inhibitor lethality 

(Grant and Dent, 2007). Over-expression of BCL-XL suppressed CHK1 inhibitor + P ARP1 inhibitor lethality 

that was reversed by addi tion of a s mall molecule inhibitor of BC L-2 family proteins, HA14-1 (Figure 5B) . 

Similar data to  H A14-1 w ere o btained w hen a cl inically r elevant BCL-2 / BCL-XL / MCL -1 in hibitor 

Obatoclax (GX15-070) was used. Collectively, these findings demonstrate that CHK1 inhibitors synergize with 

PARP1 inhibition to kill multiple carcinoma cell types via the intrinsic apoptosis pathway.  
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Discussion 

Previous studies by this group have argued that MEK1/2 inhibitors or farnesyltransferase inhibitors interact with 

the CHK1 inhibitor UCN-01 to promote tumor cell specific killing in a wide variety of malignancies including 

breast, prostate and multiple hematological cell types [reviewed in Grant and Dent, 2007]. The net output of the 

cytoprotective RAS -  MEK1/2 -  ERK1/2 pathway has  previously been shown to  be a critical de terminant of 

tumor cell survival (reviewed in Riches et al, 2008). Furthermore, activation of this cascade has been observed 

as a co mpensatory r esponse of tumor ce lls to  various environmental s tresses, including cytotoxic drugs. The 

present studies were initiated to determine in whether CHK1 inhibitors, which cause ERK1/2 activation and a 

DNA damage response, interact with inhibitors of P ARP1; PARP1 is a  protein that plays a  key ro le in DNA 

repair and regulation of ERK1/2 signaling. Based on expression of a dominant negative CHK1 protein, UCN-01 

and A ZD7762 –induced activation of E RK1/2 w as dependent up on in hibition of C HK1; f urthermore, 

expression of dominant negative CHK1 enhanced basal levels of ERK1/2 phosphorylation arguing for a central 

regulatory role between CHK1 and the RAF-MEK-ERK1/2 pathway. Thus our findings argue that inhibition of 

CHK1 is essential, in part, for activation of ERK1/2 to occur by CHK1 inhibitors.  

 

Suppression of C HK1 fu nction has been s hown t o c ause DNA  d amage i n t ransformed c ells a s j udged b y 

increased H2AX phosphorylation. The damage-stimulated phosphorylation of H2AX has been associated with 

the actions of the ataxia telangiectasia mutated (ATM) protein (Riches et  al, 2008). An additional hallmark of 

the c ellular DNA d amage res ponse i s a ctivation of PA RP1 (R odon et  a l, 20 09). PARP1 activation res ults in 

ADP ribosylation of multiple DNA repair complex proteins, transcription factors as well as PARP1 itself. As a 

result of t his effect on multiple repair proteins, loss of PARP1 function promotes genomic instability and leads 

to hyper-activation of CHK1 with increased cell numbers in G2 phase (Lu et al, 2006). This is also of interest 

because o ther g roups hav e po stulated the  che motherapy s ensitizing e ffect o f CHK 1 inh ibitors is  d ue to 

abrogation of th e G2 checkpoint (Prudhomme, 2006). In our s tudies two chemically d istinct CHK1 inhibitors 

rapidly pr omoted H 2AX pho sphorylation a nd i ncreased P ARP1 A DP ribosylation. Inhibition o f P ARP1 

function bl ocked CHK1 in hibitor –i nduced H 2AX pho sphorylation, as  well as  bl ocking CH K1 in hibitor –
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induced ac tivation o f E RK1/2. T he inhibition o f –in duced H 2AX pho sphorylation by  PA RP inhi bition is  

likely explained by the requirement ATM has for PARP1 function in being able to become activated following 

DNA d amage a nd in  ou r stu dies k nock d own of AT M b locked C HK1 i nhibitor – induced H2 AX 

phosphorylation (Haince et al, 2007). And of note, ATM / che ckpoint pathway signaling has previously been 

linked in one of our prior studies to regulation of the ERK1/2 pathway (Golding et al, 2007).  

 

Previously we presented evidence that inhibition of CHK1 –induced ERK1/2 activation further enhanced H2AX 

phosphorylation, indicative that loss of ERK1/2 signaling increased the amount of DNA damage being induced 

by the CHK1 inhibitor (Dai et al, 2008). This correlated with a subsequent profound induction of apoptosis. The 

present w ork de monstrated t hat inhibition o f P ARP1 bl ocked no t o nly ERK1/2 act ivation but al so bl ocked 

H2AX phosphorylation. However, despite blocking the apparent DNA damage s ignaling response, we found 

that PARP1 inhibitors significantly enhanced the lethality of CHK1 inhibitors.  Based on the use of BAX/BAK 

-/- ce lls, as  well as  expression of BCL-XL, the  induction of mitochondrial dysfunction was shown to  play a 

primary role in the synergistic induction of cell killing following treatment of cells with a PARP1 inhibitor and 

CHK1 inhibitors. Of note, mammary carcinoma cells with very low basal levels of ERK1/2 activity and that are 

relatively non-invasive such as MCF7 were apparently as  susceptible to  being k illed by exposure to  PARP1 

inhibitor and CHK1 inhibitors as  were mammary carcinoma ce lls and pancreatic cancer ce lls with very high 

basal levels of ERK1/2 activity and that are highly invasive such as MDA-MB-231 and PANC-1. SV40 large T 

antigen tr ansformed f ibroblasts t hat ar e no t tum origenic i n m ice w ere a lso s ensitive to  the  dr ug s chedule, 

although in agreement with prior findings, we have found that multiple non-transformed / non-established cell 

types such as primary mammary epithelial ce lls and  CD34+ s tem cells are insensitive to  be ing k illed by the 

CHK1 inh ibitor + P ARP1 pat hway inhibitor co mbined dr ug e xposure re gimen [u npublished o bservations]. 

Collectively, our data suggests that CHK1 function plays a key role in maintaining cell viability in transformed 

cells and does so, in part, by regulating ERK1/2 pathway signaling as part of a DNA damage response. 
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Over-expression o f mi tochondrial BCL-2 fami ly members h as b een sh own i n many t umor ce ll s ystems t o 

raise the apoptotic threshold of tumor cells (Lee and Gautschi, 2006; Cory and Adams, 2005; Konopleva et al, 

2008). A s the  po tentiation o f CH K1 inh ibitor l ethality b y P ARP1 inh ibition o ccurs pr imarily b y pr omoting 

mitochondrial dysfunction, i t would be assumed that over time, one of the mechanisms by which cells could 

survive th is treatment will be  a v iability-selection based on increased expression of BCL-2 family members. 

With this general possibility in m ind for multiple chemotherapeutic treatments, several drug companies have 

developed small molecule inhibitors of BCL-2, BCL-XL and MCL-1, including the drugs Gossypol, ABT-737 / 

ABT-263 and GX15-070 (Obatoclax) (Tse et al, 2008; Nguyen et al, 2007). In the present studies we noted that 

a commercially available inhibitor of BCL-2 and BCL-XL, HA14-1, significantly enhanced the lethality of the 

two dr ug ( CHK1 i nhibitor + P ARP1 i nhibitor) r egimen. P rior s tudies have al so s hown t hat H A14-1 c an 

overcome the protective effect of B CL-XL in cells treated with UCN-01 and PD184352 (Hamed et  al, 2008). 

Furthermore, the  cl inically re levant BCL -2 in hibitor O batoclax al so e nhanced ( CHK1 in hibitor + P ARP1 

inhibitor) toxicity and overcame the protective effect of BCL-XL over-expression. Collectively, these findings 

demonstrate that the potentiation of CHK1 inhibitor lethality by PARP1 inhibitors can be profoundly enhanced 

by additional destabilization of mitochondrial function via inhibition of BCL-2 family member activity(ies).  

 

In c onclusion, inhibition of PA RP1 b locks CHK1 in hibitor –induced ac tivation of b oth the DNA  d amage 

response machinery and o f ERK1/2. S tudies beyond the  scope of the  present manuscript will be  required to  

determine whether this drug combination alters tumor cell survival in vivo.  
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Figure Legends 

Figure 1. Inhibition of CHK1 enhances ERK1/2 activation in a PARP-1 dependent fashion. Panel A. 

MCF7 ce lls w ere tr ansfected with e ither an  empty vector control pl asmid o r a pl asmid to  express dominant 

negative CH K1 ( dnCHK1). T wenty f our hours after tr ansfection, ce lls w ere tr eated w ith v ehicle ( VEH, 

DMSO), UC N-01 (100  nM ) or AZ D7762 (50  nM ). C ells wer e i solated a t the ind icated time p oints an d 

subjected to SDS PAGE followed by immunoblotting to determine the phosphorylation of ERK1/2 (P-ERK1/2) 

or the expression of GAPDH. Data are fr om a representative of 2  separate studies. Panel B. MCF7 cells were 

treated w ith v ehicle ( VEH, D MSO) or the  P ARP-1 in hibitor P J34 ( 3 μM) f ollowed 30 min l ater by  CH K1 

inhibitors e ither U CN-01 ( 100 nM) o r A ZD7762 ( 50 nM). Cells w ere is olated 0- 6h af ter CH K1 i nhibitor 

addition, as indicated in the panel. Cell lysates were subjected to SDS PAGE followed by immunoblotting to 

determine the phosphorylation of ERK1/2 (P-ERK1/2), the ADP ribosylation of PARP-1 (10H antibody) or the 

expression of  GAPDH. D ata a re f rom a  r epresentative of  3  s eparate s tudies.  Panel C. MCF7 c ells were 

transfected w ith ei ther a  s crambled n on-specific si RNA ( siSCR, 20 nM ) or  a nd si RNA t o k nock d own 

expression of PARP-1. Twenty four h after transfection, cells were treated with AZD7762 (50 nM). Cells were 

isolated at the indicated time points and subjected to SDS PAGE followed by immunoblotting to determine the 

phosphorylation o f E RK1/2 ( P-ERK1/2), t he e xpression o f P ARP-1 o r the  e xpression o f GAPDH. D ata ar e 

from a representative of 2 separate studies. 

 

Figure 2. PARP-1 is essential for CHK1 inhibitor –induced phosphorylation of histone H2AX. Panel A. 

MCF7 cells were treated with vehicle (VEH, DMSO) or the PARP-1 inhibitor PJ34 (3 μM) followed 30 m in 

later by CHK1 inhibitors either UCN-01 (100 nM) or AZD7762 (50 nM). Cells were isolated 0-6h after CHK1 

inhibitor ad dition, as i ndicated in the p anel. Ce ll ly sates were s ubjected to  S DS P AGE f ollowed b y 

immunoblotting t o determine th e phos phorylation of H2 AX or th e exp ression of G APDH. Da ta a re from  a 

representative of 3 separate studies. Panel B. MCF7 cells were transfected with either a scrambled non-specific 

siRNA (siSCR, 20 nM) or and siRNA to know down expression of PARP-1. Twenty four h af ter transfection, 
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cells were treated with UCN-01 (100 nM) or AZD7762 (50 nM). Cells were isolated at the indicated time 

points and subjected to SDS PAGE followed by immunoblotting to determine the phosphorylation of H2AX, 

the expression of PARP-1 or the expression of GAPDH. Data are from a representative of 2 separate studies. 

Panel C. MCF7 cells were transfected with non-specific siRNA control (siSCR) or an siRNA to knock down 

ATM (siATM). Twenty four h af ter transfection cells were treated with vehicle (VEH, DMSO) or by CHK1 

inhibitors either UCN-01 (100 nM) or AZD7762 (50 nM). Cells were isolated 3h after CHK1 inhibitor addition, 

as indicated in the panel. Cell lysates were subjected to SDS PAGE followed by immunoblotting to determine 

the phosphorylation of H2AX / CHK1 or the expression of GAPDH, ATM, CHK1 and H2AX. Data are from a 

representative of 3 separate studies.  

 

Figure 3. PARP-1 inhibition enhances the toxicity of CHK1 inhibitors in transformed cells. Panel A. 

Breast cancer cells were plated in triplicate and treated with vehicle (VEH, DMSO), PJ34 (3 μM), UCN-01 (50 

nM) or AZD7762 (25 nM). Cells were isolated 48h after exposure and v iability determined using trypan blue 

exclusion. Data for each assay is the mean of all data points from three studies ± SEM. Panel B. MCF7 breast 

cancer an d P ANC-1 an d MiaPaca2 pancreatic cancer ce lls were pl ated in tr iplicate an d tr eated with v ehicle 

(VEH, DMSO), PJ34 (3 μM), UCN-01 (50 nM) or AZD7762 (25 nM). Cells were isolated 48h after exposure 

and viability determined using trypan blue exclusion. Data for each assay is the mean of all data points from 

three studies ± SEM. Panel C.  MCF7 cells were plated in triplicate and treated with vehicle (VEH, DMSO), 

NU1025 (10  μM), AZD2281 (0 .5 μM), ABT888 (1.0 μM) and  / or A ZD7762 (25 nM ) or U CN-01 (50 nM). 

Cells were isolated 48h after exposure and viability determined using trypan blue exclusion. Data for each assay 

is th e m ean of all d ata points from  th ree s tudies ± S EM. Panel D. SKBR3 and BT474 cells were plated in 

triplicate and treated with vehicle (VEH, DMSO), NU1025 (10 μM), and /  or A ZD7762 (25 nM). Cells were 

isolated 48h af ter exposure and v iability de termined using tr ypan blue exclusion. D ata f or each assay is  t he 

mean of al l data points from three s tudies ±  SEM. Panel E.  MCF7 cells were transfected with non-specific 

siRNA control (siSCR) or an siRNA to knock down ATM (siATM). Twenty four h after transfection cells were 
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treated with vehicle (VEH, DMSO) and/or by AZD7762 (25 nM) or UCN-01 (50 nM). Cells were isolated 

48h after exposure and viability determined using trypan blue exclusion. Data for each assay is the mean of all 

data points from three studies ± SEM. Panel F. MCF7 cells were plated in tr iplicate and treated with vehicle 

(VEH, DM SO), A ZD2281 (0. 5 μM), A ZD7762 ( 25 n M) o r A ZD2281 + A ZD7762 in co mbination. T hirty 

minutes after exposure ce lls are treated with vehicle (DMSO) or with increasing concentrations of the ATM 

inhibitor KU55933 (1-10 μM). Cells were isolated 48h af ter exposure and v iability de termined us ing trypan 

blue exclusion. Data for each assay is the mean of all data points from three studies ± SEM. Panel G. LEFT: 

MCF7 cells were plated and treated with vehicle (VEH, DMSO) or the PARP-1 inhibitor PJ34 (3 μM) followed 

30 min later by CHK1 inhibitor AZD7762 (25 nM). Cells were i rradiated (4  Gy) and for sh ort term viability 

assays 48 h af ter e xposure an d v iability de termined us ing tr ypan bl ue e xclusion. RIGHT: M CF7 c ells were 

plated in sextuplicate as single cells and 12h after plating cells were treated with vehicle (VEH, DMSO) or the 

PARP-1 inhibitor PJ34 (3 μM) followed 30 min later by CHK1 inhibitors either UCN-01 (50 nM) or AZD7762 

(25 nM). Cells were irradiated 30 min after drug additions. Forty eight hours after drug exposure, the media was 

changed and cells cultured in drug free media for an additional 10-14 days (n = 2 +/- SEM). 

 

Figure 4. Inhibition of CHK1 inhibitor –induced ERK1/2 activation is not the sole molecular mechanism 

of drug interaction. Panel A. MCF7 cells were infected in tr iplicate at an m.o.i. of 50 with either an e mpty 

vector adenovirus (CMV) or with an a denovirus to express constitutively activated MEK1 EE. Twenty four h 

after inf ection ce lls were tr eated w ith v ehicle ( VEH, D MSO), P D98059 ( 25 μM), o r U CN-01 ( 50 nM) as  

indicated. Cells were isolated 48h after exposure and viability determined using trypan blue exclusion. Data for 

each assay i s th e m ean of a ll da ta poi nts from  t hree s tudies ± SE M. Panel B. M CF7 c ells were infected in 

triplicate a t an m.o.i. of  50 with ei ther an empty vec tor adenovirus (CMV) or  with an adenovirus t o exp ress 

constitutively activated MEK1 EE. T wenty four h af ter infection cells were treated as  indicated with vehicle 

(VEH, DMSO), PJ34 (3 μM), UCN-01 (50 nM) or AZD7762 (25 nM). Cells were isolated 48h after exposure 

and viability determined using trypan blue exclusion. Data for each assay is the mean of all data points from 
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three studies ± SEM. Panel C. MCF7 cells were infected in triplicate at an m.o.i. of 50 with either an empty 

vector a denovirus (C MV) or with a denoviruses t o exp ress c onstitutively a ctivated M EK1 E E a nd/or 

constitutively activated AKT. Twenty four h af ter infection cells were treated as indicated with vehicle (VEH, 

DMSO), PJ34  (3  μM) and/o r A ZD7762 ( 25 nM) as  in dicated. Ce lls were is olated 48 h af ter e xposure and  

viability determined using trypan blue exclusion. Data for each assay is the mean of all data points from three 

studies ± SEM. 

 

Figure 5. Loss of BAX/BAK function abolishes the toxic interaction between CHK1 inhibitors and PARP-

1 inhibitors; cell killing is potentiated by inhibitors of BCL-2/BCL-XL function. Panel A. Transformed 

mouse embryonic f ibroblasts, MEF (wild t ype, WT; de leted f or BA X and BA K, B AX/BAK - /-; de leted f or 

BID, BID -/-) were plated in triplicate and treated with vehicle (VEH, DMSO), PJ34 (3 μM), UCN-01 (50 nM) 

or AZD7762 ( 25 n M). Ce lls were i solated 48 h af ter e xposure and v iability de termined us ing tr ypan blue 

exclusion. Data for each assay is the mean of all data points from three studies ± SEM. Panel B. PANC-1 and 

MCF7 c ells were i nfected w ith ei ther a n em pty v ector a denovirus ( CMV) or  with an  a denovirus t o exp ress 

BCL-XL. Twenty four h after infection cells were pre-treated for 30 min with vehicle (VEH, DMSO) or HA14-

1 (10 μM) and th en t reated as ind icated with veh icle (VEH, DMSO) or  P J34 (3 μM) and UCN-01 (50 nM). 

Cells were isolated 48h after exposure and v iability determined in triplicate using trypan blue exclusion. Data 

for each assay is the mean of all data points from two studies ± SEM. Panel C. MCF7 cells were infected with 

either a n em pty vec tor a denovirus ( CMV) or  with an  a denovirus t o exp ress B CL-XL. Twenty f our h  a fter 

infection cells were pre-treated for 30 min with vehicle (VEH, DMSO) or Obatoclax (GX15-070, 50 nM) and 

then treated as indicated with vehicle (VEH, DMSO) or PJ34 (3 μM) and UCN-01 (50 nM). Cells were isolated 

48h after exposure and viability determined in triplicate using trypan blue exclusion. Data for each assay is the 

mean of all data points from two studies ± SEM. * p < 0.05 less than corresponding value in empty vector virus 

infected cells; # p < 0.05 g reater t han corresponding v alue i n e mpty v ector i nfected ce lls no t tr eated w ith 

Obatoclax; $ greater than corresponding value in BCL-XL infected cells treated with Obatoclax.  
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Table 1. CHK1 inhibitors synergize with PARP1 inhibitors to kill pancreatic carcinoma cells. PANC-1 

(pancreatic) a nd MiaPaca2 ( pancreatic) car cinoma ce lls pl ated as  s ingle ce lls ( 250-2000 cells/well) in  

sextuplicate and 12h after this plating the infected cells were treated with vehicle (VEH, DMSO), the PARP1 

inhibitor PJ34 (0.75-3.0 μM), the CHK1 inhibitors UCN-01 (22.5-37.5 nM) or AZD7762 (6.25-25.0 nM) or the 

combinations of the PARP1 and CHK1 inhibitor drugs combined, as indicated at a fixed concentration ratio to 

perform median dose effect analyses for the determination of synergy. Forty eight hours after drug exposure, the 

media was changed and cells cultured in drug free media for an additional 10-14 days. Cells were fixed, stained 

with crystal v iolet and colonies of >  50 cells / co lony counted. Colony formation data were entered in to the 

Calcusyn pr ogram an d co mbination in dex ( CI) v alues de termined. A  CI v alue of less than 1.00 indicates 

synergy. 

UCN01 PJ34 Fa CI
(nM) (⎯M)
12.5 0.75 0.27 0.41
25.0 1.50 0.42 0.44
50.0 3.00 0.54 0.58

Panc1
AZD7762  PJ34 Fa CI
(nM) (⎯M)
6.25 0.75 0.26 0.40
12.5 1.50 0.39 0.48
25.0 3.00 0.62 0.43

MiaPaca2
AZD7762  PJ34 Fa CI
(nM) (⎯M)
6.25 0.75 0.38 0.51
12.5 1.50 0.45 0.68
25.0 3.00 0.68 0.62

UCN01 PJ34 Fa CI
(nM) (⎯M)
12.5 0.75 0.37 0.45
25.0 1.50 0.44 0.68
50.0 3.00 0.74 0.40  
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Table 2. CHK1 inhibitors synergize with PARP1 inhibitors to kill mammary carcinoma cells. MCF7 

carcinoma cells plated as single cells (250-2000 cells/well) in sextuplicate and 12h after this plating the infected 

cells were treated with vehicle (VEH, DMSO), the PARP1 inhibitor PJ34 (0.75-3.0 μM), the CHK1 inhibitors 

UCN-01 (22.5-37.5 nM) or AZD7762 (6.25-25.0 nM) or the combinations of the PARP1 and CHK1 inhibitor 

drugs co mbined, as  indicated a t a f ixed co ncentration r atio to  pe rform median do se e ffect anal yses f or the  

determination of synergy. Forty eight hours after drug exposure, the media was changed and cells cultured in 

drug free media for an additional 10-14 days. Cells were fixed, stained with crystal violet and colonies of > 50 

cells / co lony counted. Colony formation data were entered into the Calcusyn program and combination index 

(CI) values determined. A CI value of less than 1.00 indicates synergy. 

  

UCN01 PJ34 Fa CI
(nM) (⎯ M)
12.5 0.75 0.17 0.53
25.0 1.50 0.32 0.54
50.0 3.00 0.43 0.47

MCF7
AZD7762  PJ34 Fa CI 
(nM) (⎯ M)
6.25 0.75 0.16 0.49
12.5 1.50 0.33 0.52
25.0 3.00 0.51 0.54
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Correction to “Poly(ADP-Ribose) Polymerase 1
Modulates the Lethality of CHK1 Inhibitors in
Carcinoma Cells”

In the above article [Mitchell C, Park M, Eulitt P, Yang C, Yacoub A, and Dent P (2010)
Mol Pharmacol 78:909–917], Figs. 3 to 5 are incorrect because of errors during manuscript
processing. The corrected figures and their legends appear below.

The online version of this article has been corrected in departure from the print version.

The printer regrets this error and apologizes for any confusion or inconvenience it may
have caused.

Fig. 3. Continued. E, MCF7 cells were transfected with nonspecific siRNA control (siSCR) or an siRNA to knock down ATM (siATM). Twenty-four hours
after transfection, cells were treated with vehicle (VEH, DMSO) and/or by AZD7762 (25 nM) or UCN-01 (50 nM). Cells were isolated 48 h after exposure,
and viability was determined using trypan blue exclusion. Data for each assay is the mean of all data points from three studies � S.E.M. F, MCF7 cells were
plated in triplicate and treated with vehicle (VEH, DMSO), AZD2281 (0.5 �M), AZD7762 (25 nM), or AZD2281 � AZD7762 in combination. Thirty minutes
after exposure, cells are treated with vehicle (DMSO) or with increasing concentrations of the ATM inhibitor 2-(4-morpholinyl)-6-(1-thianthrenyl)-4H-pyran-
4-one (KU55933) (1–10 �M). Cells were isolated 48 h after exposure, and viability was determined using trypan blue exclusion. Data for each assay is the
mean of all data points from three studies � S.E.M. G, left, MCF7 cells were plated and treated with vehicle (VEH, DMSO) or the PARP-1 inhibitor PJ34
(3 �M) followed 30 min later by CHK1 inhibitor AZD7762 (25 nM). Cells were irradiated (4 Gy) and used for short-term viability assays 48 h after exposure
and for viability determined using trypan blue exclusion. Right, MCF7 cells were plated in sextuplicate as single cells, and 12 h after plating, cells were
treated with vehicle (VEH, DMSO) or the PARP-1 inhibitor PJ34 (3 �M) followed 30 min later by CHK1 inhibitors UCN-01 (50 nM) or AZD7762 (25 nM).
Cells were irradiated 30 min after drug additions. Forty-eight hours after drug exposure, the media were changed, and cells were cultured in drug-free media
for an additional 10 to 14 days (n � 2 � S.E.M.).
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Fig. 4. Inhibition of CHK1 inhibitor-induced ERK1/2 activation is not the sole molecular mechanism of drug interaction. A, MCF7 cells were infected
in triplicate at an m.o.i. of 50 with either an empty vector adenovirus (CMV) or with an adenovirus to express constitutively activated MEK1 EE.
Twenty-four hours after infection, cells were treated with vehicle (VEH, DMSO), PD98059 (25 �M), or UCN-01 (50 nM) as indicated. Cells were
isolated 48 h after exposure, and viability was determined using trypan blue exclusion. Data for each assay are the means of all data points from three
studies � S.E.M. B, MCF7 cells were infected in triplicate at an m.o.i. of 50 with either an empty vector adenovirus (CMV) or with an adenovirus to
express constitutively activated MEK1 EE. Twenty-four hours after infection, cells were treated as indicated with vehicle (VEH, DMSO), PJ34 (3 �M),
UCN-01 (50 nM), or AZD7762 (25 nM). Cells were isolated 48 h after exposure, and viability was determined using trypan blue exclusion. Data for
each assay are the means of all data points from three studies � S.E.M. C, MCF7 cells were infected in triplicate at an m.o.i. of 50 with either an empty
vector adenovirus (CMV) or with adenoviruses to express constitutively activated MEK1 EE and/or constitutively activated AKT. Twenty-four hours
after infection, cells were treated as indicated with vehicle (VEH, DMSO), PJ34 (3 �M), and/or AZD7762 (25 nM) as indicated. Cells were isolated 48 h
after exposure, and viability was determined using trypan blue exclusion. Data for each assay are the means of all data points from three studies �
S.E.M.
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Fig. 5. Loss of BAX/BAK function abolishes the toxic interaction between CHK1 inhibitors and PARP-1 inhibitors; cell killing is potentiated by
inhibitors of BCL-2/BCL-xL function. A, transformed mouse embryonic fibroblasts [MEF; wild type, WT; deleted for BAX and BAK, BAX/BAK(�/�);
deleted for BID, BID(�/�)] were plated in triplicate and treated with vehicle (VEH, DMSO), PJ34 (3 �M), UCN-01 (50 nM), or AZD7762 (25 nM). Cells
were isolated 48 h after exposure, and viability was determined using trypan blue exclusion. Data for each assay are the means of all data points from
three studies � S.E.M. B, PANC-1 and MCF7 cells were infected with either an empty vector adenovirus (CMV) or with an adenovirus to express
BCL-XL. Twenty-four hours after infection, cells were pretreated for 30 min with vehicle (VEH, DMSO) or HA14-1 (10 �M) and then treated as
indicated with vehicle (VEH, DMSO) or PJ34 (3 �M) and UCN-01 (50 nM). Cells were isolated 48 h after exposure, and viability was determined in
triplicate using trypan blue exclusion. Data for each assay are the means of all data points from two studies � S.E.M. C, MCF7 cells were infected
with either an empty vector adenovirus (CMV) or with an adenovirus to express BCL-XL. Twenty-four hours after infection, cells were pretreated for
30 min with vehicle (VEH, DMSO) or obatoclax (GX15-070, 50 nM) and then treated as indicated with vehicle (VEH, DMSO) or PJ34 (3 �M) and
UCN-01 (50 nM). Cells were isolated 48 h after exposure, and viability was determined in triplicate using trypan blue exclusion. Data for each assay
is the mean of all data points from two studies � S.E.M. �, p � 0.05 less than corresponding value in empty vector virus-infected cells; #, p � 0.05
greater than corresponding value in empty vector-infected cells not treated with obatoclax; $, greater than corresponding value in BCL-xL-infected
cells treated with obatoclax.
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