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ABSTRACT nontoxic parent compound. Many enzymes (including cytochrome
i ) ) ) ) ) ) P450 and NADPH cytochrome P450 reductase) can reduce TPZ to its
Tirapazamine (TPZ) is a hypoxia-selective cytotoxin that is currently o q16yic radical (11, 13-19). However, although a large majority of
?:tliri]gthi);zgyn:ndd Esilf:tl;e-b!sir;dcrl:lerﬁlgzlhcjrlag;al;;Zui(:;tggigmevxﬁpz the TPZ is metabolized in the cytoplasm, nuclear metabolism of TPZ
’ accounts for essentially all of the TPZ-induced DNA damage (20).

to a cytotoxic radical that produces DNA damage under hypoxic condi- o d
tions. Because one or more of the enzymes responsible for the bioactiva- The efficient production of DNA double-strand breaks by TPZ, as

tion of TPZ isfare thought to be at or near the nuclear matrix, we Well as their inefficient repair compared with those produced by
hypothesized that TPZ may have a major affect on DNA replication, a ionizing radiation (10), suggested that TPZ may be producing radicals
process that is known to occur predominantly at the nuclear matrix. To in a highly localized area (2). The nuclear matrix, a proteinaceous
assess the effect of TPZ on DNA replication, we measured the incorpora- scaffold composed of lamins A, lamins B, and topoisomeraag Il
tion of radioactive thymidine into DNA of HCT116 human colon cancer provides a structure to Organize DNA in the nuc|eus_ Matrix at’[ach_
cells and Hela cells. We show that incorporation of radioactive thymidine  maent regions are the regions of DNA that attach to the nuclear matrix
is dramatically inhibited in cells that are pretreated with TPZ under (21, 22). Whereas specific nuclear reductases associated with the
hypoxic conditions. TPZ-induced inhibition of DNA synthesis was much nuclear matrix that metabolize TPZ have yet to be identified, we have

greater than that produced by more toxic doses of ionizing radiation. We . .
used the SV40-basedn vitro DNA replication assay to study the mecha- proposed that these reductases could produce highly localized damage

nism of inhibition of DNA synthesis in cells treated with TPZ. Using this at the matrix attachment regions (23).
assay, we show that extracts prepared from cells treated with TPZ under ~ 1he possibility that the enzymes responsible for the cytotoxicity of
hypoxic conditions had only 25-50% of the DNA replication activity —TPZ associate with the nuclear matrix led us to examine whether the
measured in control cells. This reduction in DNA replication activity was TPZ radical modifies or disrupts cellular functions that occur at or
associated with a reduction in levels of replication protein A (RPA) in  near the nuclear matrix. One critical cellular function that occurs at the
cytoplasmic extracts used for thein vitro DNA replication assay and could  pyclear matrix is DNA replication (24—28). Thus, we hypothesized
be overcome by addition of recombinant human RPA. Furthermore, we  that hecause TPZ radicals may be highly concentrated in this region,
f:gwst;y |nd|re<_:t immunofluorescence that TPZ leads to a localization of tp might have a disproportionately large effect on DNA replication
p34 subunit of RP.A (RPAZ.).IO small supnu_clear foci. These results compared with other DNA-damaging agents at comparable levels of

show that TPZ dramatically inhibits DNA replication and that the mech- e . . .
anism of inhibition, at least in part, involves changes in RPA that alter its CytOtOX,'C'ty' I.n allg.reement with th|§ hypOtheSB’ we show that TPZ
cellular localization. dramatically inhibits DNA synthesis in HCT116 colon cancer cells
and HelLa cells. This inhibition of DNA synthesis by TPZ (75—80%
reduction aftel h at 20um) is of greater magnitude and duration than
that caused by more toxic doses of ionizing radiation, suggesting that

TPZ® (SR 4233; WIN 59075; 3-amino-1,2,4-benzotriazine-1,4he TPZ radicals may directly affect components involved in replica-
dioxide; Tirazone) is a chemotherapeutic agent that is activated at [B@N. In support of this model, we show using a SV40-baisevitro
oxygen levels to become a cytotoxic agent (1, 2). It is CurrentQNA replication assay that extracts from TPZ-treated cells have a
showing considerable promise in Phase Il and I clinical trials ifeduced ability to supporin vitro DNA replication (20-50% of
combination with radiation and cisplatin (3, 4). The basis for theontrol afte 1 h at 20um). The reduced DNA replication activity in
tumor selectivity of TPZ is that most solid tumors have a much lowépese extracts could be traced to a reduction in the levels of RPA, a
average oxygen tension than normal tissues. These hypoxic tumorsl'w@rotrimeric protein essential for DNA replication but also involved
often refractory to radiotherapy and are probably also refractory ifs DNA repair and recombination (reviewed in Ref. 29). Addition of
chemotherapy (5-8). However, because TPZ is selectively toxic RPA to the extracts of TPZ-treated cells restores replication activity
hypoxic cells, it can exploit low tumor oxygenation for therapeuti&{) control levels. Using indirect immunofluorescence, we demonstrate
advantage (9). that the p34 subunit of RPA (RPA2) forms small subnuclear foci after

Intracellular reductases convert TPZ to a cytotoxic radical thai€lls are treated with TPZ under hypoxic conditions. These results
under hypoxic conditions, produces base damage, DNA single-strdgdeal that exposure of cells to TPZ under hypoxic conditions greatly
breaks, DNA double-strand breaks, and chromosome aberrationsifipibits DNA synthesis and suggest that relocation of RPA or damage
10-12). In aerobic cells, the cytotoxicity of the TPZ radical is greatfp RPA may contribute to this effect.
reduced because oxygen causes back-oxidation of the radical to the

MATERIALS AND METHODS
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67166 (to J. M. B.) anc: CA 56)706 (to G.1.) and by NIH Medical Scientist Training‘%gzl’l “éazu‘:Z'eSHSeE;hg‘n’s'svie'?:'gﬂ\?v‘:l' and maintained in monolayer culture
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2To whom requests for reprints should be addressed, at 269 Campus Drive, Cd8RJoklik-modified MEM supplemented with 5% iron-supplemented calf se-
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mbrown@stanford.edu. @lils were graciously provided by Dr. Bert Vogelstein (Johns Hopkins Oncol
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recombinant RPA; TAg, SV40 T antigen. in McCoy'’s 5A modified medium supplemented with 10% fetal bovine serum.
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EFFECTS OF TIRAPAZAMINE ON DNA REPLICATION

For all experiments, both HelLa cells and HCT116 cells were used in thsing an SV40-based vitro DNA replication assay. In this assay, replication
logarithmic phase of growth. of plasmids carrying SV40 origin of DNA (ofi DNA) replication is accom-

TPZ and Aerobic/Anaerobic Treatment. HCT116 cells and HelLa cells plishedin vitro with cytoplasmic extracts, with TAg as the only noncellular
were treated with TPZ at the concentrations and times indicated. For hypogratein. Reaction mixtures (2bl) contained the following: 40 m HEPES; 8
treatment, cells were grown in notched glass dishes, which were loaded int@ MgCl,; 0.5 mv DTT; 3 mvm ATP; 200 um each of CTP, GTP, and UTP;
prewarmed aluminum jigs. The jigs were evacuated five times to 0.1 atmbl0 um each of dATP, dGTP, and dTTP; 3Gy [«->?P]dCTP (1000 cpm/
sphere with N + 5% CQ, reintroduction and constant shaking to achievesmol); 40 mv creatine phosphate; 2.5 mg of creatine phosphokinase;d@
hypoxia (less than 200 ppm_Das described previously (30). For aerobicsuperhelical plasmid DNA; 100—-158y of cytoplasmic extracts; and Ou.& of
treatment, jigs were evacuated and refilled five times with 95%-a@6 CO,.  TAg. The reaction mixture was incubated at 37°C for 1 h. The extent of DNA
After evacuation, the jigs were placed in a 37°C incubator for 1 h. All TPEynthesis was evaluated by measuring incorporation into acid-insoluble mate-
exposures were fal h unless otherwise indicated. rial. DNA replication products were analyzed by gel electrophoresis followed

For shorter exposures to TPZ (15-45 min), spinner flasks were usedbi radioautography.
achieve hypoxia. The control spinner flask contained 10.0 ml of control media, Western Blots. Standard procedures were followed for Western blots using
the treatment spinner flask contained 10 ml of media supplemented with 261@lear or cytoplasmic extracts. We used whole cell lysates to assess RPA2
uM TPZ, and the cell spinner flask contained 10.0 ml of cells at a concentratiavels and RPA2 phosphorylation. Whole cell lysates from Hela cells were
of 4.3 X 10° cells/ml. Control spinner and treatment spinner flasks werebtained by lysing cells with radioimmunoprecipitation assay buffer supple-
allowed to become hypoxic for 1.0 h by circulating M 5% CO, gas through mented with protease inhibitor mixture for 30 min at 4°C. Lysates were
the flasks. Cells from the cell spinner flask were then added to both the conteslalyzed with SDS-PAGE using the Novex NUPAGE Electrophoresis System
spinner flask and the treatment spinner flask to bring the final concentration(6fan Diego, CA). Membranes were blocked with 1@ firis (pH 7.5), 150 mu
TPZ to 20um. At the appropriate time, 1.0 ml of cells was removed from theodium chloride, and 0.1% Tween 20 with 5% milk and 0.5% BSA and blotted
control spinner flask and the treatment spinner flask. Cells were centrifugeth RPA2 mouse monoclonal antibody (1:400; Neomarkers, Fremont, CA).
and washed twice with PBS. After washing, the cells were immediateBiots were then stained with secondary antibody conjugated to alkaline phos-
pulse-labeled with3H]thymidine as indicated below. phatase and visualized using the Enhanced Chemifluorescence (ECF) system

Cell Irradiation. Irradiations were performed wittF’Cesiumy-rays from  (Amersham Life Science, Little Chalfont, United Kingdom). Data were ana-
a J. L. Shepherd and Associates Mark | Model 25 Irradiator (San Fernantized using a STORM Optical Scanner (Molecular Dynamics, Sunnyvale,
CA) operating at 369.1 cGy/min. Cells were placed on ice during treatme@a).
with irradiation. Indirect Immunofluorescence. To determine cellular localization of RPA,

Radioactive Labeling for DNA. Before treatment with TPZ or ionizing HelLa cells were plated onto glass chamber microscope slides at a density of
radiation, cells were continuously labeled for 24 h witp.@i/ml [**C]thymi- 1 X 10° cells/slide. Slides were treated with media containing 0 op@0rPZ
dine. Immediately before treatment, tHé¢]thymidine-containing media was and then exposed to hypoxia using a Bacton anaerobic/environmental chamber
removed, and the cells were rinsed with PBS. After treatment with TPZ or wifgheldon Manufacturing, Inc., Cornelius, OR). Affeh of treatment with TPZ
irradiation, the cells were incubated at 37°C for 30 min. After recovery, thender hypoxic conditions, slides were removed from the chamber, and treat-
cells were pulse-labeled with 10@Ci/ml [®H]thymidine for 30 min. The ment media were removed. Slides were washed twice with PBS and then fixed
radioactive media were removed after pulse-labeling, and the cells wayih 2 ml of —20°C methanol. To insure fixation, slides were incubated in
washed twice with PBS. methanol for 15 min at-20°C. After fixation, the methanol was removed, and

Measurement of DNA Synthesis in Intact Cells.HCT116 or HeLa cells slides were washed twice with PBS and then blocked with PEB%6 BSA for
were lysed after pulse-labeling in radioimmunoprecipitation assay buffer [§9 min at 25°C. Fixed HeLa cells were probed with RPA2 mouse monoclonal
mm Tris-HCI (pH 7.5), 150 mi sodium chloride, 1% Triton X-100, 1% sodium antibody (1:250) fo1 h at25°C and washed with PB$ 3% BSA to remove
deoxycholate, and 0.1% SDS] at 4°C. The lysate was precipitated on ice for@ound primary antibody. Bound antibodies were detected with mouse anti-
min with 10% trichloroacetic acid- 2% Na PP The lysate was then resus- human IgG conjugated to fluorescein. The slides were stained with the DNA
pended to a final volume of 2.0 ml. Aliquots (4QQ) of each sample were stain 4,6-diamidino-2-phenylindole dihydrochloride hydrate containing
applied in triplicate to prewetted 24.0 mm Whatman glass filters (Maidstonéectashield (Vector, Burlingame, CA) and visualized using a Nikon optiphot
Kent, United Kingdom) placed on a filtration system (Millipore, Bedfordfluorescence microscope (Melville, NY).

MA). The samples were then washed three times with 5.0 ml of 10% trichlo-

roacetic acid+ 2% Na PRand twice with 5.0 ml of 95% ethanol. Filters were RESULTS

allowed to air dry and then transferred to scintillation tubes. A total of 10.0 ml

of Ecolume were added to each sample. The samples were analyzed using lahibition of DNA Synthesis by TPZ. We measured DNA syn-
Beckman LS6000IC liquid scintillation counter (Fullerton, CA). DNA synthethesis as a function of dose and time after TPZ treatment of HCT116
sis was calculated as the ratio of th#H]thymidine counts¥*CJthymidine (p21*'*) and (p21’) human colon carcinoma cells under both

counts. The percentage of replication activity was calculated by comparisQa,qpjic (Fig. ) and hypoxic (Fig. B) conditions. After a 1-h

with identically treated controls not exposed to TPZ or to ionizing radiatior}reatment under aerobic conditions and for concentrations of up to 50
Clonogenicity Assays.Colony-forming assays were performed as de- m (Fig. 1A), TPZ produced only a small inhibition of DNA synthe-
scribed previously (31). Briefly, HCT116 p24" cells treated with varying e ’ ’

doses of TPZ under hypoxia fd h or varying doses of irradiation were SiS- However, when cells were treated with TPZ under hypoxic
collected by trypsinization, resuspended in ice-cold media, and plated in 60.G@nditions, TPZ inhibited DNA synthesis in a dose-dependent manner
100-mm Petri dishes. After 2 weeks, the media were removed from the dishsPoth p21"'* and p21'" cells (Fig. B). After a 1-h exposure to 20
and the cells were stained with crystal violet. Individual colonies of more thawm TPZ under hypoxic conditions, the rate of DNA synthesis de-
50 cells were counted, and the survival of treated groups was obtained dngased by approximately 70% (FidB)LHTC116 cells show no signs
comparing the number of colonies in the treated grotgysusthe number of  of toxicity to 20 um TPZ for up to 24 h after treatment, as judged by
colonies in the control group. ‘ ~ trypan blue exclusion and cell detachment (data not shown). There-

In Vitro Assay of DNA Synthesis.HelLa cells were grown in 1-liter fore the inhibition of DNA synthesis caused by TPZ is not the result
spinner flasks, filled to 250 ml, to a final concentration-ef0° cells/ml. Cells of the cells being metabolically dead. We obtained very similar results
were made hypoxic by a 1-h exposure to d®D, mixture and treated for 1 h with HeLa cells (data not shown).

with TPZ. Hypoxia was monitored using an, ®lectrode (kindly provided by . L .
Dr. Cameron Koch, Department of Radiation Oncology, University of Penn- We next examined the recovery of DNA synthesis inhibition in

sylvania School of Medicine, Philadelphia, PA). After treatment, cells we@ellS treated with TPZ under hypoxic conditions. HCT116 (P23
collected, an aliquot was taken to measure DNA replicaiiionivo, and the Cells were treated with TPZ (2w, 1 h) and allowed to recover at
remaining cells were processed for cytoplasmic extract preparation usi®ig’C. DNA synthesis remained at 15-30% of controls for up to 24 h
standard protocols (32-33) vitro DNA replication activity was measured (Fig. 1C). The lack of recovery of DNA synthesis may be due in part
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EFFECTS OF TIRAPAZAMINE ON DNA REPLICATION

(A) unlike ionizing radiation, produces nonrandom damage in DNA pos-
E sibly concentrated at the nuclear matrix, we compared the inhibition
. of DNA synthesis caused by TPZ under hypoxic conditions with that
'§§ caused by ionizing irradiation under hypoxic conditions. Doses of
7] 'g 15-60 Gy of irradiation had a modest effect on DNA synthesis in
% o -~ comparison with 2Qwum TPZ under hypoxic conditions, which inhib-
Qg 401 ° pal ited the rate of DNA synthesis by approximately 80% (Fig).3
: B jﬁ: * p21” Fig. 3,B andC, shows the clonogenic survival of HCT116 p21
® 4 cells after exposure to varying doses of TPZ (under hypoxia) or
= 0 " y . ' ’ ionizing radiation (under euoxia). Comparison of these results with

10 20 30 40 50 those of Fig. 2 demonstrate that TPZ, under hypoxic conditions,
Dose of TPZ (uM) inhibits DNA synthesis to a much greater extent than doses of ionizing

(B) .% 1004 radiation that produce greater cell kill (even allowing for the 3-fold
2 9 o p21+/+ reduction in equivalent dose for the hypoxic irradiation; FigA3().
€ S B0+ . p21- These observations suggest that in addition to introducing DNA
@ E ™ damage, TPZ may also interfere directly with the replication machin-
§ 8 gg: ery. We examined this possibility using am vitro assay of DNA
0% apd replication.

B2 30 In Vitro Measurement of DNA Replication. To evaluate the
% = 204 effects of TPZ on DNA replication at the biochemical level, we
o 109 treated Hela cells under hypoxic conditions with varying concentra-
. 2 10 20 a0 40 50 tions of TPZ and then prepared cytoplasmic extracts. The ability of
these extracts to suppantvitro DNA replication was evaluated using
Roseoh TR M) plasmids containing the SV40 origin of DNA replication and recom-
(C) o 100 binant TAg as the only noncellular protein (35). Although extracts
‘B 904 prepared from untreated cells could actively supportitro DNA
g e 409 replication, those of cells treated with 20 or 8@ TPZ under hypoxic
=B 709 conditions showed a 50% reduction in this activity (Fig. 4). This
2 H :g: observation suggests that extracts of TPZ-treated cells are deficient in
= E 40 a factor or activity that is critical for DNA replication. Because RPA
E ‘: 30; } i P is the rate-limiting factor in this type of reaction (29), we evaluated
3 & zn-|E DNA replication after the addition of rRPA in reactions assembled
;m 12- o { with extracts prepared from TPZ-treated cells. The results shown in

T T Fig. 4 indicate that rRPA restored the DNA replication activity of
0 10 20 30 .

_ extracts from TPZ-treated cells to control levels (Fig. 4). Thus, ex-
Time (h) posure of cells to TPZ under hypoxic conditions leads to a partial loss
Fig. 1. Inhibition of DNA synthesis in p27* and p21/~ HCT116 colon carcinoma Of RPA activity from the cytoplasmic component of the extract.

Ce”fhby e U”%etr a‘;fﬁ"ﬂ szgypggﬁ’gdm?nsﬁ) and Cominuﬁdti”hi?igon_ft’; DNA  Other DNA-damaging agents, such as camptothecin and high doses
TPZ for 1 h ©). HCT116 colon carcinoma cells [o2f (0) and p21.- (@) A% of ionizing irradiation, also decrease DNA replication as measured in

treated with increasing doses of TPZ (0—5@) under aerobic or hypoxic conditions for extracts of treated cells by the SV40-baseditro DNA replication

1 h. After treatment, cells were allowed to recover for 30 min and then pulse-labeled ijﬁ'%say One component in this inhibition is a reduction of the available
[®H]thymidine. The rate of DNA synthesis was calculated by comparison with identical ’

treated controls not exposed to TPZ. To examine continued inhibition of DNA synthesé(?o' of RPA in the cytoplasmic fraction of the extract (32-34). We
HCT116 p21 /" cells were allowed to recover after a 1-h exposure tuR0TPZ under  therefore tested this possibility in extracts prepared from TPZ-treated
hypoxic conditions for time periods between 0 and 2€h After the recovery time, the

cells were pulse-labeled witffHijthymidine, and the rate of DNA synthesis was calcu-

lated by comparison with identically treated controls not exposed to TPZ.

-§ 100
to a reduction in the fraction of S-phase cells as a result of their § 3
accumulation in G-M phase. To determine the kinetics of inhibition u>>’ ‘E
of DNA synthesis, we treated HelLa cells with 201 TPZ under < 8 50 .
hypoxic conditions for a period of 15—-60 min. After only 15 min of g s
treatment, the rate of DNA synthesis was approximately 50% of the 5
control and continued to decrease with increasing time of exposure to [ Tt
TPZ (Fig. 2). The rapidity of the decrease seen argues againstsa G g
checkpoint here with HeLa cells and in FigC With HCT116 cells, 0 I 10 N 0 40 =0 on
particularly because the HCT116 cells had both alleles of p21 deleted
and would therefore not be expected to delay in(@—39). Time of TPZ Exposure (min)
Comparison of Inhibition of DNA Synthesis by TPZ and Irra- Fig. 2. Initial inhibition of DNA synthesis in HeLa cells by 2« TPZ under hypoxic

ot [P ; ot ; ; _conditions. HeLa cells were continuously labeled witfdJthymidine for 24 h. Subse-
diation. Both TPZ and ionizing irradiation introduce DNA single quent to labeling, 2 10° cells were exposed to 3@ TPZ for 15—-60 min under hypoxic

strand breaks and DNA double-strand breaks and produce ecgsalbitions. Cells were immediately pulsed wittH]thymidine-containing media for 30
numbers of lethal chromosome breaks at equal levels of cell kill (1@)i_n and then lysed, and DNA was precipitated from the lysates onto filters. The relative

lonizi irradiati | d d d dent inhibiti afmunts of {*CJthymidine and $H]thymidine were assessed using a scintillation counter.
onizing Irradiation also proauces a dose-oependent innibition e rate of DNA synthesis was calculated by comparison with identically treated controls

DNA synthesis (reviewed in Ref. 40). To test our hypothesis that TP#at exposed to TPZ.
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EFFECTS OF TIRAPAZAMINE ON DNA REPLICATION

(A) RPA in the nucleus or enhances the recruitment of RPA into the
nucleus, possibly to sites of TPZ-induced damage.

DISCUSSION

—H
—

T TPZ, a promising chemotherapeutic agent, takes advantage of the
J_ hypoxic environment of solid tumors. At low oxygen levels, TPZ
254 radicals formed by 1-electron reduction produce extensive DNA dam-
|J_‘:| age, which leads to cytotoxicity (10). We have proposed that although
TPZ metabolism occurs throughout the cell, it is the nuclear metab-

olism that is responsible for the DNA damage and cytotoxicity (9, 20).
(B) 104 Moreover there is evidence that this metabolism is associated, at least
¥ in part, with the nuclear matrix (23). Because DNA replication occurs
at sites of DNA attachment to the nuclear matrix (24-28), we spec-
ulated that TPZ might disrupt DNA replication to a greater degree
than other agents that produce DNA damage more randomly. The
results presented here confirm that TPZ produces a profound inhibi-
10°4 tion of DNA replication in both HCT116 and HelLa cells. Other
hypoxia-activated cytotoxic drugs such as metronidazole, misonida-
10+ . : : zole, and nitrofurazone have been tested for their effect on DNA
0 10 20 30 synthesis (41, 42). Variable effects were seen, which, in some cases,
TPZ Concentration (uM) were not hypoxia specific. It is possible that some of their similarities
104 with TPZ to inhibit DNA synthesis could be the result of activation by
the same nuclear matrix-activating enzymes that are responsible for
104 the reduction of TPZ.

lonizing irradiation also inhibits DNA replication, but the extent of
inhibition at equitoxic or more toxic doses is much less than that
10 produced by TPZ (Fig. :—C). The extent to which ionizing radiation
inhibits DNA replication is cell line dependent (40), and with the
HCT116 cells used in our studies, there was only a small level of
10 : . : . inhibition at doses<15 Gy under hypoxic conditions (Fig.A3.
2 4 6 8 10 Because DNA damage is believed to be directly or indirectly respon-
Radiation Dose (Gy) sible for the bulk of the inhibition of DNA replication (40), it is

Fig. 3. Comparison of the inhibition of DNA synthesis by TPZ apdradiation @) relevant to ask why ionizing radiation and TPZ inhibit DNA replica-
and survival of HCT116 p21'* cells treated with either TPZBf or y-irradiation ).  tion to such different efficiencies. We hypothesize that this difference

HCT116 p21’* colon carcinoma cells were treated with & TPZ under hypoxic ; i iNi7i iati ;

conditions fo 1 h or exposed toy-irradiation (15-60 Gy) using a Mark | Model 25 arises because damage induced by lonizing radiation is randomly
Irradiator. After treatment, the cells were allowed to recover for 30 min and then
pulse-labeled with3H]thymidine. The rate of DNA synthesis was calculated by compar-
ison with identically treated controls not exposed to TPZ oyoradiation. Survival of

Rate of DNA Synthesis
(% of Control)

n
2 TPZ 15 Gy 30 Gy 60 Gy

10

102

Surviving Fraction

(©)

Surviving Fraction

: : ) ; RPA ad
HCT116 p21* cells exposed to increasing doses of TR ¢r increasing doses of IREANMSIR et
y-irradiation C) was assessed using the standard clonogenic assay. TPZ (M) TPZ (uM)
| AP |
N, 20 50 0; 20 50 N

-

cells. Western blots of cytoplasmic extracts of TPZ-treated HelLa ce
show a decrease in both the p70 (RPA1) and p34 (RPA2) subunits
RPA when compared with untreated cells (Fig) 5This reduction is
not directly obvious in nuclear extracts of TPZ-treated HelLa cell
suggesting that the overall levels of RPA in the cells probably reme
unchanged.
After exposure of cells to UV irradiation or X-rays, the RPAZ
subunit is found in a partly phosphorylated form (29). After treatmel
of HelLa cells with 50um TPZ, there is a shift in the electrophoretic
mobility of a portion of RPA2 present in whole cell extracts (Fig) 5
that suggests phosphorylation. Moreover, the phosphorylation
RPAZ2 persists for up to 28 h after a 1-h exposure tubOTPZ (data
not shown). We note that there is no reduction in the total levels B R :
RPA2 after exposure to TPZ (FigBh Localization of RPA2 was (% ofcontrol) 100 50 55 98 80 100 98
further examined with indirect immunofluorescence. HelLa cells that rig. 4.1n vitro measurement of DNA replication using cytoplasmic extracts from Hela
were plated on glass chamber slides were exposed to hypoxia aloneety treated with TPZ under hypoxic conditions and the SV40-based assay for DNA
; i : i eplication. Extracts from either control-treated HelLa cells or TPZ-treated HelLa cells
S0 um TPZ l_mder h){pOXIC conditions. Under hypoxic co_ndmons Onl)}\Nere prepared and used to assess the ability to replicate SV40 plaswitdo by the
RPA2 localized uniformly throughout the nucleus (FigC)5After  incorporation of2P-labeled nucleotides. The samples were electrophoresed and radioau-
treatment with 5Qum TPZ, RPA2 localizes to small subnuclear foci adgographed to identify the replication products. Incorporation of radioactive nucleotides
d d with indi . fl Fi) 5| lusi was restored by the addition of rRPA to TPZ-treated cellular extracts. The amount of
etected with indirect immunofluorescence ( ig) n. (.:Onc U.S|0n' replication products was quantified and used to calculate the DNA replication activity
these results suggest that TPZ under hypoxic conditions either tragscentage of control). These results are representative of several repeated experiments.
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EFFECTS OF TIRAPAZAMINE ON DNA REPLICATION

Cytoplasmic Nuclear

Cytoplasmic Nuclear
| 11 | 1 ml
TPZ (uM) TPZ (uM) TPZ (uM) TPZ (uM)
| I | W | P § e
Nz 20 50 Oz Nz 20 50 Og N2 20 50 Oy N; 20 50 Oy
—— e — —— " PPAT S — " — —— S RPA1
RPA% 90 70 &0 100 120 130 127 100 90 75 60 100 135 130 125 100
Time After 1 hour 3 hour 6 hour
B L '} L ] L |
2 50 UM 50 UM 50 uM

Con TPZ Con TPZ Con TPZ
- . . W . i

------ RPA2
(%)

HeLa Cells-0 pM TPZ, Hypoxia HeLa Cells-50 pM TPZ, Hypoxia

Fig. 5. Change in localization of RPA subunits and phosphorylation of RPA2 caused by TPZ as assessed by Westamdpatd indirect immunofluorescenc€) The amount
of RPA2 (eft pane) and RPA1 (ight pane) in cytoplasmic and nuclear HeLa cell extracts exposed to hypoxip &\, or TPZ (20 or 5Qum) under hypoxia was assessed by Western
blot (A). The relative amounts of RPA are indicatedR2A %.Phosphorylation of the RPA2 subunit by TPZ was determined by comparing the Western blot of whole cell HeLa extracts
that had been treated with 0 or 3 TPZ (B). An upward shift in the electrophoretic mobility of RPA2 is indicative of the phosphorylation of RPA2. Localization of RPA2 was
examined further by indirect immunofluorescence using anti-RPA2 antibody and a secondary antibody conjugated to fluGje3aginpénelsof C show the 4,6-diamidino-2-

phenylindole dihydrochloride hydrate blue-stained nuclei, ancbtittom panelof C show localization of secondary antibody conjugated to fluoresagie(). These results are
representative of several repeated experiments.
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EFFECTS OF TIRAPAZAMINE ON DNA REPLICATION

distributed throughout the DNA, whereas TPZ-induced damage miasult, at least in part, from direct damage to or intracellular redistri-
be localized preferentially at the nuclear matrix. This could result iution of RPA, a protein critical for DNA replication.

a strong inhibition of the DNA replication activity. Because the

number of chromosome breaks produced by radiation and by TPZ are

comparable at equitoxic doses (10), our data suggest that many nfdE-ERENCES
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