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ABSTRACT

An asynchronous culture of mammalian cells responds
acutely to ionizing radiation by inhibiting the overall
rate of DNA replication by  [50% for a period of several
hours, presumably to allow time to repair DNA damage.
At low and moderate doses, this S phase damage-
sensing (SDS) pathway appears to function primarily
atthe level of individual origins of replication, with only
amodestinhibition of chain elongation ~ perse.We have
shown previously that the majority of the inhibition
observed in an asynchronous culture can be accounted
for by late G 1 cells that were within 2—3 h of entering the
S period at the time of irradiation and which then fail to
do so. A much smaller effect was observed on the
overall rate of replication in cells that had already
entered the S phase. This raised the question whether
origins of replication that are activated within S phase
per se are inhibited in response to ionizing radiation.
Here we have used a two-dimensional gel replicon
mapping strategy to show that cells with an intact SDS
pathway completely down-regulate initiation in both
early- and late-firing rDNA origins in human cells. We
also show that initiation in mid- or late-firing rDNA
origins is not inhibited in cells from patients with ataxia
telangiectasia, confirming the suggestion that these
individuals lack the SDS pathway.

INTRODUCTION

G1 nor the G checkpoint has the potential to protect cells that are
already in S phase at the time of DNA damage, which could
represent as many as 50% of an asynchronous population.

We and others have focused attention on an S phase damage-
sensing (SDS) pathway that responds to a radiation challenge by
immediately down-regulating the overall rate of DNA synthesis
for 2-3 h, as measured BH]thymidine incorporation into DNA
(8-13). The SDS response is characterized by a biphasic
dose-response curve. The steep initial component is thought to
reflect inhibition of initiation at origins of replication, while the
less sensitive shallow component has been attributed to an effect
on chain elongatior9(10,14). Several studies have lent support
to this interpretation, including measurements of changes in the
size distribution of nascent DNA after radiation treatméaj (
and analysis of the rate of chain growth by DNA fiber
autoradiographyl(4). In addition, we have used a two-dimensional
(2-D) gel replicon mapping technique to show directly that
moderate dose radiation delivered to an asynchronous culture of
CHO cells transiently and completely inhibits all subsequent
initiation in the early-firing dihydrofolate reductase (DHFR)
origin of replication, with only a modest effect on forks that were
in progress at the time of irradiatio®).(There is good evidence
that the SDS pathway operaie$rans since replication of a 5 kb
plasmid is completely inhibited by radiation doses that are
insufficient to cause breaks in the 5 kb episome itself but which
are high enough to damage cellular chromosoigs ).

Acute down-regulation of DNA replication occurs in a variety
of cells that lack functional p53, including CHO and HelLa cells
(18-20); therefore, the SDS pathway (and a possibly distinct
G1/S checkpoint; below) must differ from the p53-mediated

DNA damage-sensing checkpoints function by anticipatingnid-G; checkpoint 8,21). In Saccharomyces cerevisiaghibition
whether conditions are appropriate for successful entry into andreplication in response to DNA damage depends on functional
completion of the DNA replication (S) or chromosome segregatioMEC1 and RAD53 gene produc?j. Interestingly, MEC1 has

(M) phases of the cell cycle (reviewedlp Passage through been shown to be a homolog of the human ataxia telangiectasia
either one of these cell cycle phases in the presence of strgdd) mutant (ATM) gene produc®@) and, like MEC1 mutants
breaks or other lesions could lead to cell death or genetic yeast, cells from AT patients fail to acutely down-regulate
instability by chromosome loss and/or rearrangement. A pS®NA synthesis in response to DNA damagé) (

mediated G checkpoint?,3) and a G/M checkpoint ¢,5) have

Certain aspects of the SDS response are rather enigmatic. For

been extensively characterized and are controlled by cycliexample, in amsynchronougulture of Chinese hamster ovary
dependent protein kinases (reviewed, if). However, neitherthe (CHO) cells, even moderately high radiation doses (e.g. 8—10 Gy)
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inhibit the overall replication rate by only 50-60%b6) Thus, the T A T
SDS pathway does not appear to prevent many forks that were

already in progress at the time of radiation from replicating DNA rDNA

through single-strand lesions in their paths and converting them—,[kﬁR T T ;?—
to potentially lethal double-strand breaks. Furthermore, the 50% € rymope  pgmrptio

inhibition observed imasynchronousultures cannot be recapitulated o i
in synchronize® phase CHO cells, since the same radiation doses R ariant | EcoRl
inhibit overall replication rates by orlyL5-25% regardless of when — 9% Varlant llEcoRl

the cells are irradiated after entry into the S perid. ( ap o o Probes

This apparent dichotomy is partially explained by the observation
tha.‘t cells Wlthler_ h. of entering the S penOd are preyent_ed from_Figure 1.Sequence arrangements of the human rDNA locus. The polycistronic
dOIﬂg sobya rad|at|(_)n challenge; QOn.S?quemlya replication in thiganscription units that encode the 18, 5.8 and 285 rDNA species are indicated
fraction of the cells is completely inhibited and, when averagedy the black rectangles on the linear map. The origin of replication resides in
with the modest effects on S phase cells, could result in 50%e 31 kb intergenic spacer, with a concentration of start sites cefifekéd
it i PR ; upstream from the promoter of the rDNA gene (33). The presence or absence
Inhlbltlo.n of [SH]thymldlr!e Incorporation in an uns_ynthpmzed of anEcdRl site distinguishes two variants of the rDNA repeat in the Wilson
pOpUI_at'On overall6). Itis not knc_)W_n whether the 'nh|b't|or! of cell line (indicated with an arrow below the map), so that a 4.8 kb
entry into S phase represents a distiné@ell cycle checkpoint  BanHI-EcoRI fragment (Variant I) and a 6.5 BanHI fragment (Variant I1)
or, rather, a bona fid® phase damage-sensing mechanism thagre produced inBanHI/EcoRI digest. The hybridization probes used to detect

; indivi i i inAti these two variants in 2-D gels are as follows: CHB, a 508ibg!lI-BarrH|

functl(cj)lns atf thﬁ Ie\;]el ?.f In_lc_jkll\./ldua‘l O”%Ins of .t';.elpllc?']tlonhfragment; CSS, a 0.25 181 fragment; CPE, a 0.68 WPst—EcdRI fragment.
regardless of when they fire. This raises the possibility that thte that only the relevaianHi sites are shown here.
relatively modest effects of radiation treatment on intra-S phase
cells may result solely from a slowing of chain elongation rates,
i.e. that origins firing at any time after entry into S phase may not
be subject to down-regulation. o

In the present study, we have asked whether down-regulatifdiation treatment

of origins of replication occurs throughout S phase in response L9, < were irradiated at the times indicated in the text and figure

|rrad(|ja_1t|tc_>n. Wehhgvt(\eNused a;rZ—ItD gel r_eﬁ!lctqn mapéplr;g m:%hod th@tgends. Irradiation was performed with a Varian linear accelerator
can distinguish between effects on initiation and elongaigh ( ata dose rate of 400 cGy/min in a container designed to mimic the

and h_aye cha!rgcter_ized the replication pattern of both early- aegnditions of the cell culture incubator (5% £&hd 95% air at
later-firing origins in two different variants of the naturally 37°C)

amplified human rDNA repeats, which are sequestered in

nucleolar organizer regions (FI§. Our data show that moderate o o

dose radiation efficiently down-regulates initiation of DNA Determination of replication rates

synthesis in both early- and later-firing rDNA origins and . . -

therefore probably does so at origins firing any time in S phasﬁeIlshwer.ed.gromérélnc%-we:l d'SCh.e_S gn%wer_e Iabeleﬁ with@i5 |

However, in AT cells, radiation does not inhibit initiation at eithed . Jtnymidine (80 Ci/mmol, 1 Ci = 37 GBg; Amersham) per m

early- or late-firing rDNA origins. Implications of these findings of culture medium for the intervals indicated in the figure legends.

are discussed The monolayers were then washed with phosphate-buffered
' saline and fixed with citric acid; the amount of insoluble

radioactivity was determined at the end of the experinzsht (

MATERIALS AND METHODS Preparation of replication intermediates and 2-D gel analysis

Cells growing in 15 cm cell culture dishes were harvested at the
Cell culture and cell synchrony indicated times and replication intermediates were purified

exactly as described previousBgj. Briefly, nuclear matrix halo

] ) ] ) structures were prepared by using lithium diiodosalicylate to

A human AT fibroblastic cell line (TAT2F, AT cell line) was extract histones3(l) and matrix-affixed replication intermediates
maintained in minimal essential medium (MEM) supplementegere isolated by digesting away loop (non-replicating) DNA
with non-essential amino acids and 10% HyClone Il serum. Th&ther with anEccRI digest or aBanHI/EcaRI double digest
human Wilson cell line was grown in RPMI 1640 medium(legends to figures). Matrix-bound replication intermediate
containing 10% fetal calf serum (FCS). In one experimengreparations were digested with proteinase K (Sigma Chemical
synchronized populations of Wilson cells were obtained bgorp.), followed by dialysis and ethanol precipitation; the
centrifugal elutriation as previously describ28)( Alternatively,  resuspended DNA was fractionated further on benzoylated—
cultures were pre-treated for 12 h with high thymidine (2.5 mMhaphthoylated DEAE cellulose (Sigma) to select for partially
to arrest them via feedback on ribonucleotide reductase eithersingle-stranded DNA. For each sample, intermediates fr8icell§
the S phase or at the beginning of S phase; then they wevere loaded and run on a neutral/neutral 2-D gel exactly as described
incubated in drug-free medium for 12 h to allow S phase traversgreviously 80). After transfer to HyBond N(Amersham), digests
followed by exposure to 2QM mimosine for 14 h to collect the were probed with one or more of the following fragments
population at the @S boundary. Culture media and sera werdlegends to figures): a 0.25 I&id fragment (CSS), a 0.68 kb
obtained from Gibco BRL. Pst—EcdRl fragment (CPE) or a 470 bplindlll-BanHI



Nucleic Acids Research, 1999, Vol. 27, No. 3 805

First Dimension (Molecular Mass),

A. 80 min B. 240 min

Figure 3. Two different rDNA variants initiate replication at different times in
the S period in synchronized Wilson cells. Wilson cells were partially
synchronized first with a high thymidine block and then were collected at the
G1/S boundary in mimosine, as described in Materials and Methods. Samples
were taken for 2-D gel analysis 80 and 240 min after removal of mimosine.
v Replication intermediates were purified as described, usBan&ll/EcoRl|
digest to separate matrix-affixed DNA from the loop fraction, as described in
Materials and Methods. After transfer to a membrane, the digest was hybridized
Figure 2. Principle of the 2-D gel replicon mapping method (27). A restriction With a combination of CSS and CPE (Fig. 1) and exposed to X-ray film.
digest of DNA is electrophoresed in an agarose gel in the first dimension under
conditions that separate largely according to molecular mass. The resulting lane
is excised, rotated 9(and run in the second dimension under conditions that
separate according to both mass and shape. The digest is then immobilized on
a membrane and hybridized with appropriate radioactive probes for theReplication timing of the human rDNA loci
fragments of interest. Curve a (diagonal) represents the arc of linear
non-replicating fragments from the genome as a whole, which travelTo determine whethgfradiation down-regulates origin activity
approximately the same distance in both directions; curve b corresponds to throughout the S period, we focused attention on an experimental

fragment with a centered origin or a collection of dispersed origins, some of, f . : firi ..
which are in the center of the fragment; curve c represents a fragment that %yStem in which both early- and late-firing origins can be

replicated passively by forks emanating from an outside origin either upstrean@na@lyzed and compared on the same 2-D gels. In the naturally

or downstream of the fragment. The large black dot corresponds to linearamplified rDNA locus in human cells, the basic repeating unit or
non-replicating fragments, which constitute the majority of fragments at anyamplicon is¥4 kb in all 400 copie®g). However, the presence
one time. In a broad initiation zone, a composite pattern of a bubble arc (curv

. > ) UV absence of aBcaRlI restriction site in the intergenic region
¢) and a stronger single fork arc (curve b) will be observed, since any given

fragment will sometimes sustain an internal initiation event but will usually be dBtmgl.“S_h?S tV\_/O different \_/a”at]ons of the repeatlng unit (Big. '

replicated passively by an outside fork from another site within the zone (30).The origin in this locus resides in a large intergenic spacer region
between transcription units (Fid; 28). Like the early-firing
DHFR origin in Chinese hamster cells, the rDNA origins
correspond to initiation zones, with nascent strand start sites being

fragment (CHB), which recognize both rDNA variants. All probeschosen from a large number of potential sites distributed

Second Dimension (Mass + Shape))

were labeled with32P]dCTP by random priming3®). throughout the 31 kb intergenic spacs)(However, the region
lying [b kb upstream of the transcription start site seems to be
preferred (Figl; 33).

RESULTS When the replication patterns of these two rDNA variants were

Principle of the neutral/neutral 2-D gel technique examined on 2-D gels, we found that they replicate at different

times in the S period (Fi§). Wilson cells were synchronized at
To analyze radiation effects on origins of replication, we utilizedthe G/S boundary with mimosine as described in Materials and
the neutral/neutral 2-D gel method that was developed by Brewistethods and samples were taken for 2-D gel analysis 80 min
and Fangman to characterize replicons in complex gen@mes ( (i.e. early S phase) and 240 min (mid to late S phase) after drug
The principle of the method is illustrated in FigRré restriction  removal. Replication intermediates were prepared using a
digest of DNA containing replication intermediates is run in theombination oBanH| andEcdRl to digest the DNA, the digest
first dimension gel under conditions that separate largely on theas separated on a 2-D gel and was transferred to a membrane. The
basis of the molecular mass of each fragment, which variesembrane was hybridized with a combination of probes CSS and
between t for an unreplicated fragment t@n for the almost CPE, which detect both rDNA variant fragments simultaneously
fully replicated fragment. After electrophoresis in the first(Fig. 1).
dimension gel, the lane is excised, rotateded@ separated inthe  In the early S phase sample (80 min), both a prominent single
second dimension gel on the basis of both molecular mass diedk arc and a bubble arc can be detected in the smaller Variant
shape, which vary depending upon whether the fragment containfagment, while a much less pronounced single fork arc is
a single fork (curve b) or a replication bubble surrounding adetected in the larger Variant Il fragment. In broad initiation zones
initiation site (curve c). By transferring the digest to a membrangsuch as the DHFR and rDNA origins, any fragment within the
and hybridizing with appropriate radioactive probes for fragments aone displays a bubble arc because of internal initiations (as in
interest, it is possible to determine whether a given fragmefig. 2, curve c), as well as a stronger single fork arc (as ir2Fig.
sustains active initiation events (i.e. displays a bubble arc) ourve b) resulting from initiations that occurred at other sites in
whether it is replicated passively by a single fork entering frorthe zone lying outside that fragment (detail8Gh In the mid to
either side. late S phase sample (240 min), the situation is reversed: the larger
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Figure 4. The origins in rDNA Variants | and Il are activated in the early and

late S periods, respectively, in synchronized cells isolated by elutriation.
Unsynchronized Wilson cells in exponential growth phase were elutriated by
size as previously described (28) and populations with a DNA content of

[2.0-2.2C (largely in early S phase) ami8—4.0C were isolated. Replication
intermediates were isolated as described (30), using a combinaBamidf
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L
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Variant Il fragment displays a prominent single fork arc and a_ _ _
faint bubb'e arc (Visible on the 0rigina| f||m and in the experimenﬂ:lgure 5. Human Wilson cells, but not human AT cells, dlsplay the acute S

N i ; PR ; phase damage respongeandC) Dose-response curves. Human Wilson cells

shown in F|g4 below), while Very few replication intermediates (A) or human AT fibroblasts (C) were sham-irradiated or irradiated with various

are detected .'n the smaIIer.Vana.nt | fragment. . doses of ionizing radiation. The cultures were returned to the incubator for
The very faint bubble arc in Variant Il suggests that by 240 mims min and then were labeled with 2168i [3H]thymidine/ml medium for

after removal of mimosine, most initiation had not yet occurrec?0 min. Samples were processed to determine the amoud]dfyimidine
in this variant. This suggestion is confirmed by the experimentncorporated into DNA as previously described (29). Values are expressed as

. . - percent of the unirradiated contrdd. #ndD) The time courses of inhibition of
presented in Flgu_ré. Cells with a DNA content df2.0-2.2C DNA synthesis. Asynchronous Wilson and AT cells were irradiated with 5 Gy
(largely representing early S phase cells) or a DNA content ofnd were then labeled with 216i [3H]thymidine/ml medium for 20 min at the

[B.8-4.0C (largely late S phase) were isolated by centrifugahdicated times thereafter.
elutriation, replication intermediates were prepared by digestion
with EcaRl and the digests were then separated on a 2-D gel.

After transfer to a membrane, the two rDNA variant fragment0-80% inhibition at very high doses. The response is almost
were detected with probe CHB (Fit). In the early S phase immediate and replication rates are inhibited for 1-2 h before
sample, the smaller Variant | fragment again displays a bubble aseginning to recover toward pre-irradiation values (Big).

and single fork arc. Note that, unlike the early S phase (80 minote that Wilson cells are somewhat more sensitive to ionizing
time pointin Figure, the bubble and fork arcs are only somewhatadiation than are CHO cells, with the inflection point in the
more pronounced than their counterparts in the Variant Biphasic dose—response curve occurringtBtand 10 Gy,
fragment, probably because the sample is contaminated wispectively §). The immediacy of the response to radiation, as
middle S phase cells. In the late S phase sample, the smaljgsll as the fact that the Wilson cell lines fail to demonstrate a
Variant | has almost finished replicating, while the larger Varianprolonged G arrest, distinguishes this S phase response from the
Il fragment displays a bubble arc and a pronounced single fog63-mediated Gcheckpoint ,21). As shown in FiguréC and

arc. Therefore, we conclude that the origin in rDNA Variant ID, fibroblasts established in culture from an AT individual do not
initiates replication early in the S period, while the origin inmarkedly decrease the rate of DNA synthesis in response to
Variant Il represents one of the few mammalian origins that hasoderate dose radiation, in agreement with the suggestion by
been demonstrated to fire in mid to late S phase. others that AT patients lack a functional SDS pathv@ay{7).

Wilson cells, but not AT cells, display the classic S phase Radiation down-regulates the ribosomal origin throughout
damage response tg-radiation S phase in Wilson cells

The purpose of the present study was to determine whether fiedetermine the generality of the SDS pathway, we examined the
origins of replication that are activated in middle or late S phasesponse of the rDNA origins in Wilson cells to a radiation
(i.e. the origin in rDNA Variant Il) are subject to down-regulationchallenge. Not only do some of these origins fire in middle and/or
via the p53-independent SDS pathway. It was therefore importdate S phase (Fig8 and4), but the multiple copies of rDNA
to demonstrate that the SDS pathway is intact in the humamplicons are sequestered into specialized nuclear compartments
Wilson lymphoblastoid cell line. known as nucleolar organizers. The initiation zone in the rDNA
As shown in FigurebA, Wilson cells display the typical locus corresponds approximately to the intergenic spacer region,
biphasic dose—response curve that characterizes the SDS pathwidnich is[131 kb in lengthZ8). To test whether the origins in both
with the overall rates oPH]thymidine incorporation approaing  the early- and mid-firing rDNA origins are down-regulated in
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Figure 6. Both early- and mid-firing rDNA origins in Wilson cells are  Figure 7. Radiation does not alter the partitioning of replication intermediates
down-regulated by-radiation. Asynchronous cultures of Wilson cells were between the matrix and loop fractions. Asynchronous cultures of Wilson cells
sham-irradiatedX) or irradiated with 5 GyR) and were harvested for 2-D gel ~ were sham-irradiated{ or irradiated with 5 GyR) and were harvested for 2-D
analysis 60 min post-irradiation. DNA was digested with a combination of gel analysis 60 min post-irradiation. Twenty percent of the DNA released from
BanHI andEcdRI and the replication intermediates were separated on a 2-D gel. the nuclear matrices by tiBanHI/EcdRl| digestion was processed in parallel
The resulting transfer was probed with a combination of probes CSS and CPE. with the matrix fraction shown in Figure 6.

response to radiation, an asynchronous population of Wilson cells A 0Gy
was irradiated with 5 Gy and cells were sampled 1 h later.
Replication intermediates were digested with a combination of
BanHI and EcaRl, separated on a 2-D gel and transfers of the
digests were hybridized with probe CPE, which detects both
variant fragments. In the sample from the unirridiated culture
(Fig. 6A), pronounced bubble arcs and single fork arcs are
detected in both Variants | and Il. However, initiation in both the
early- and late-firing fragments is almost completely inhibited by
a 5 Gy radiation insult (FigB). As with CHO cells (J.Larner and
J.L.Hamlin, unpublished observations), the level of replication
forks is also depressed somewhat, presumably because th@$gire 8.Neither early- nor late-firing rDNA origins are inhibited by radiation
forks in progress at the time of radiation continue to theirin AT cells. Asynchronous cultures of AT cells were sham-irradiaigab(
destinations, but new initiations are prevented. ifra?i?teg_v\tfiiém 5Dﬁ>/& Eév)v :sncclj i\/\éesrtee dhsvriv;;ts_ﬂ/g dg]Da ﬁ;ltﬁgﬂ?@; tﬁv?/ar:in
O.ur prOto.Cd for 2._D gel ana.'lySIS Invo'Yes the punﬁcatl.on of tprgis:‘:ﬁelc?to é membrane aﬂd hybridized with a combination cg‘ probes CSS
replication intermediates by virtue of their association with they,q cpg.
nuclear matrix30). It has also been suggested that DNA damage
may be repaired by enzymes that are affixed to the nuclear matrix
(39). It was therefore important to show that radiation does ndtubbles, causing them to disappear from their characteristic
alter the partitioning of replication intermediates with the matrixpositions in the 2-D gels3).
rather than having a direct effect on DNA replicafien se To
determine whether radiation treatment results in a redistributionRadiation does not inhibit the ribosomal origin in AT cells

of replication intermediates from the matrix to the loop DNA, W&t cells that are propagated as stable cell lines lack functional
also analyzed the DNA released from the nuclear matrices By.5" 39 "t most of those that have been tested still retain the
BarHI andEccRI in the experiment pictured in Figugwhich  spg™hahway §,10). Exceptions are fibroblasts established in
consitutes 90-95% of total DNA). In _the_autoradlograms ShOWE‘ulture from AT patients, which lack not only the p53-mediated
in Figure?, only the 1 spot of unreplicating fragments can beG checkpoint ) and the' G/M checkpoint £0,41), but also the

detected with probe CPE. Therefore, the replication bubbles t S pathway (FicsC and D42). When an asvnchronous culture
disappear from the rDNA loci in Figusalo not appear in the loop of A'IP fibrobxlla(sts@ was irréldi)ated with 5 yGy, no significant

fraction in response to radiation treatment. It could also be argugthyfion in the level of either single fork arcs or replication
that radiation alters the affinity of replication intermediates for th%u
BND 09'“”?” used o further purify partially smgle—stra_ndgdthat AT cells are defective in their ability to down-regulate origin
replication intermediates from double-stranded non-rephcatmgmcﬁon in response to DNA damage at the naturally amplified

DNA. However, comparison of the column washes fron,,somajiocus and, by inference, probably at all other origins.
irradiated and non-irradiated samples also revealed no differences

in recovery of replication intermediates from the two SampleBISCUSSION

(data not shown). We conclude that replication bubbles disappear

from the irradiated sample in Figuesia operation of the SDS The SDS pathway, which responds acutely to radiation by
pathway and not by radiation-induced detachment from thgown-regulating the overall rate of DNA synthesis, has been
matrix and/or other artifacts resulting from the method oftudied for almost 25 years (reviewed). The importance of
purification of replication intermediatpsr seWe have additionally this response to the maintenance of genomic integrity is
shown that radiation does not directly damage replicatioiflustrated by individuals with AT, who suffer a wide range of
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disorders, including genetic instability and a greatly increasesbmpartment they occupy (the exception being mitochondrial DNA
frequency of cancer (reviewed 42,43). We are attempting to origins, which appear not to be affectedAmgdiation;44). These
define the molecular basis of this response with the long-ran§iedings suggest that the consequences to the cell are very
goal of devising strategies for sensitizing tumors in non-Aldifferent depending upon whether cells are irradiated in the 2 h
individuals to radiation therapy. window prior to entering S phase or in the S period itself.
Moderate radiation doses resultin 30—70% inhibition of overalhhibition of the earliest bank of replicons fyadiation in late
replication rates, as measured by effects on ratéijtymidine G, has the effect of completely suppressing replication for 1-2 h.
incorporation into DNA 25). Several studies support the view Therefore, in cells in late {&at the time of radiation, the genes in
that, at moderate doses, origins of replication are the primaearly-firing replicons are largely protected from replicating
targets of this pathway, while at high doses, effects on therough radiation-induced single-strand lesions in the template
template itself could directly slow chain elongation rates. Tehat could convert them to lethal double-strand breaks. In
study this phenomenon in detail, we have utilized 2-D geatontrast, cells positioned in the S phase when a radiation
technology, which has the advantage that effects on initiation actiallenge is delivered continue to synthesize DNA at most of the
elongation can largely be distinguished: if initiation is preferentiallforks that were already in operation (amounting B9% of
inhibited, bubbles in an initiation zone should mature to finishegdre-irradiation replication rate&6) and only those replicons in
replicons and no new bubbles should reappear for several houssich initiation normally would have occurred in the next hour
resulting in the loss of both bubble and single fork arcs. Using thigould be completely inhibited.
approach, we have shown previously that a moderate radiationVhat could be the biological significance of a response with
dose delivered to unsynchronized CHO cells completely inhibithese properties? The simplest model is that the ATM protein
subsequent initiation at the early-firing DHFR origin of replicationfunctions as a sensor of DNA damage and transduces the damage
with the number of active replication forks decreasing only aftesignal via both p53-dependent and p53-independent pathways,
several hoursg). However, when cells are synchronized at thdeading to a humber of coordinately regulated stress responses.
G1/S boundary with mimosine, radiation delivered either before cFhe p53-independent SDS pathway, about which very little is
immediately after release from the drug has very little effect on eithnown, then ultimately leads to a direct inhibition at origins of
overall replication rates or specifically on the DHFR origin as judgeteplication. Even though the ATM gene product shares homology
by 2-D gel analysis3). Presumably, the radiation-sensitive step inwith lipid PI3 kinases, it (as well as other members of the P13-like
the initiation process has already occurred in early-firing originkinase family) has been shown to have protein kinase activity
in the presence of mimosine. Furthermore, when CHO cells afe.g. ATM activates the nuclear tyrosine kinase, c-abl, by
irradiated at various times during the remainder of the S perioghosphorylating Ser4385). A carboxyl terminal fragment of
overall replication rates are down-regulated by only 15-25%TM contains the PI3-like kinase domain and restores a normal
relative to sham-irradiated controBs|. Thus, it was not possible S phase response to radiation when introduced into AT cells.
to recapitulate the overall inhibition in an irradiated unsynchronize@ihus, it seems likely that the kinase activity of ATM is important
culture (50%) with the magnitude of effects when synchronizedn transducing the damage signal to replication origins. On the
S phase cells were examined directly. other hand, the hypersensitivity of AT cells to a radiation
However, we recently discovered that CHO cells in the lasthallenge cannot be due solely to their inability to down-regulate
2-3 h of G are prevented from entering the S period for severdDNA synthesis, since radiosensitivity and radiation-resistant
hours in response to a radiation challeritfy). (The basis of this DNA synthesis can be partially uncoupled experimentély. (
delay appears to be that the early origins do not fire; thuhe fact that cells eventually recover normal rates of replication
replication forks are not commissioned and the overall replicaticafter a radiation challenge argues that the SDS pathway
rate is reduced to zero. This subpopulation repreSksts of the  constitutes a bona fide stress response rather than an early
cells that would have been synthesizing DNA within the few houngad-out of cell death.
after radiation treatment in an asynchronous population and, wherit is also conceivable that down-regulation of DNA replication
added to the remainder of cells that were at various other positiangesponse to DNA damage may be an indirect consequence of
in the S period at the time of radiation, would appear to reconstitutee activation of repair systems: the repair machinery may share
the total effect on®H]thymidine incorporation that is observed in some components with replisomes and could redirect these
a log culture. components from replication toward repair activities. The recent
The question then arises why the effect on cells that haveentification of nibrin, the protein that is mutated in the
already entered S phase is so small. One possibility is that the SRignegen breakage syndrome (NBS) gives some support to this
pathway that operates on the earliest firing origins may not affepbssibility @7). NBS not only shares overlapping clinical
mid- and late-firing origins. However, in the present study, wéeatures with AT, but the two syndromes display similar
have identified a variant rDNA repeat whose origin fires in thgphenotypes at the cellular level: they each have increased levels
middle and late S periods and we have used the 2-D gel methofdspontaneous and induced chromosomal fragility, are hyper-
to show that this origin is also completely down-regulated isensitive to ionizing radiation, fail to induce p53 and do not
response to moderate dogeadiation (5 Gy). Furthermore, down-regulate DNA synthesis in response to ionizing radiation
neither the early- nor later-firing rDNA origins were significantly (48,49). Interestingly, nibrin has been shown to be necessary for
inhibited in fibroblasts isolated from individuals with AT. This the relocalization of the human hMrel11/hRad50 protein complex
observation lends further support to the suggestion that the ATid the sites of double-strand break§)( Thus, in NBS cells,
gene is a key member of the SDS pathviz. ( components common to the repair and replication machinery may
Based on these observations, we suggest that the SDS pathway be diverted to damaged sites, with the consequence that
down-regulates all origins regardless of whether they fire in theeplication is not inhibited in response to DNA damage in these
early S period or at later times in S and regardless of which nucleaglls. In normal cells, competition for proteins common to



replication and repair would have the two-fold effect of20
preventing further damage in replicons that had not yet fired, 35

well as immediately initiating repair in damaged ones.

Unlike the p53-mediated checkpoint, the SDS pathway is;
probably functional in most transformed cells. We have now
shown directly that both the early-fiing DHFR and rDNA 23

origins, as well as the later-firing rDNA origins, are inhibited in2
response to DNA damage. By analogy, all chromosomal origins

are probably subject to down-regulation by this response. Thus,

the SDS pathway may represent an important deterrent to tunisr

cell killing by chemotherapy and radiation and can potentially b%

manipulated for therapeutic purposes.
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