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Abstract
Replication protein A (RPA) Is a trimeric single-stranded DNA-binding
protein complex involved in DNA replication,

repair, and recombination.

DNA damage induces phosphorylation of the RPA p34 subunit, and it has
been speculated that this phosphorylation could contribute to the regula
tion of the DNA damage-induced S-phase checkpoint. To further examine
this potential

relationship,

human cell lines expressing

ataxia telangiecta

sia (AT)-mutated dominant-negative fragments, which fail to arrest in S
phase in response to ionizing radiation (IR), and AT cells expressing
AT-mutated-complementing fragments, which regain the ability to arrest
replicative DNA synthesis In response to IR, were analyzed for radiation
induced RPA phosphorylation. Results from these studies demonstrate
that IR-induced RPA phosphorylation can be uncoupled from the S-phase
checkpoint,

suggesting

that

RPA

phosphorylation

in response

to IR is

neither necessary nor sufficient for an S-phase arrest.
Introduction

that this phosphorylation event may contribute to the inhibition of
DNA replication activity (12, 13). These studies, in conjunction with

the observation that cell lines derived from AT patients lack the
irradiation-induced S-phase arrest (i.e., exhibit RDS; Refs. 22 and 23)
and are deficient in IR-induced RPA phosphorylation (13, 14), sug
gested that RPA phosphorylation may play a functional role in the
regulation of the S-phase checkpoint.
There are, however, several observations that would argue against
such a functional relationship between irradiation-induced RPA phos
phorylation and the S-phase checkpoint. First, inhibition of DNA
synthesis in response to irradiation occurs within 30 mm after treat
ment (22, 23), whereas optimal RPA p34 phosphorylation is not
detected until 1â€”2h postirradiation (24). Second, such phosphoryla
tion of RPA is difficult to detect until radiation doses as high as 50 Gy
are used (14), whereas the S-phase checkpoint is measurable at much
lower (i.e., 2 Gy) doses of IR.

To further explore the relationship between IR-induced RPA p34
1R3 and other DNA-damaging agents can induce arrest of the cell
cycle in G1, S, and G2 (for review, see Ref. 1). Although p53, p21, and

@

phosphorylation and the S-phase checkpoint, we used recently devel
o_
human cell lines that express either DN or complementing
pRb have been implicated in the irradiation-induced G1 arrest, little is fragments of the ATM gene product (25â€”27).Cells expressing the DN
known about the molecular mediators of the arrests in S or G2 in
fragment lose the IR-induced S-phase checkpoint, whereas AT cells
mammalian cells. Some studies have suggested that inhibition of expressing the complementing fragment regain the ability to arrest
DNA replication activity causing the radiation-induced S-phase arrest
replicative DNA synthesis in response to JR (27). We analyzed these
may be modulated in part by the phosphorylation status of a eukary
cells with manipulated ATM function to ask whether IR-induced RPA
otic heterotrimeric single-stranded DNA-binding protein, RPA (2â€”4).
phosphorylation could be uncoupled from the IR-induced S-phase
RPA was initially characterized as a required component for the
checkpoint. Results from our studies demonstrate that IR-induced
initiation and elongation stages of SV4O DNA replication in vitro
RPA p34 phosphorylation is neither necessary nor sufficient for the
(5â€”7).Human RPA consists of three subunits (Mr 14,000, Mr 32,000
S-phase checkpoint.
34,000, and Mr 70,000) and is a member of a ubiquitous family of
eukaryotic single-stranded DNA-binding proteins involved in DNA
Materials and Methods
replication, DNA repair, and recombination (8â€”10).The RPA p34
subunit, in particular, is phosphorylated at multiple serine residues
Cell Lines and Irradiation Treatment. SV4O-transformed
fibroblastcell
during the S and G2 phases of the cell cycle and in response to
lines from normal individuals (GM637) and AT homozygotes (GM5849), and
ionizing or UV radiation (2, 3, 11â€”14).Several cellular kinases found
the RKO colorectal carcinoma cell line were grown as described previously
to phosphorylate RPA in vitro include cyclin-dependent kinases (3,
(27). HeLa cells were grown in DMEM with 10% FCS at 37Â°C and 5% CO2.
I 5) and DNA-PK (16â€”18). DNA-PK is activated by DNA double
Cells were irradiated with a 37Cssource at a dose rate of approximately 90
rad/min.
strand breaks and is required for V(D)J recombination and DNA
Immunoblot and RDS AnalysIs. Cells were grown in 100-mm2dishes to
repair (16, 19â€”21).
Although the physiological role of phosphorylation of RPA is 50â€”80%confluence and treated with 0, 10, 20, or 50 Gy of IR. For immu
noblots, cells were harvested
and solubilized
in a buffer containing
50 mM
unclear, the observation that UV or IR exposure causes both phos
Tris-HCI (pH 7.4), 250 mM NaCI, 0. 1% Nonidet P-40, 5 mM EDTA, 1 mM
phorylation
of RPA p34 and an S-phase arrest led to the suggestion
sodium orthovanadate, I mMsodium molybdate, I mistsodium fluoride, 2 mtvt
phenylmethylsulfonyl fluoride, 1 @tWml
aprotinin, 1 @g/ml
pepstatin, 10 gxg/ml
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abbreviations

DNA-PK, DNA-activated

used

are:

IR, ionizing

radiation;

RPA,

replication

protein

@g/mlantipain, and 1 @ig/mlchymostatin (Sigma Chemical Co.).
at 4Â°C. Whole-cell

extracts (100

@g)were fraction

ated on a 12% denaturing SDS-polyacrylamide gel and transferred to nitro
cellulose in 10 mM 3-(cyclohexylamino)propanesulfonic
acid (pH ll.0)-10%

Bimbaum Scholar of the Leukemia Society of America.
2 To

leupeptin, 2.5

All steps were performed

A;

piotein kinase; AT. ataxia tcL.ngiectasia; RDS,

DNA synthesis; ON, dominant-negative; ATM, AT-mutated; ssDNA, single-stranded
DNA.

at 500 mA for 5 h at 4Â°C.After transfer,

equal loading

by fast green staining of the membrane. Membranes

was confirmed

were blocked with 5%

milk in TBS-T (20 mMTris-HC1, 137mMNaCl, and 0.2% Tween 20) and were
incubated with a monoclonal antibody (7l-9A; Ref. 28) that was specific for
the p34 subunit of RPA. Immunoreactive bands were visualized using the ECL
detection system (Amersham). To verify the identity of the phosphorylated
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Results and Discussion

R OGy

@

4Gy

ATM-DN fragments have been previously generated (27), which,
when expressed in a human tumor cell line, abrogate the S-phase
checkpoint following IR treatment (Fig. 1). Inhibition of DNA syn
thesis after JR is manifested as a decrease in thymidine incorporation
in irradiated

80

cells

relative

to unirradiated

cells.

Following

exposure

to

4 Gy of IR, the parental RKO and control RKO-pBABEpuro (vector
alone) cells exhibited an approximately 50% decrease in DNA syn

U OGy

@

4Gy

40

20

0IRKO

0 M5849
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pBABEpuro

FB2F7

C
0
U

FB2F12

(I)

Fig. 1. Inhibition of DNA synthesis following IR. AT cells (GM5849). RKO parental
cells, or RKO clones expressing either vector alone or DN-FB2F fragments were assessed
for DNA synthesis 30 mm following treatment with 0 (U) or 4 Gy (@) of IR. S-phase

-C
C

arrest is manifest as a decrease in thymidine incorporation in irradiated cells relative to
unirradiated cells. Error bars, SE.

>5

Cl)

z
0

RPA form, protein extracts were treated with A phosphatase (400 units; New
England Biolabs) for 30 rain at 30Â°Cbefore electrophoresis.
Inhibition

of DNA synthesis

following

IR (RDS analysis)

was assessed

as

described previously (27).
In Vitro RPA Kinase Assays. HeLa cell extract (75 @g)
was incubatedin
a reaction mixture (80 @tl)
containing 40 msi Hepes (pH 7.8), 7 mMMgCI2, 1

GM5849

5849
LXSNnso

GM837

P13K4

P13K10

Thereactionswereincubatedfor 15mmat 37Â°C,
terminatedwith2X Laemmli

Fig. 3. Inhibition of DNA synthesis following IR. Normal control (GM637) and AT
(GM5849) SV4O-transformed fibroblasts expressing the P13K domain were measured for
RDS following treatment with 0 () or 4 Gy (D) of JR as described in the legend for Fig.

sample buffer, and analyzed by Western blotting.

1. Error bars, SE.

mM Dli',

1 mM AlP,

and 200 ng of M13 ssDNA

as described

previously

(18).
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Fig. 2. Phosphorylation
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RKOcellswereirradiated
at 50 Gy andharvested
45 mm, 1 h, and 2.5 h after treatment and analyzed

for RPA p34 by immunoblotting. At 2.5 h post-IR,
cell extracts were also mock-treated or treated with
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HeLa

A phosphatase.HeLa cell extracts were incubated

with (+) or without (â€”)M13 ssDNA in the absence
(â€”)or presence (+) of A phosphatase. B. RKO DN

clones were irradiated at 50 Gy, harvested at the
times indicated, treated or untreated with A phos
phatase, and analyzed for RPA p34 phosphorylation
by immunoblotting.
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Fig. 4. Phosphorylation

control normal (GM637) and AT (GM5849) cells
and AT 5849 clones PI3K4 and PI3K1O were irra
@

diated at 50 Gy, harvested at the times indicated,
treated or untreated with A phosphatase. and ana
lyzed for RPA p34 by immunoblotting.
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described in the legend for Fig. 2A.
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thesis. In contrast, an AT fibroblast cell line, GM5849, and RKO
clones expressing the DN fragments, FB2F7 and FB2F12, exhibited a
lack of inhibition of DNA synthesis after irradiation (Fig. 1). Cells
used in the above cell cycle experiments were the same cells that were
used for Western blot analysis described below.

To determine whether manipulation of this S-phase checkpoint by
ATM-DN fragment expression in RKO cells also affects RPA phos
phorylation status in response to JR. RPA phosphorylation levels were
assessed in the same experiment by immunoblotting. The RPA p36

It)

.C

It)

.

â€”â€”â€”â€”
HeLa

of the RKO control transfectant demonstrates that JR-induced RPA
phosphorylation is not sufficient for an S-phase arrest.
The identity of the phosphorylated form of RPA p34 was confirmed
using two independent methods. First, RKO cell extracts were treated
with A phosphatase, which eliminated the RPA p36 protein band (Fig.
2). Second, JR-induced RPA p34 phosphorylation was found to be the
same phosphorylated species as that seen in crude HeLa cell extracts
using an in vitro kinase assay (Fig. 2A). As previously reported, the

enzyme responsible for ssDNA-activated phosphorylation of RPA

form was undetectable using doses of 4, 10, or 20 Gy (data not
shown); however, phosphorylation of RPA was detectable by 45 mm

p34 in crude HeLa cell extracts was identified as DNA-PK (18).
Phosphorylation of RPA p34 by DNA-PK is dependent upon ssDNA

following treatment with 50 Gy of JR with an approximate increase in
size of Mr 2000 compared to the unirradiated control (Fig. 14). The
amount of RPA phosphorylation detected was both dose and time

template and the reaction can be abolished by addition of Aphospha

dependent in all cell lines tested. RPA p34 phosphorylation in control

tase(Fig.2A).
We have also recently demonstrated that AT SV4O-transformed
fibroblast cells expressing the ATM P1-3 kinase domain exhibit res
toration of an JR-induced S-phase arrest (27). Fig. 3 represents an

RKO-pBABEpuro cells was detected by 45 mm, and the amount of
p34 phosphorylation increased to a maximum at 2.5 h following JR RDS assay in which the AT fibroblast cell lines GM5849 and control
treatment (Fig. 2A). Similar to the control transfectant, RPA phos
5849-LXSNneo exhibited a lack of inhibition of DNA synthesis in
phorylation was also detected in extracts derived from RKO DN
response to JR. In contrast, the normal GM637 cell line, along with the
clones FB2F7 and FB2F12 following IR treatment (Fig. 2B). The fact
AT 5849 clones P13K4 and PI3K1O, exhibited an approximately 40%
that these RKO clones failed to arrest in S-phase in response to JR decrease in DNA synthesis following treatment with 4 Gy of JR.
while they maintained RPA phosphorylation patterns similar to those
To determine whether restoration of this S-phase checkpoint by
3388
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expression of the ATM kinase domain in AT cells affects JR-induced
RPA phosphorylation status, RPA phosphorylation levels in response

to JR were assessed by immunoblotting. RPA p34 phosphorylation in
normal GM637 fibroblast cells was apparent at 45 mm in response to
JR, whereas in AT GM5849 fibroblast cells, the fraction of IR
induced RPA p34 phosphorylation was absent or barely detectable
even at 2.5 h (Fig. 4A). The observation that AT cells are deficient in
JR-induced RPA phosphorylation is in agreement with previously
published reports (13, 14). The 5849 P13K clones, which exhibit
restoration in JR-induced S-phase arrest, revealed a similar deficiency
in JR-induced RPA phosphorylation as the parental AT GM5849 cell

line and the control transfectant (Fig. 4, B and C). These data therefore
demonstrate that RPA phosphorylation is not necessary for an IR
induced S-phase arrest.

In summary, manipulation of the S-phase checkpoint, by expression

replication factor. RPA. and activate DNA replication. EMBO J.. 6: 2189â€”2199.
1992.
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DNA replication in vitro. EMBO J.. 7: 1211â€”1218.
1988.
6. Wobbe. C. R., Weissbach, L., Borowiec, J. A., Dean, F. B., Murakami. Y., Bullock.
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of either ATM-DN fragments in a human tumor cell line or comple

menting ATM-PI3K fragments in an AT cell line, did not appear to

I 1.

affect JR-induced RPA phosphorylation status. Taken together, results
from these data suggest that RPA phosphorylation in response to IR is

12.

neither necessary nor sufficient for the irradiation-induced S-phase
cell cycle checkpoint. The following two observations further support
such a conclusion: the S-phase checkpoint occurs within 30 mm
following IR treatment, whereas RPA phosphorylation is not opti
mally detected until 1â€”2h post-IR; and the S-phase arrest can be

induced in response to doses as low as 2â€”4Gy of JR. whereas RPA
phosphorylation

is difficult to detect until radiation doses as high as

50 Gy are delivered. Recent studies have also suggested that activa
tion of an S-phase checkpoint, in response to a topoisomerase I
inhibitor, camptothecin, is not directly caused by the phosphorylated
form of RPA because addition of nonphosphorylated RPA p34 to
extracts of camptothecin-treated cells did not appear to restore DNA
replication activity (29).

The observation that expression of the P1-3 kinase domain in AT
cells failed to restore IR-induced RPA phosphorylation suggests that
complementation of this phosphorylation event, which only occurs at

very high doses of IR, may require the remainder of the ATM protein.
However, a functional link between ATM and RPA has yet to be
determined.
What can be concluded from these studies is that there is not a

functionally dependent relationship between JR-induced RPA phospho
rylation and the JR-induced S-phase checkpoint; however, these studies
do not exclude the possibility that RPA phosphorylation is a participant
in the S-phase checkpoint. The fact that JR-induced RPA phosphorylation
can be uncoupled from the DNA-damaged induced S-phase checkpoint
suggests that the phosphorylation change induced in RPA by JR may not
directly be involved in the regulation of DNA synthesis but could instead
be involved in a signal transduction pathway that coordinates cell cycle
events with DNA damage and/or repair.

We wouldliketo thankGeorgeS. BrushandThomasJ. Kellyfor insightful
advice,

14.

phorylation of RPA p34 is deficient in ataxia telangiectasia and reduced in aged
normal fibroblasts. Radiother. Oncol., 39: 43â€”52,1996.
15. Pan. Z-Q., Amin, A. A., Gibbs. E.. Niu, H.. and Hurwitz, J. Phosphorylation of the
p34 subunit of human single-stranded DNA-binding protein in cyclin A-activated G,
extracts is catalyzed by cdk-cyclin A complex and DNA-dependent protein complex.
Proc. Nail. Acad. Sci. USA, 91: 8343â€”8347, 1994.
16. Gottlieb, T. M.. and Jackson. S. P. The DNA-dependent protein kinase: requirement
for DNA ends and association with Ku antigen. Cell. 72: 131â€”142,1993.
17. Lees-Miller. S. P.. Chen, Y., and Anderson, C. W. Human cells contain a DNA
activated protein kinase that phosphorylates simian virus 40 T antigen. mouse p53.

and the human Ku autoantigen. Mol. Cell. Biol.. /0: 6472â€”6481,1990.
18. Brush, G. S., Anderson, C. W., and Kelly, T. J. The DNA-activated protein kinase is
required for the phosphorylation of replication protein A during simian virus 40 DNA
replication. Proc. NatI. Acad. Sci. USA. 91: 12520â€”12524. 1994.

19. Hartley. K. 0., GelI. D.. Smith, G. C. M.. Zhang. H., Divecha. N.. Connelly. M. A.,
Admon, A., Lees-Miller, S. P., Anderson, C. W., and Jackson, S. P. DNA-dependent
protein kinase catalytic subunit: a relative of phosphatidylinositol 3-kinase and the
ataxia telangiectasia gene product. Cell, 82: 849â€”856, 1995.
20. Taccioloi, G. E., Gottlieb, T. M., Blunt, T.. Priestly. J.. Demengeot. J., Mizuta, R.,

Lehmann, A. R., Alt, F. W., Jackson, S. P., and Jeggo, P. A. Ku80: product of the
XRCC5 gene and its role in DNA repair and V(D)J recombination. Science (Wash
ington DC). 265: 1442â€”1445,1994.
21. Tuteja, N., Meyer, M., Reddy. K. K., Falck. J. R.. Aneja. R.. Parra, A.. Bums, D. J..
Ballas, L. M., and Cantley. L. C. Human DNA helicase II: a novel DNA unwinding

enzyme identified as the Ku autoantigen. J. Biol. Chem.. 269: 32358â€”32367,1994.
22. Houldsworth, J., and Lavin, M. F. Effect of ionizing radiation on DNA synthesis in
ataxia-telangiectasia cells. Nucleic Acids Res., 8: 3709â€”3720, 1980.
23. Painter. R. B., and Young, B. R. Radiosensitivity in ataxia-telangiectasia: a new

explanation. Proc. NatI. Acad. Sci. USA, 77: 7315â€”7317,1980.
24. Fried, L. M., Koumenis, C., Peterson, S. R., Green, S. L., Van ZijI, P.. Allalunis

Tumer, J., Chen. D. J.. Fishel, R., Giaccia, A. J., Brown, J. M.. and Kirchgessner.
C. U. Proc. NatI. Acad. Sci. USA, 93: 13825â€”13830,1996.
25. Savitsky, K.. Bar-Shira. A.. Gilad. S.. Rotman, G., Ziv. Y., Vanagaite, L.. Tagle.
D. A., Smith, S., Uziel, T., Sfez, S., Ashkenazi, M., Pecker, I., Frydman, M.. Harnik.
R., Patanjali. S. R.. Simmons, A., Clines, G. A., Sartiel, A., Gatti. R. A., Chessa. L.,

Sanal, 0., Lavin, M. F., Jaspers. N. G. J.. Taylor. A. M. R.. Arlett, C. F.. Miki. T..
Weissman, S. M.. Lovett. M., Collins, F. S., and Shiloh. Y. A single ataxia telangi

Acknowledgments

discussions,

13.

protein HPP-l is specifically stimulated by the cognate single-stranded binding
protein hRP-A. Proc. NatI. Acad. Sci. USA, 88: 9067â€”9071, 1991.
Fotedar, F., and Roberts, J. M. Cell cycle-regulated phosphorylation of RPA-32
occurs within the replication initiation complex. EMBO J.. 6: 2177â€”2187, 1992.
Carty, M. P., Zemik-Kobak, M., McGrath, S., and Dixon, K. UV light-induced DNA
synthesis arrest in HeLa cells is associated with changes in phosphorylation of human
single-stranded DNA-binding protein. EMBO J.. 13: 21 14â€”2123,1994.
Liu, V. F., and Weaver. D. T. The ionizing radiation-induced replication protein A
phosphorylation response differs between ataxia telangiectasia and normal human
cells. Mol. Cell. Biol., 13: 7222â€”7231, 1993.
Cheng, X.. Cheong. N., Wang, Y., and Iliakis, G. Ionizing radiation-induced phos

use of reagents,

and the generous

donation

of the RPA

monoclonal antibody 7l-9A.

to cell cycle regulators in different species. Hum. Mol. Genet.. 4: 2025â€”2032.1995.
27. Morgan, S. E., Lovly, C., Pandita, T. K., Shiloh, Y., and Kastan. M. Fragments of
ATM which have dominant-negative or complementing activity. Mol. Cell. Biol.. 17:
2020â€”2029. 1997.
28. Erdile, L. F., Wold, M. S., and Kelley. T. J. The primary structure of the 32-Wa
subunit of human RPA. J. Biol. Chem., 265: 3177â€”3182, 1990.

References
1. Hartwell, L. H., and Kastan, M. B. Cell cycle control and cancer. Science (Wash

ington DC). 266: 1821â€”1828,
1994.
2. Din, S. U., Brill, S. J., Fairman, M. P., and Stillman, B. Cell-cycle regulated
phosphorylation of DNA replication factor A from human and yeast cells. Genes

Dcv., 4: 968â€”977,1990.
3. Dutta, A., and Stillman, B. cdc2 family kinases phosphorylate

ectasia gene with a product similar to P1-3 kinase. Science (Washington DC), 268:
1749â€”1753, 1995.
26. Savitsky, K., Sfez, S.. Tagle. D. A.. Sartiel, A.. Collins, F. S., Shiloh. Y., and Rotman,
0. The complete sequence of the coding region of the ATM gene reveals similarity

a human cell DNA

29. Wang, Y., Perrault, A. R., and Iliakis, G. Down-regulation of DNA replication in
extracts of camptothecin-treated cells: activation of an S-phase checkpoint? Cancer
Res., 57: 1654â€”1659,1997.

3389

Downloaded from cancerres.aacrjournals.org on December 1, 2021. © 1997 American Association for Cancer
Research.

Dissociation of Radiation-induced Phosphorylation of
Replication Protein A from the S-Phase Checkpoint
Susan E. Morgan and Michael B. Kastan
Cancer Res 1997;57:3386-3389.

Updated version

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/57/16/3386

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/57/16/3386.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on December 1, 2021. © 1997 American Association for Cancer
Research.

