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ACCELERATED PAPER

Attenuation of G; checkpoint function by the non-genotoxic

carcinogen phenobarbital

Andrea J.Gonzaled23 Jamie G.Christensed, R.Julian
Prestor?, Thomas L.Goldsworthy?$, Thea D.TlIsty’ and
Tony R.Fox>8

Curriculum in Toxicology, University of North Carolina, Chapel Hill,

NC 27709,*Department of Toxicology, North Carolina State University,
Raleigh, NC 27695°Chemical Industry Institute of Toxicology, 6 Davis
Drive, PO Box 12137, Research Triangle Park, NC 27709 ‘@adhology

Introduction

Experimental evidence strongly suggests that cancer results
from the accumulation of multiple genetic alterations that

occur in a limited number of genes: oncogenes and tumor
suppressor genes (1). Not surprisingly, chemicals that can
induce gene mutations or gross chromosomal aberrations
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Non-genotoxic chemical carcinogens are capable of
inducing tumors in rodents without interacting with or
directly altering the genetic material. Since a preponder-
ance of evidence suggests that cancer results from the
accumulation of genetic alterations, the mechanisms by
which many non-genotoxic carcinogens induce genotoxic
events remain unclear. The present study investigated
whether the mitogenic, non-genotoxic carcinogen pheno-
barbital (PB) could alter cell-cycle checkpoint controls,
thereby indirectly leading to the accumulation of genetic
damage. Initial studies involved characterizing cell-cycle
checkpoint responses to DNA damage in freshly isolated

carcinogenic activity (2). What is less obvious is how some
carcinogens that do not possess genotoxic properties (non-
genotoxicants) are capable of producing the genetic events
associated with cancer development.

Mitogenic, non-genotoxic carcinogens induce tumors in
rodents without interacting directly with the DNA. These
agents are capable of inducing hyperplastic cell proliferation
in the absence of necrosis (3), and they also have been shown
to inhibit apoptotic cell death (4,5). Genetic alterations are
believed to be induced by oxidative stress and by spontaneous
errors in DNA replication and repair during continual cell
replication (3,6). All of these activities are believed to con-
tribute to the carcinogenic action of these chemicals.

We hypothesize that many mitogenic, non-genotoxic
chemicals may exert their carcinogenic effect in part by
altering cell-cycle checkpoint controls. Cell-cycle checkpoints
function to maintain genomic integrity (7). They act as sur-
veillance systems capable of recognizing genetic alterations
or situations that may lead to genetic damage. They also are

B6C3F1 mouse hepatocytes. These cells responded tocapable of inducing signals that allow the cell to respond

bleomycin-induced DNA damage by arresting in G and
G,. Cell-cycle arrest was coupled with p53 protein induc-
tion; however, p21"AF1 protein levels remained unchanged.
Studies that utilized hepatocytes isolated from C57BL
p537 mice showed that the DNA damage-induced Gcell-
cycle arrest was dependent on p53 function, but cell-cycle
arrest in G, was not affected by loss of p53. PB was able
to delay and attenuate the G checkpoint response without
altering G, checkpoint function. A reduction in p53 protein,
but not transcript levels, was observed in hepatocytes
exposed to PB. Additionally, PB delayed and attenuated
p53 protein induction during DNA damage, which suggests
that changes in the p53 protein may be contributing to
the attenuated G checkpoint response caused by PB.
Altered G, checkpoint function represents an epigenetic
mechanism by which phenobarbital may prevent the
detection and repair of DNA damage and indirectly increase
the frequency of genotoxic events above that occurring
spontaneously. Abrogation of checkpoint controls may,
thus, play an important mechanistic role in mitogenic, non-
genotoxic chemical carcinogenesis.

appropriately to DNA damage. If checkpoint function is lost,
DNA repair systems may not have time to remove potentially
mutagenic or clastogenic DNA lesions before they are fixed
during DNA replication and mitosis (8). Loss of checkpoint
responses can, therefore, lead to genomic instability (9-11),
which plays an integral role in neoplastic transformation (12).

Several genes have been shown to be involved in cell-cycle
checkpoint responses to DNA damage. The most extensively
studied pathway, the p53-dependent ¢heckpoint response
to DNA damage, appears to involve three key gemeEM
(mutated in ataxia telangiectasia*) (13,1453 (15,16) and
p21WAFL (17,18). TheATM gene(s) acts upstream p&3 and
is thought to be involved in p53 protein induction, which
occurs immediately after genetic damage (13). p53, in turn,
transcriptionally activates a variety of genes includ2g"VAF?
(17). The p2YA*L protein links the DNA damage response
pathway to the cell-cycle machinery. §#f! associates with
G; cyclin—CDK complexes and can inhibit their kinase
activity (18-20). This event leads to the accumulation of
hypophosphorylated pRb and prevents the activation of E2F,
which is needed for S-phase progression (21).

To determine if mitogenic, non-genotoxic chemicals exert
their carcinogenic effect in part by altering cell-cycle check-

“Abbreviations: AT, ataxia telangiectasia; BrdU, bromodeoxyuridine; CDK, noint controls, we investigated whether phenobarbital (PB)
cyclin-dependent kinase; DTT, dithiothreitol; HBSS, Hank’s balanced salt ' : :

solution; PB, phenobarbital; PBS, phosphate-buffered saline; PMSF, phenyf;Ould alter checkpomt re_SponseS _tO DNA damage In B6C3F1
methylsulfonyl fluoride: pRb, retinoblastoma protein: RT-PCR, reverse trandNOUS€ hepatocytes. PB is a barbiturate and is also considered

scriptase polymerase chain reaction; SDS, sodium dodecylsulfate. to be a mitogenic, non-genotoxic hepatocarcinogen in rodents
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(22). This chemical is negative in many short-term genotoxicity tAddItPB
. H O cultures

assays (22,23), however, ma}le B6C3F1 mice .eventuglly Plate freshly Add Fix cells
develop liver tumors after chronic exposure (24). Initial studies isolated bleomycin toy |
involving the characterization of checkpoint responses to DNA  hepatocytes cultures
damage in mouse hepatocytes revealed that these cells arrested v y Brdy Brdy Brdy Brdy Brdy
in G; and G in response to bleomycin-induced DNA damage. -37h  -23h Oh  5h 10h 15h 20h 30h
Subsequent experiments found that PB was able to delay and  Treatment Groups:
attenuate @ checkpoint function without affecting the .G No . . .
checkpoint response. Hepatocytes exposed to PB exhibited Treatment T ' —

- i i PB . . . , |
lower steady-state levels of p53 protein, but transcript levels =dded O I —
were unaffected. Additionally, PB delayed and attenuated p53 Bleomycin , L
protein induction during DNA damage, which suggests that oB BladdEd_ o
changes in the p53 protein may be contributing to the attenuated oy,

: : added added g, qon 15h 20n 30h
G, checkpoint response caused by PB. Thus, we believe that
abrogatlpn of checkpomt contrpls may play an |mplortantFig. 1. Study design.
mechanistic role in non-genotoxic hepatocarcinogenesis.
Materials and methods To assess Gcheckpoint responses to DNA damage in mouse hepatocytes,
. . we looked for retention of cells in Gand emptying of cells from early S-

Hepatocyte isolation phase. Data were plotted as/6 ratios over time. The percent of cells in G

The use of mice was conducted under the National Institutes of Healttand early S-phase could only be determined for diploid populations of
guidelines for the care and use of laboratory animals and approved by thiepatocytes and not for tetraploid populations. This limitation occurred because
Institutional Animal Care and Use Committee, Chemical Industry Institute oftetraploid G populations could not be distinguished from diploig Gells,
Toxicology (CIIT). Liver cells were isolated from either B6C3F1 or C57BL and tetraploid early S-phase cells could not be distinguished from diploid late
male mice, 30 days of age, according to a modified collagenase perfusio8-phase cells since their DNA content was the same.

procedure described in Keddegs al. (25). Young mice, whose liver cells To assess Gcheckpoint responses to DNA damage in mouse hepatocytes,
were still proliferating, were used to ensure that isolated hepatocytes maintainage looked for accumulation of cells in Gand absence of cells in mitosis.
their proliferative capacity throughout the duration of our experiments inThe percent of cells in &could only be determined for tetraploid populations
culture. B6C3F1 male mice arrived from Charles River (Raleigh, NC) 1 dayof hepatocytes, since diploid,&ells contained the same amount of DNA as
prior to use. C57BL male micep§3™/* or p537) were obtained from Dr  tetraploid G cells and, therefore, could not be distinguished from each other.
Terry VanDyke at the University of North Carolina at Chapel Hill when ; i mitaci

needed. Animals were anesthetized with Nembutal (0.02 ml/10 g body WtDetecpon 9f h.epatocyte.s n .m|t05|s' . . o

i.p.). The peritoneal cavity was then opened, and the vena cave was cannulatgg:lscmtu?goni': d\i,;e:/Se\r/ésﬁgggge;js;?c?mc?ggtﬁlmnglgta:shnég?\?asih |?1 gegg:tcjrl%
using a 20-gauge Angiocath (Deseret Medical Inc., Becton Dickinson, Bedford, 6C3F1 mouse hepatocytes. Cells were briefly fixed with a mixture of acetic

MA). The portal vein was cut, and the perfusion was begusitu at 2 ml/ . ;
min) with I—Fl)ank’s balanced salt solutionp(HBSS; Gibco, gl:and Island, NY) acid and methanol (1:3 v/v). Plates were gently washed with tap water then

containing 0.5 mM EGTA and 10 mM HEPES, pH 7.3 at 37°C. The perfusionleft to dry. Hepatocytes were stained with 4% Giemsa to visualize cells in
was continued for 8 min. The perfusate was then switched to Williams' MItOSIS. Two thousanq cells were counted per plate, and three plates per
medium E (Gibco), which contained collagenase (28.8 U/ml; Worthington{réatment group were included.

Biochemical Corp., Freehold, NJ) and HEPES buffer (10 mM), pH 7.3 atlsolation and detection of cellular proteins

37°C and perfusion was continued for 10 min. The remainder of the procedurgellular proteins were isolated and detected using immunoprecipitating and
followed that described in Kedderist al. (25). Hepatocytes were purified \Western blotting techniques. Non-treated and treated hepatocytes in culture
from the liver cell collection by centrifugation at 5@0through a Percoll  were washed three times with cold phosphate-buffered saline (PBS). Hepato-
(Sigma, St Louis, MO) solution containing HBSS. Since hepatocytes are muchytes were scraped from plates and pelleted. Cell pellets were lysed in an
larger and heavier than non-parenchymal cells, this purification procedurgp-40 lysis buffer [50 mM Tris-base (pH 7.4), 150 mM NaCl, 0.5% NP-
easily separates hepatocyte populations from non-parenchymal cells. 40, 50 mM NaF, 1 mM N&/Os; 1 mM dithiothreitol (DTT), 1 mM
Study design phenylmethylsulfonyl fluoride (PMSF), 1y/ml leupeptin, 1qug/ml aprotinin

éasnd 2ug/ml pepstatin A] for 40 min to release cellular proteins. Lysates were
collected and spun at 15 0Qf for 15 min to remove cellular debris. To
(ijsolate p53 protein, 30Qig of cellular lysate were incubated with a mouse

For all experiments conducted, freshly isolated B6C3F1 mouse hepatocyt
were immediately placed in 100-mm culture dishes at a density>af08

cells per dish and allowed to attach for 14 h. Hepatocytes were culture h > ” . .
in DMpEM/Flz medium (Gibco, BRL) that containedp 10%yfetal calf serum monoclonal anti-pS3 immunoglobulin (Ig) G antibody (Pab 421; gift from Dr

) A 3 3 . . h

(Hyclone Laboratories, Inc., Logan, UT), ITS™ Premix (Collaborative Bio- gggy Var;Dylﬁe? ovlernltght ?'ltth4 C. EE? ;IJroltem rvas‘t.'ﬁéf? tg/ mctgbbetjtlng

medical Products, Bedford, MA) and 0.3% nystatin (Gibco, BRL). S L;g ?; cellular y_Sahf \2"402 rla : popyc onla an tl)-'l' d Pg ta_ln IAO Y
Four treatment groups were designed: (i) non-treated hepatocyté>@nta Cruz) overnight at 4°C. ImmunoPure Immobilized Protein A agarose

controls, (ii) hepatocytes treated with 2 mM PB (Sigma), (iii) hepatocytes eads (Pierce Chemical Co., Rockford, IL) were added to immuno-
treated with 16ug/ml bleomycin (Sigma) and (iv) hepatocytes pre-treated precipitation reactions for 1 h to adsorb the antigen—antibody complexes.
with 2 mM PB then exposed to 1g/ml bleomycin. Hepatocytes exposed to Immunoprecipitates were collected and washed four times [50 mM Tris-base

: H 7.4), 150 mM NacCl, 0.5% NP-40, 50 mM NaF, 1 mM N&®3;, 1 mM
2mM PB were treated with PB 14 h after cells were plated. Hepatocyte P : . 3 -
were exposed to PB for ~23 h. After the 23 h incubation, appropriate cell TT and 1 mM PMSF]. Antigen-antibody complexes were dissociated by

were exposed to 1ig/ml bleomycin. (Activity of 16ug/ml bleomycin ranged resuspending beads in sodium dodecylsulfate (SDS)-sample buffer [2.5%

from 0.0192 to 0.0272 units of activity per ml.) Samples were collected atSDS' 25% glycerol, 25 mM Tris-base (pH 8.0) 2.5 mM EDTA, 0.1 M DTT

various times after bleomycin exposure began for several types of analysé¥ld pyr(c)min Y]. Samples were then boiled at 100°C for 3 min and separated
described below. All experiments followed this study design (Figure 1).on 17.5% SDS—polyacrylamide gels. Proteins were transferred to a polyvinyl

Ti int luated after initiati f bl : ied embrane (PVDF; Immobilon-P, Millipore) for Western bIotting using a Bio-
eme:rirrJ'r?g:ltss Z\rﬁi lﬁeeno?egrir:ntlhlg :‘?gnu?es a?l(c)ir?i)g/;ﬂ?e ?gggﬁg;e varied amon ad Trans-Blot Cell. PVDF membranes were blockedifdh with 5% non-

fat dry milk in PBS containing 0.1% polyoxyethylene-sorbitan monolaurate
Cell-cycle analyses (Tween 20). After blocking, membranes were washed with PBS—Tween 20
Cell-cycle analyses were performed on isolated nuclei using a flow cytothen incubated with primary antibody (dg/ml of primary diluted in PBS—
metric procedure developed and described by Waittel (11). Deviations  Tween) overnight at 4°C. A rabbit polyclonal anti-p53 IgG antibody used for
from the protocol included incubating cultured B6C3F1 mouse hepatocyte$Vestern blotting was obtained from Vector Laboratories. The same antibody
with 10 pM bromodeoxyuridine (BrdU) for only 3 h prior to fixation used for immunoprecipitating p24™ was also used for Western blotting.
and analyzing nuclei preparations with a Becton Dickinson FACS VantageMembranes were washed and exposed to an anti-rabbit immunoglobulin
instrument using Lysis Il software. coupled to horseradish peroxidase (1:10 000 dilution; Amersham). Specific
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proteins were detected using an enhanced chemiluminescence system gglls found in mitosis decreased to zero within 5h after

Amersham and visualized on ECL-Hyperfilm (Amersham). An image Ofbleomycin treatment began (Table |)' Thus, hepatocytes treated

protein bands was captured using Image |I™ software, and bands were. . . .
guantitated by densitometry using NIH Image software. At least threeWIth bleomycm arrested in Gand G, whereas hepatocytes n

independent experiments were conducted for allimmunoprecipitation reactionS-phase exited.
coupled with Western blotting. Dependence of checkpoint responses on p53

Detection of apoptotic hepatocytes Molecular changes associated with bleomycin-induced cell-

Mouse hepatocytes were stained with acridine orange (Q@ml) and ~
ethidium bromide (0.25ug/ml) to visualize cells undergoing apoptosis. cycle arrest were also evaluated. In mouse hepatocytes, as

Apoptotic cells, those containing stained pycnotic nuclei, were viewed and0ld induction of p53 protein was observed within 5h of
counted immediately after staining using fluorescent microscopy. MeasureeXposure as determined by immunoprecipitating and immuno-
ments were obtained from three independent experiments. bIotting techniques. At 30 h, p53 levels averaged a 2.5-
Detection of DNA double strand breaks fold increase relative to non-treated hepatocytes (Figure 4).
DNA double strand breaks were separated using pulse field gel electrophoresigiterestingly, p2%F! protein induction was not observed after
Cells were embedded in agarose (0.8% agarose and 10 mM EDTA in PBS§he addition of bleomycin (Figure 4), nor was there an observed

Sigma) and incubated overnight in cell lysis buffer [0.3% mg/ml proteinase; : _ : 1 ;
K, Boehringer Mannheim, and 1% (w/¥-lauroylsarcosine in 0.5 M EDTA] increase in CDK2-associated M protein (data not Shown)'

at 50°C. Agarose plugs were then washed twice in TE-20 buffer (20 mM 10 further examine the r(?le of p53 in the DNA damage-
Tris=HCI, pH 7.4 and 20 mM EDTA). Samples were loaded onto an 0.8%induced G cell-cycle arrest in mouse hepatocytes, cell-cycle
agarose gel and run on a Bio-Rad Chef Mapper electrophoresis cell for 23 lprogression in the presence or absence of DNA damage was
Pulse time ramped from 20 to 40 min with a voltage gradient of 2 V/cm forevamated in hepatocytes isolated from C57BL mice that

19.5 h followed by a 120° switch angle, pulse time 8-20 s with a voltage . . .
gradient of 6 V/cm for 3.5 h. Strand breaks were visualized by staining theContalned or lacked functional copies of bof#s3 genes.

gel with ethidium bromide (40fg/liter). An image was captured using Image Representing data as,S ratios allowed for changes ian.

I™ software, and strand breaks were quantitated by densitometry using Nittheckpoint responses to be detected even when the predominant
Image software. Strand breaks were measured in samples collected from thrg@”_cyde arrest occurred in/GOur reasoning was as follows:
independent experiments. When the G checkpoint is intact, entry of cells into S-phase
Competitive reverse transcriptase polymerase chain reaction (RT-PCR) ceases, and cells are retained in Ghese ceII-cycIe Changes

p53 MRNA levels were analyzed using competitive RT-PCR. Total RNA wasc5 . se an increase in /S ratios over time. If the Qcheckpoint

isolated using the RNAzol™ B method (Tel-Test, Inc., Friendswood, TX). . . . i
Reverse transcription reactions were performed usingglof total RNA is lost, cells continue to exit from Gand transit into S-phase

and Superscript™Il Reverse Transcriptase (Gibco, BRL), following the@t the same rate as non-treated, cycling cells. Thy§ @tios
manufacturer’s protocol. An aliquot of (Il of the 20l cDNA reaction was ~ remain similar to non-treated cells, even when the overall
used as a template to amplify p53 cDNA. Reactions conS|s_ted of 50 pmobercentages of cells inﬁmd S—phase are decreasing because
of each primer (sense: CAAAAAACTTACCAGGGCAAC; antisense: CCA- of an arrest in G

CCCGGATAAGATGCTG), PCR buffer (Perkin—Elmer), 20@M of each . . J+
dNTP (Gibco, BRL), 8uCi of [a-32P]dCTP (Amersham), 1 pg of internal G4/S ratios obtained from C57BLpb3"'") mouse hepato-

standard (a portion of the bacterial Lacl gene flanked by p53 target sequencéytes exposed to bleomycin had increased significantly by 10 h
recognized by the above primers) and 1.0 U AmplffagNA Polymerase  of treatment. This effect was similar to that seen in B6C3F1
(Perkin—Elmer). Reactions were heated to 94°C for 2 min before 30 cyclesnguse hepatocytes treated with bIeomycin (Figure 5A and D).

of melting (94°C for 1 min), annealing (60°C for 1 min) and extension (72°C . .
for 45 s) steps were completed. A final incubation at 60°C for 7 min WasCS?BL hepatocytes that lacked functionz3 genes did not

performed to complete any extensions. The reactions yielded a 295 bgisplay a si_gnificant increase_inlfs r’gltiOS durin_g €xposure
fragment that represented an amplified portion of pb& target gene and a  to bleomycin at any of the time points examined. Instead,
395 bp fragment, which represented the amplified internal Lacl standardegtios remained similar to non-treated, cycling hepatocytes

Aliquots of 20 ul of the 50 pl reaction mix were separated on a 6% ; ; : ;
polyacrylamide gel, then the gel was dried. The target gene and internaqFIgure 5A and D)' Thus a functlonall®heckp0|nt did not

standard were visualized by exposing the dried gel to a BI phosphor scre¢fXiSt in hepatocytes lacking53 _
(Bio-Rad Laboratories). Ratios of target gene to internal standard were The percentage of cells in (diploid and tetraploid) S-phase
determined using Molecular Analyst Software (Bio-Rad). Measurements werand  (tetraploid) GM was also determined in C57BL

obtained from three independent experiments. (p53) mouse hepatocytes exposed to bleomycin in order
to evaluate the role of p53 in £&checkpoint responses. In
Results p537- mouse hepatocytes, the percent of cells in S-phase was

Characterization of checkpoint responses to DNA damage significantly reduced in the present of DNA damage, but not to

. the extent seen ip53™* cells (Figure 5B and D). Additionally,
To assess the (Gcheckpoint response to DNA damage, accumulation of cells in @M was observed ip537~ mouse

progression of cells from Ginto S-phase during exposure to g
bleomycin was monitored in diploid hepatocyte populationshepatocytes exposed to bleomycin (Figure 5C and D). No cells

R : . - =
using flow cytometric techniques. Progression was evaluate! " rggg‘zi ocgllggmbiixl?gra Il%eﬁ é??; erp?/bjrsmiihhseg at%cs’);tsetshat
by plotting G/S ratios over time. Flow cytometric analyses b y gef, 99

- e lIs were accumulating specifically in,Gr'hus, a functional

revealed that @S ratios increased within 10 h of exposure to ce X .
bleomycin. These ratios were significantly greater than ratioegfgiilé%%'gé appeared to be present in mouse hepatocytes
obtained from non-treated hepatocytes at all time point _ )
evaluated, except at 5 h (Figures 2 and 3). The observefitered G checkpoint response by phenobarbital
increase in @S ratios during treatment with bleomycin was To determine whether the non-genotoxic carcinogen PB could
caused by retention of cells in;Gnd exiting of cells from alter checkpoint responses to DNA damage, freshly isolated
S-phase. B6C3F1 mouse hepatocytes were treated with PB ~23 h prior

To assess the £checkpoint response to DNA damage, to exposure to bleomycin (see Figure 1 for study design).
entrance of cells into mitosis was monitored during exposurd&esults obtained from flow cytometric analyses showed that
to bleomycin. Thirty-five mitotic figures were observed (perthe G/S ratios for diploid hepatocytes treated with bleomycin
2000 cells) in non-treated hepatocytes. The frequency odnd PB resembled non-treated cells through to 9 h. Beyond
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Fig. 2. Cell-cycle distribution of mouse hepatocytes. Flow cytometric techniques were used to generate dot plots that depict the distribution of cells
throughout the cell cycle in non-treated hepatocytes and hepatocytes exposedginl®leomycin for 5, 10, 15, 20 and 30 h. Anti-BrdU-FITC (green)
fluorescence is plotted on theaxis and represents cells undergoing DNA synthesis. Propidium iodide (red) fluorescence is plotteg-axighend

represents total DNA content. Five thousand events are displayed in each dot plot, and the percent of cells ingil@ddXiploid S-phase are shown
below each plot as the mean 1 SD (0 = 3). Results were reproduced in three independent experiments involving three separate hepatocyte isolations.

247

201

161

121

G1/S ratio

10 20 40

Time (h)

Fig. 3. G4/S ratios were obtained by determining the percentage of cells in
diploid G, (e.g. lower left-hand gate displayed in first dot-plot from Figure
2) and diploid S phases (e.g. lower right-hand gate displayed in first dot-
plot from Figure 2). Ratios were plotted over time for non-treafyl £énd
bleomycin-treated®) hepatocytes. Plotted values (from a representative
experiment) depict means 1 SD (1 = 3). Data were analyzed for each
time point using a Studentistest. *Significant difference between non-
treated control and 1Ag/ml bleomycin treated hepatocyte® € 0.01).
Results were reproduced in three independent experiments involving three
separate hepatocyte isolations.

30

Table I. Hepatocytes in mitosi5 h after the initiation of bleomycin
treatment

Mitotic cells counted
(per 2000 cells)

Treatment group

Non-treated control 358 5.5
2 mM PB 35.3+ 6.5
16 pg/ml bleomycin (bleo) o+ 02
2 mM PB + 16 ug/ml bleo 0+ 02

aSignificantly different from non-treated and PB-treated controls, based on
ANOVA and post hocTukey—Kramer analysis?(< 0.01).

1176

No
Treatment

16 pg/mi
Bleomycin

=
wn

<« p21WAF1

Fig. 4. Protein levels of p53 and p24£FL. The p53 and p24*F! proteins

were immunoprecipitated from cellular lysates collected from non-treated
mouse hepatocytes and hepatocytes exposed (@bl bleomycin for 5 h
(lanes 1 and 5, respectively), 10 h (lanes 2 and 6, respectively), 20 h (lanes
3 and 7, respectively) and 30 h (lanes 4 and 8, respectively).
Immunoprecipitates were separated by SDS—PAGE and transferred to a
polyvinyl membrane for immunoblotting. Results were reproduced in five
independent experiments.

the 9 h time point, ratios began to increase but still remained
significantly lower than ratios from cells exposed to bleomycin
only (Figure 6A). Phenobarbital was able to decreastsG
ratios in a concentration-dependent manner (Figure 7) but did
not alter the G checkpoint response to DNA damage as shown
by the lack of cells in mitosis in hepatocytes exposed to PB
and bleomycin (Table I).

Other explanations that could account for the lowglSG
ratios observed in diploid hepatocytes treated with PB plus
bleomycin were explored. We observed that hepatocytes pre-
treated with PB exhibited a significant decrease in the percent-
age of cells in diploid G after bleomycin treatment when
compared with hepatocytes treated only with bleomycin (Figure
6B). Therefore, the possibility existed that PB may have
enhanced hepatocyte cell death in the gBpulation of cells
exposed to bleomycin. Such a change could shijfSGatios
to lower values, as seen throughout the time course for this
treatment group. To investigate this possibility, cell numbers
were compared over time between hepatocytes treated with
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Fig. 5. Dependence of the DNA damage-induceg deckpoint response on p53 function. Hepatocytes isolated from 30-day-old male @53BI* and
C57BL p537 mice were exposed to 3g/ml bleomycin for 10 and 30 h and prepared for flow cytometric analysis along with non-treated hepatdgytes. (
G,/S ratios were determined for non-treaes3"/* (M) and p537~ hepatocytes[(]) as well as bleomycin-treatqus3"/* (@) andp537~ (O) hepatocytes.
Plotted values (from a representative experiment) depict meahsSD ( = 3). (B) Relative percent of cells in diploid and tetraploid S-phase expressed as
the percentage of non-treated control a@l percentage of cells in tetraploid,( were determined for non-treaterb3"/* (M) and p537~ hepatocytes({)

as well as bleomycin-treatqub3"/* (vertical shaded) anp53~ (horizontal shaded) hepatocytes. Plotted values (from a representative experiment) depict
meansx 1 SD ( = 3). An analysis of variance was performed for data presented in all three figures, which was followed by a Tukey-péstrhec
analysis. *Significant difference from non-treated contréls<( 0.05). **Significant difference between bleomycin treapB*/* and p53~ hepatocytes

(P < 0.05). Results were reproduced in two independent experiments involving two separate hepatocyte is@atidas. ¢ytometric analyses of
hepatocytes from both53"/* andp537~ C57BL male mice non-treated or exposed toptml bleomycin for 30 h are illustrated. Five thousand events are
displayed in each dot plot, and the percentage of cells in diplgiGand diploid S-phase used to determingSsratios in (A) are listed below each plot.
Plotted values represent the meanl SD ( = 3).

PB plus bleomycin and hepatocytes treated with bleomycin A third explanation that could account for the lower/G
only. No significant differences in cell counts were foundS ratios exhibited by DNA-damaged cells pre-treated with
between the two treatment groups (data not shown). Apoptotiphenobarbital is that PB may somehow protect cells from
cell death was also measured over the time course for eagenetic damage induced by bleomycin. To address this possi-
treatment group. Interestingly, PB appeared to protect againsility, DNA double strand breaks were evaluated in cells using
bleomycin-induced apoptosis (Figure 8A and B). Thereforepulse-field gel electrophoresis. No significant difference was
increased necrotic or apoptotic cell death did not account fopbserved in the amount of double strand breaks present in
the lower proportion of cells in diploid Gexhibited by  hepatocytes treated with bleomycin only compared with cells
hepatocytes treated with PB plus bleomycin. pre-treated with phenobarbital then exposed to bleomycin
Since PB appeared to protect cells from bleomycin-induceqFigure 9A and B). Thus, phenobarbital did not appear to
apoptosis, @S ratios obtained from hepatocytes exposed tyrotect against bleomycin-induced DNA damage.
PB and bleomycin may have been lower because of th% . .
preferential protection of S-phase cells from apoptotic cellETT€Ct Of phenobarbital treatment on pS3 protein levels
death. The S-phase fraction of hepatocytes treated with bothhe evidence provided so far, strongly suggests that the G
PB and bleomycin was not significantly greater than thecheckpoint response in diploid hepatocytes was delayed and
percentage of hepatocytes in S-phase treated only with ble@ttenuated by the non-genotoxic carcinogen phenobarbital.
mycin (data not shown). Therefore this possibility did notSince the mouse hepatocytg Gheckpoint response appeared
account for the lower @S ratios found in hepatocytes treated to involve p53 (Figure 5), the effects of PB on p53 protein
with PB and bleomycin. levels were examined. p53 protein was immunoprecipitated
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with bleomycin. Interestingly, p53 message levels remained
unaltered in PB-treated hepatocytes where p53 protein levels
were lower relative to the non-treated controls (Figure 12).

Effect of PB treatment on cell-cycle progression in P53
mouse hepatocytes

The ability of PB to delay and attenuate; @heckpoint
responses to DNA damage correlated with its ability to delay
and attenuate induction of p53 protein in response to DNA
damage. To more directly investigate the role of p53 in the
attenuation of @ checkpoint responses by PB, cell-cycle
progression was evaluated in C57B&37~ mouse hepatocytes
exposed to PB and/or bleomycin./S ratios obtained from
p537- hepatocytes exposed to either bleomycin or PB plus
bleomycin did not differ from each other or from the non-
treatedp53”~ hepatocytes (Figure 13A). Thus, comparison of
G4/S ratios, which depict effects on only the (diploid), G
checkpoint response, did not provide additional information,
since the G checkpoint was dependent on p53.

We also evaluated the effects of PB on cell-cycle progression
by comparing the percent of cells in (diploid and tetraploid)
S-phase during bleomycin exposure, which is influenced by

e0/e1~25+3 G; and G checkpoint responses, and by comparing the
St 17+ 1 percentage of cells in (tetraploid) .M. In p537~ mouse
hepatocytes, the percent decrease in S-phase cells in response

to bleomycin exposure was not altered by PB (Figure 13B).
Accumulation of p53” cells in G, because of bleomycin
treatment was also not affected by PB (Figure 13C). Therefore
cell-cycle distribution of hepatocytes exposed to bleomycin
was not altered by PB in cells lacking p53.

Discussion

The present study was performed to determine whether the
mitogenic, non-genotoxic carcinogen PB could alter cell-cycle
checkpoint responses to DNA damage. We found that PB was
able to delay and attenuate the Gheckpoint response in
diploid hepatocytes without affecting the ability of cells to

arrest in G. Hepatocytes treated with PB contained lower
steady-state levels of the p53 protein without exhibiting

. . . . changes in p53 message levels. In addition, PB was able
Fig. 6. Effect of phenobarbital on {>checkpoint response in mouse ; . A
hegpatocytes. CeFIJI—cycIe progressic&cwas Fa)lssesseg at 3, 6, 9, 12, 15, 18 anJO delay and attenuate induction ,Of pS3 protein in respon;e
30 h after treatment with bleomycin beganA) (G,/S ratios for non-treated to DNA damage. These observations suggest that the ability
(M), phenobarbital-treated), bleomycin-treated®) and PB plus of PB to alter G checkpoint responses was mediated, in part,
bleomycin-treated ), hepatocytes were obtained. Plotted values (from a throughp53 We believe these findings provide evidence for

representative experiment) depict meand SD ( = 3). An analysis of a novel epigenetic mechanism by which mitogenic non-
variance was performed for data at each time point followed by a Tukey— !

Kramer post hocanalysis. *Significant difference between bleomycin only ~ 9€NOtoxic chemicals may exert their carcinogenic effect.
and PB+ bleomycin-treated group$(< 0.05). Results were reproduced in Since checkpoint responses to DNA damage have not been
three independent experiments involving three separate hepatocyte previously described in primary cultures of mouse hepato-
ihsg'Zttiggst-eg)ei'OC‘;"Sgé"fom;igzral{‘g/'g’iebslegfn?ocri‘:rgﬂegrhgﬁﬁcggef f‘snd cytes, a considerable amount of time was spent on characteriz-
ug?ml blgomycirﬁJ for 30 h are illustrated. Fivye thous);nd events are displayedng these responses to determine whether th,ey were similar to
in each dot plot, and the percent of cells in diploig/G, and diploid those observed in human cell systems. Primary cultures of
S-phase are listed below each plot and represent the mehiSD (1 = 3). B6C3F1 mouse hepatocytes reacted to DNA damage by
arresting in G and G. Induction of p53 protein was also
from cellular lysates collected from non-treated hepatocytesbserved withi 5 h of exposure to bleomcyin. C57BL mouse
and hepatocytes treated with phenobarbital. PB-treated hepatioepatocytes that lacked functional copies of bp#8 genes
cytes exhibited, on average, a 30% reduction in steady-stattid not arrest in @ but instead continued to transit into S-
levels of p53 protein relative to non-treated hepatocytes (Figurphase similar to non-treated hepatocytes. These studies reveal
10). Furthermore, p53 protein induction due to bleomycinthat the G checkpoint response in mouse hepatocytes was
exposure was delayed and attenuated in hepatocytes pre-treatigpendent op53 consistent with signaling molecules identi-
with PB (Figure 11). Specifically, p53 protein induction was fied as participating in checkpoint responses in many human
not observed until the 20 h time point, and peak levels of p53ell systems (11,13,16,18).
protein in hepatocytes treated with PB and bleomycin were Interestingly a significant decrease in S-phase cells was
60% lower than those observed in hepatocytes treated onlybserved in thgp537 mouse hepatocytes exposed to bleo-
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Fig. 7. Concentration-dependent effect of phenobarbital gfSG@atios. Hepatocytes were exposed to varying concentrations of phenobarbitaiM1@0

4 mM). At 23 h after the addition of phenobarbital, bleomycin was added to the mediupg(t8). Hepatocytes were collected 30 h after bleomycin
exposure began and were prepared for flow cytometric analysis to deterpiBeaBos. G/S ratios were expressed as the percentage of bleomycin-only-
treated control. Relative values represent means SD ( = 3).
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Fig. 8. Apoptotic cell death of mouse hepatocyte&) Non-treated M), phenobarbital-treatedX), bleomycin-treated®) and PB plus bleomycin-treated],

mouse hepatocytes were stained with acridine orange (@y&8l) and ethidium bromide (0.28g/ml) at 8, 24 and 36 h of exposure to bleomycin to detect
apoptotic cells. Cells were viewed and scored using fluorescent microscopy. Results were reproduced in three independent experiments involving three
separate hepatocyte isolations. Values represent mean$D ( = 3). Fluorescent photomicrographs &)(non-treated hepatocytes arfd) (hepatocytes

exposed to 16.g/ml bleomycin for 36 h are presented. Cells exhibiting an orange fluorescent, pycnotic nucleus are apoptotic, and cells staining a dull yellow
with no visibly distinct nucleus represent necrotic cells.

mycin, which suggests that other checkpoint responset® the ability of the G checkpoint to respond even in the
remained intact. A decrease in the percentage of cells in Sabsence of p53. This idea is further supported by our observa-
phase is dependent on both @1d G checkpoint responses. tions thatp537- mouse hepatocytes accumulated in the G
The G checkpoint retains cells in Gand prevents entry into phase of the cell cycle during bleomycin exposure, halting
S-phase. The &checkpoint halts cells in &and prevents  cell-cycle progression. The role of p53 in, @heckpoint
them from cycling through M-phase and back intg. ®/e  function remains controversial, but our studies suggest that
believe that the ability op537 cells to exhibit a significant the mouse hepatocyte,@heckpoint response to DNA damage
reduction in S-phase in response to DNA damage may be due independent of p53 function. (The reduction of S-phase in
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Fig. 9. DNA double strand breaksAj) DNA strand breaks were measured in non-treall®yl bleomycin-treated®) and PB plus bleomycin-treated}

mouse hepatocytes using pulse field gel electrophoresis. Breaks were evaluated for each treatment group at 5, 10, 20 and 30 h after bleomycin exposure w
initiated. Results were reproduced in three independent experiments involving three separate hepatocyte isolations. Values represénSidans 3).

(B) Strand breaks were visualized by staining agarose gels with ethidium bromideg4@er). Lanes 2, 5, 8 and 11 depict strand breaks from hepatocytes
exposed to 16ug/ml bleomycin for 5, 10 , 20 and 30 h, respectively. Lanes 3, 6, 9 and 12 show strand breaks from hepatocytes exposed to 2 mM PB plus
16 pg/ml bleomycin for 5, 10, 20 and 30 h, respectively. Lanes 1, 4, 7 and 10 depict strand breaks from the time-matched non-treated hepatocytes.

No p537- mouse hepatocytes exposed to DNA damage did not
reach the extent seen in treaf@sB'* cells, probably because
Treatment 2mM PB of the loss of G checkpoint function inp537 cells, which
'c £ £ = B e g ;' would allow cells from G to transit into S-phase, even in the
® 2 28239323 presence of DNA damage.)
22NN il Although p53 appeared to play a role in; @heckpoint
. - - - - p53 function, p2¥AF1 protein induction was not observed in

response to DNA damage in mouse hepatocyp@dVAF! is
Fig. 10. Lower p53 protein levels in hepatocytes treated with phenobarbital one of several genes identified as playing a role in the pS3-
p53 protein was immunoprecipitated from cellular lysates collected from dependent GCheCkpo_mt response to DNA damage In humar.]
non-treated hepatocytes and hepatocytes treated with 2 mM phenobarbital CEIIS (17,18). llmme.d|ate|y after genetic damage, p53 protein
for 28 h (lanes 1 and 5, respectively), 33 h (lanes 2 and 6, respectively), levels dramatically increase (13). p53 in turn transcriptionally
43 h (lanes 3 and 7, respectively) and 53 h (lanes 4 and 8, respectively). gctivates a variety of genes, includimgR1VAF! (17). The
Immunoprecipitates were separated by SDS—-PAGE, proteins were p21WA|:1 protein can associate with;@yclin~CDK complexes
transferred to a polyvinyl membrane, and p53 protein was detected by L L . 1 .
immunoblotting. Results were reproduced in four independent experiments and inhibit the_'r kinase activity (18-20). This event leads to
involving four separate hepatocyte isolations. the accumulation of hypophosphorylated pRb and prevents the

activation of E2F and progression into S-phase (21).

Even though p24AF! protein induction was not observed

16 pg/ml 2mM PB + in hepgtopytes eqused to bleomycin, we believe tha}t p53 was
Bleomycin  Bleomycin transcriptionally active. We were able to detect the induction
| i | of other p53 target genes, such dsax (27; and data not
g S &£ _ £ == shown). The .p0§S|b|I|ty Stl!l exists, however, that lack of
- 282G 2 = p21WAFL protein induction in B6C3F1 mouse hepatocytes
during bleomycin exposure may be an artifact of our model
— e — —— — p53 system. Nevertheless, hepatocytes were capable of arresting

in G; in the presence of DNA damage despite the lack of

. o _ induction of p2¥AF protein.
Fig. 11. Delayed p53 protein induction in response to DNA damage in Finding a lack of pZWAFl protein induction after the addition
hepatocytes exposed to phenobarbital. p53 protein was immunoprecipitated

from cellular lysates collected from hepatocytes exposed tpgtGl of bleomycin raises the possibility that other molecules may
bleomycin and cells treated with 2 mM PB plus fi§/ml bleomycin for 5h  be involved in p53-mediated checkpoint responses to DNA
(lanes 1 and 5, respectively), 10 h (lanes 2 and 6, respectively), 20 h (laneglamage. Studies involving mouse epithelial cells within the
3 and 7, respectively) and 30 h (lanes 4 and 8, respectively). Since cells intestinal crypts or mouse embryo fibroblasts demonstrated
exposed to PB+ bleomycin were incubated with PB for 23 h prior to the h h heckpoi ith ind d
addition of bleomycin, exposure of cells to bleomycin for 5, 10, 20 and that the GE checkpoint response was e't. erin epen. ent or
30 h meant the PB plus bleomycin treated cells were exposed to PB for 260nly partially dependent on p24™ function, respectively

33, 43 and 53 h, respectively. Therefore Figures 10 and 11 can be (28-30). Other studies have found that WQT protein levels

compared. do not always increase with induction of p53 protein and cell-

cycle arrest (31). Our studies provide another example where
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Fig. 12. p53 Message levels in hepatocytes exposed to phenobarbital. Total RNA was isolated from non-treated hejcaytekgpatocytes exposed to

2 mM phenobarbital (shaded) for 28, 33, 43 and 53 h. Message levels of p53 were quantitated using the technique of competitive RT-PCR. This technique
yielded a 295 bp fragment, which represented an amplified portion gfBe¢arget gene, and a 395 bp fragment, which represented the amplified internal

Lacl standard. Results were reproduced in three independent experiments involving three separate hepatocyte isolations and RNA isolations. Values represe
means* 1 SD ( = 3).

p21WAFL protein induction may not occur during cell-cycle cells and the eventual progression to a complete neoplastic
checkpoint responses. phenotype.

Other molecules that may be involved in mouse hepatocyte Several changes in p53 were observed in cells exposed to
cell-cycle checkpoints may includ@ADD45 a p53-dependent, PB. Hepatocytes treated with PB contained lower steady-state
DNA damage-inducible gene capable of inhibiting cell-cyclelevels of the p53 protein, and PB treatment was able to delay
progression when overexpressed (32) or other CDK inhibitoryand attenuate induction of p53 protein in response to DNA
proteins. Alternatively other mechanisms, such as tyrosinedamage. Since PB treatment did not alter steady-state levels
phosphorylation of CDK4, could be involved (33). Regardlesspof p53 mRNA, the effects of PB on p53 appeared to occur at
the identification of these checkpoint genes and/or pathwaythe level of translation or post-translationallp53 gene
will allow for new targets to be investigated in mitogenic, mutations are rare in chemically induced mouse liver tumors
non-genotoxic carcinogenesis. (34-38) even though it is the most frequently mutated gene

After characterization of checkpoint responses to DNAin human cancers (39). Thus, the possibility exists that epi-
damage in mouse hepatocytes was complete, we evaluated thenetic changes in p53 protein may occur more frequently
ability of phenobarbital to abrogate these checkpoint responseis chemically-induced hepatocarcinogenesis than alterations
Lower G//S ratios in cells treated with PB and bleomycin asin the p53 gene.
compared with cells treated with only bleomycin suggested Changes in p53 protein described above during PB treat-
that PB delayed and attenuated thedBeckpoint response to ment suggest that abrogation of Gheckpoint function by PB
DNA damage. Lower @S ratios were caused by a significant was mediated through effects on p53. If this were true, then
decrease in the percentage of cells i ®hich suggests that one would predict that PB could not alter checkpoint responses,
PB-treated cells continued to enter S-phase even in the presengbich function independent of p53. In our study, the G
of DNA damage. Abrogation of checkpoint controls has beercheckpoint response to DNA damage in mouse hepatocytes
shown to have deleterious effects on a cell. Failure to arresippeared to be independent of p53 function since hepatocytes
in G, in the presence of DNA damage could prevent the repairsolated fromp537~ mice were capable of exiting from S-
of damaged DNA and, in turn, lead to the replication ofphase and arresting in ,Gwhen treated with bleomycin.
damaged genetic material. If mutations were to occur in protointerestingly, the Gcheckpoint response to DNA damage was
oncogenes or tumor suppressor genes, such alterations couldt altered by PB in B6C3F1pb3"/*) or C57BL (537)
provide a growth advantage and additional genomic instabilitymouse hepatocytes, which supports our hypothesis.
allow for the survival and clonal expansion of pre-cancerous Since abrogation of ¢ checkpoint function by PB
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A 25 barbital, can alter a biochemical pathway involved in main-
0 taining genomic integrity (i.e. checkpoint controls).
-.,‘_.—: Phenobarbital has traditionally been viewed as an agent that
© provides a preferential growth stimulus to pre-cancerous and
n cancerous cells. Thus, many biochemical pathways studied as
= 1o potential targets for these agents are apoptotic pathways and
o . growth factor pathways involved in cell proliferation. The
ability of phenobarbital to alter 5checkpoint responses to
o o DNA damage represents a novel epigenetic mechanism through
which mitogenic, non-genotoxic carcinogens may enhance
B 3 120 genotoxic events and genomic instability, key events in the
@ 5 100 cancer process. A mechanistic understanding of non-genotoxic
'g_O\ o carcinogenesis will clearly aid in the interpretation of animal
o “>’ study data that are cqmmonly _used. in human cancer risk
c '..g &0 assessments. Identification of a biological response (i.e. check-
5T ® point function) targeted by these agents also provides a means
== , to investigate dose—response relationships, potential threshold
8 responses, and similarities or differences in responses among
° species, including humans.
50
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