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Because activation of p53 can trigger cell cycle arrest and apoptosis, it is necessary for a cell to suppress this
activation until it is absolutely required for survival. The mechanisms underlying this important regulatory
event are poorly understood. Here we show that nucleophosmin (NPM) acts as a natural repressor of p53 by
setting a threshold for p53 activation in response to UV radiation. NPM binds to the p53 N terminus and
inhibits p53 transcriptional activity by more than 70%. Our data indicate that the levels of NPM in a cell
determine the UV dose at which the tumor suppressor p53 can be phosphorylated on Ser15. Moreover, we show
that NPM is a substrate for the UV-activated protein kinase ATR and inhibits the UV-induced p53 phosphor-
ylation at Ser15. In addition, NPM forms a complex with p53 and ATR in vivo. These data suggest that NPM
is an early responder to DNA damage that prevents premature activation of p53. In normal cells, NPM could
contribute to suppressing p53 activation until its functions are absolutely required while in cancer cells
overexpression of NPM could contribute to p53 inactivation and tumor progression.

Activation of the tumor suppressor p53 in response to DNA
damage is an important event that prevents a normal cell from
undergoing cellular aberrations that can lead to cancer pro-
gression. Because p53 can trigger cell cycle arrest or apoptosis,
it is fundamental that the activation of p53 remains in check
until it is absolutely required for cellular homeostasis. The
restraint on p53 must be sufficient to allow normal growth and
development while allowing it to retain the capacity for rapid
induction in response to stress associated with tumor progres-
sion (28). In recent years, much emphasis has been put on the
mechanisms that activate p53 in response to genotoxic stress,
but little is known about how p53 functions are kept on hold
under normal or low-stress conditions. Here we show data
indicating that nucleophosmin (NPM) is a natural repressor of
p53 that sets a threshold for p53 response to UV radiation.

NPM, also known as B23, NO38, and numatrin (30), is a
nucleolar protein that was initially identified as an important
player in ribosome biogenesis (5). Since then a number of
cellular activities associated with NPM indicate that the pro-
tein has multiple functions, especially in cell proliferation. For
example, in anaplastic large-cell lymphoma NPM is fused to a
receptor tyrosine kinase (anaplastic lymphoma kinase [ALK])
and works as an oncogene (10). NPM protein levels are 20
times higher in Novikoff hepatoma and 5 times higher in hy-
pertrophic rat liver than in normal rat liver (5). NPM binds to
pRb and synergistically stimulates DNA polymerase � (25).
NPM also binds to interferon regulatory factor 1 (IRF-1) and
inhibits its tumor suppression function, probably by preventing
expression of p21 (19). Another indication of NPM’s role in
cell proliferation is its association with the nucleolar organizer
regions. The nucleolar organizer regions correlate with cell
proliferation and tumor progression (9). All these data suggest
that NPM plays an important role in cell proliferation.

Nonetheless, a recent report (7) indicates that NPM stabi-
lizes p53 in response to DNA damage. However, it is not clear
how these data can be reconciled with the fact that NPM is
overexpressed in cancer cells (5), is associated with cell prolif-
eration and tumor progression (9), and has an effect opposite
that of p53 on centrosome duplication (22).

Our data indicate that NPM interacts with p53 and down
regulates its transcriptional activity by more than 70%. NPM
binds to the p53 N-terminal end and prevents p53 phosphor-
ylation at Ser15 in response to low doses of UV radiation. In
addition, down regulation of NPM by small interfering RNA
(siRNA) allowed p53 phosphorylation to occur at a lower dose
of UV radiation. These data suggest that NPM sets a threshold
for p53 activation by DNA damage. NPM could thus repress
p53 activation until the levels of DNA damage require it.
Activation of p53 at an inappropriate time could compromise
cellular growth and even trigger apoptosis.

MATERIALS AND METHODS

Cell culture and treatments. Human large-cell lung carcinoma H1299 cells
were purchased from the American Type Culture Collection (Manassas, Va.).
Human colorectal carcinoma RKO cells were provided by A. J. Fornace, Jr.
(National Cancer Institute, National Institutes of Health, Bethesda, Md.). The
cells were grown in RPMI 1640 containing 10% fetal bovine serum (Invitrogen
Corp., Carlsbad, Calif.). Treatments of the cells were as described previously (12)
except that the UV source was a Philips 30-W germicidal lamp. Intensities of the
UV lamp were determined with a UVX radiometer (UVP Inc., Upland, Calif.).
The cells were harvested 4 h after treatment and processed as described else-
where in the text. Fluorescence-activated cell sorter analysis was performed on
RKO cells transfected with siRNA (12 nM) and exposed to UV radiation (10 J
m�2) 24 h after transfection. The cells were harvested and fixed 12 h after
irradiation, and the DNA was stained with propidium iodide (0.4 mg/ml; Roche,
Indianapolis, Ind.). The cell cycle distribution was analyzed on a BD Bioscience
cell sorter (Palo Alto, Calif.).

Plasmids and chloramphenicol acetyltransferase (CAT) assay. The H1299
cells were transfected with either pCMV3 empty vector (Stratagene, La Jolla,
Calif.), pCMV-NPM, pCMV-p53, pG13 CAT, or the p53REX vector. The
pCMV-p53 and pG13 CAT vectors were provided by Bert Vogelstein (Johns
Hopkins University, Baltimore, Md.). The full-length (FL) human NPM cDNA
(Pui-Kwong Chan, Baylor College of Medicine, Houston, Tex.) was amplified by
PCR and cloned into the BamHI/XhoI sites of the pCMV.3 vector. The p53REX
vector was provided by Al Fornace, Jr. This vector contains five p53 binding sites
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identical to the p53 binding site in the GADD45 third intron except that the last
purine, G, is replaced by C (26). The RKO cells were transiently transfected with
pG13 CAT and NPM expression vectors and exposed to UV radiation (20 J m�2)
24 h after transfection. All cells were transfected using FuGENE reagent (Roche
Molecular Biochemicals) according to the manufacturer’s recommendations.
Cells were harvested and lysed 48 h after transfection, and the protein concen-
tration and CAT activity were measured as described before (20).

GST pull-down assays. The glutathione S-transferase (GST) FL p53 expres-
sion vector was constructed by PCR amplification with a forward primer, 5�-CC
GCGTGGATCCATGGAGGAGCCGCAG-3�, and a reverse primer, 5�-GCCG
CTCGAGTCTCAGTCTGAGTCAGGCCC-3�. The amplified DNA was cloned
into the pGEX-6P-2 vector (Amersham Pharmacia Biotech, Piscataway, N.J.).
The p53 DNA binding domain (DBD) was amplified using the same forward
primer as for the FL vector but with the sequence 5�-GCCGCTCGAGTCTCA
TTTCTTGCGGAGATT3� as a reverse primer and was cloned into pGEX-dT
(Amersham). The p53 N-terminal region (NT) was amplified using the same
forward primer as for the FL vector but with the sequence 5�-GCCGCTCGAG
TCTCAGGTTTTCTGGGAAGG-3� as a reverse primer and was cloned into the
same vector as was DBD. All constructs and plasmids were cut with BamHI (5�
end) and XhoI (3� end) (New England Biolabs, Beverly, Mass.). Proteins were
expressed and purified as recommended by the manufacturer (Amersham). The
pull-down assays were performed as described in reference 23 with the exception
that the GST-p53 proteins were purified first before being incubated with the
NPM bacterial extracts. The GST-p53 proteins (300 ng) and 10 �l (100 �g) of
BL-21 bacterial extracts expressing recombinant NPM (31) were incubated for
1 h at 4°C, and then the glutathione Sepharose beads were added and the
incubation was continued overnight at 4°C with gentle mixing. Mixtures were
spun down, and the pellets were washed six times with RIPA buffer (50 mM Tris
HCl [pH 7.5], 150 mM NaCl, 0.5% sodium desoxycholate, 1% NP-40, and 0.1%
sodium dodecyl sulfate [SDS]). The samples were resolved on an SDS–12%
polyacrylamide gel and transferred to a nitrocellulose membrane. The mem-
brane was analyzed by Western blotting with NPM polyclonal antibody (Ab)
(31).

siRNA. The 21-nucleotide (nt) double-stranded RNA was synthesized by Xe-
ragon Inc. (Huntsville, Ala.). The sequence (5�-CCACAGAAAAAAGUAAAA
C-3�) corresponds to 19 nt from the NPM open reading frame (nt 547 to 565) and
a two-dT overhang. The RNA (12 nM) was added to the cells along with 2 �g of
pCMV.3 empty vector (Stratagene). The scrambled RNA is composed of four
random sequences of 19 nt with a two-UU overhang on each side (nonspecific
control duplexes XIII, pool of four; Dharmacon, Inc., Boulder, Colo.). The
siRNAs were transfected in RKO cells with FuGENE reagent according to the
manufacturer’s recommendations. The cells were exposed to UV radiation 24 h
after transfection.

Abs and Western blots. The polyclonal Ab to NPM was generated in rabbits
immunized with a synthetic peptide (residues 221 to 238) as the antigen (31).
Cellular extracts were harvested, separated on an SDS–12% polyacrylamide gel,
and transferred to a nitrocellulose membrane. The p53 DO-1 monoclonal Ab
was diluted 1/1,000 (Calbiochem, San Diego, Calif.), the p53 Ser15 phosphospe-
cific polyclonal Ab (Cell Signaling, Beverly, Mass.) was diluted 1/500, and the p21
polyclonal Ab (BD PharMingen, Heidelberg, Germany) was diluted 1/500. West-
ern blotting was performed with the respective secondary Ab conjugated to
horseradish peroxidase and reacted with a chemiluminescent substrate (ECL;
Amersham) according to the manufacturer’s recommendations. Fold induction
was calculated by densitometry and normalized to actin.

Coimmunoprecipitation. Extracts of RKO cells exposed or not to 14 J of UV
radiation m�2 were prepared by growing 106 cells and harvesting them 4 h after
treatments. The cells were lysed in RIPA buffer. The protein extracts (7.5 to 12
mg) were incubated with 15 �l of either Ser15 p53 Ab or DO-1 Ab at room
temperature. Protein A agarose beads (20 �l; Santa Cruz Biotechnology, Santa
Cruz, Calif.) were then added, and the samples were incubated overnight at 4°C.
The beads were spun down, washed six times with RIPA buffer, and loaded on
an SDS–12% polyacrylamide gel. The samples were transferred to a nitrocellu-
lose membrane and incubated with NPM Ab as described above.

Kinase assay. The Flag-ATR construct containing the FL cDNA clone from
human ATR in pcDNA3 (Invitrogen) was provided by A. Sancar (University of
North Carolina, Chapel Hill). The Flag-ATM containing the FL cDNA clone
from the human ATM in pcDNA3 (3) was provided by Mike B. Kastan (St. Jude
Children’s Research Hospital, Memphis, Tenn.). H1299 cells were transiently
transfected as described above with the Flag-ATR or Flag-ATM plasmid. Forty-
eight hours after transfection, the cells were exposed to either 10 or 14 J of
radiation m�2 (Flag-ATR) or 15 �g of bleomycin (Sigma, St. Louis, Mo.)/ml
(Flag-ATM), and the cells were harvested 4 h later. The Flag proteins were
purified with a Flag immunoaffinity kit according to the protocol of the manu-

facturer (Sigma). The kinase reaction was performed with 500 ng of Flag-ATR
or Flag-ATM, 300 ng of recombinant NPM, and 2 mCi of [�-32P]ATP in 30 �l of
10 mM Tris-HCl (pH 7.4)–150 mM NaCl–10 mM MgCl2–0.5 mM dithiothreitol
(kinase reaction buffer) for 30 min at 37°C. Samples were run on an SDS–12%
polyacrylamide gel. The gel was dried and exposed to X-ray-sensitive film. Where
indicated, wortmannin (Sigma) was incubated at 30°C with the kinase for 30 min
prior to the addition of the substrates. In the case of caffeine (Sigma), the
indicated concentrations were added just before the addition of the substrates. In
the DNase I sample, the enzyme was incubated with the kinase at 30°C for 30 min
before the addition of the substrate and caffeine.

RESULTS AND DISCUSSION

The identification of NPM as a stress-activated protein (31)
and its inhibitory effect on IRF-1 (19), a transcription factor
regulating the cyclin-dependent kinase inhibitor p21, led us to
investigate NPM’s potential effect on p53, another regulator of
p21 (11). We first performed transient-cotransfection assays
with a p53 reporter gene, pG13 CAT (18), and expression
vectors for p53 and NPM in the human large-cell lung carci-
noma line H1299. These cells have a p53-null genotype (17)
that facilitates the interpretation of the results due to the
absence of endogenous p53 protein. Our data (Fig. 1A) indi-
cate that NPM inhibits p53 transcriptional activity by more
than 70%. The levels of inhibition are comparable to those that
NPM imposed on the promoter of IRF-1, another tumor sup-
pressor gene (19). NPM inhibition is specific and not due to a
general repressor effect, since NPM is known to have no effect
on a �-actin promoter (19) and activates a PCNA promoter
(30). The inhibitory effect of NPM on at least two tumor
suppressors may thus explain its oncogenic transformation ac-
tivity in NIH 3T3 cells (19).

In order to evaluate NPM’s effect on a bona fide p53 binding
site, we repeated the CAT assay with a reporter gene construct
containing five repeats of the p53 binding site of the GADD45
third intron (17). The data shown in Fig. 1B indicate that
similar results were obtained with this reporter where NPM
inhibited more than 50% of the CAT activity. We then proceed
to determine whether NPM could inhibit the transcriptional
activity of endogenous p53. We transiently transfected the
pG13 CAT vector in colon carcinoma RKO cells and used UV
radiation to induce endogenous p53 levels. The RKO cells
have a wild-type p53 genotype (17) and relatively high basal
p53 levels (32). The data shown in Fig. 1C indicate that basal
p53 levels are sufficient to activate the p53 reporter gene but
that UV radiation can increase the basal activity by almost
twofold. Overexpression of NPM reduced the UV-induced p53
transcriptional activity by more than 50%. These data suggest
that NPM could repress p53 endogenous transcriptional activ-
ity on its downstream effector genes.

To evaluate the potential effect of NPM on the p53 response
in vivo, we measured the response of cellular NPM to p21, a
p53 downstream effector gene (11), after UV radiation. The
data presented in Fig. 1D indicate that, as previously reported
(31), NPM protein levels increased in a dose-dependent man-
ner in response to UV radiation. Interestingly, p21 protein
levels decreased as NPM protein levels increased from 2 to 10
J of UV radiation m�2 (Fig. 1E, lanes 1 to 4). At 14 J m�2,
NPM protein levels continued to increase (Fig. 1D, lane 5)
while p21 protein levels stopped decreasing and returned to
basal levels or higher (Fig. 1E, lane 5). The down regulation of
p21 protein levels in response to low doses of UV radiation is
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not without precedent; at least two other groups have reported
similar results in several cell lines including RKO cells (29).
The inverse correlation between NPM and p21 levels at low
but not high doses of UV radiation suggests that NPM may be
involved in an early sensor mechanism to regulate p21 expres-
sion in response to genotoxic stress.

NPM binds directly to IRF-1 to mediate its repressive activ-
ity (19). A recent report has shown that NPM also binds di-
rectly to p53 (7). The NPM domain that interacts with p53
(amino acids 187 to 295) (7) overlaps with the domain that is
phosphorylated by CDK2/cyclin E and controls centromere
duplication (22). To determine which p53 domain is involved
in the NPM interaction, we engineered several overlapping p53
deletion mutants fused to GST (Fig. 2A). Several functional
domains have been described for p53. The p53 N-terminal
transactivation domain (NT) interacts with components of the
transcriptional machinery such as CBP/p300 and with MDM2,
which targets p53 for degradation (28). The NT is also the site
of phosphorylation for several stress-activated kinases such as
ATM and ATR. The central-sequence-specific DBD is where
most of the point mutations found in cancer cells occur. The
C-terminal domain (C-term) is composed of the tetrameriza-
tion domain, responsible for p53 oligomerization, and the ex-
treme C-terminal domain that acts as a negative regulator.
Incubation of recombinant NPM with the p53 fusion proteins
indicates that NPM binds to all constructs containing the NT
but not to the constructs lacking it. These data indicate that the
p53 C-terminal domains are not required for the interaction

and that binding to p53 NT is sufficient to form a complex (Fig.
2C). Coomassie blue staining of an SDS-polyacrylamide gel
indicates that approximately the same amount of protein was
used in each reaction (Fig. 2B).

Our data (Fig. 1D and E) indicate that NPM levels inversely
correlate with p21 protein levels in response to low doses of
UV radiation. In addition, our data (Fig. 1A to C) indicate that
NPM can down regulate p53 transcriptional activity. To verify
whether NPM is directly involved in p21 down regulation in
response to UV radiation, we down regulated NPM protein
levels by the siRNA method. As shown in Fig. 3A, NPM
siRNA (siNPM) reduced the levels of NPM by at least 80%
while a control scrambled RNA did not affect NPM levels. In
the absence of siNPM, the expected decrease in p21 protein
levels was observed at 10 J m�2 (Fig. 3B, lane 2). At 14 J m�2,
p21 levels increased again, but when the cells were exposed to
10 J of UV m�2 in the presence of siNPM, p21 protein levels
remained at basal levels (Fig. 3B, lane 4). Exposing the cells to
10 J m�2 in the presence of a control scrambled siRNA did not
increase p21 levels. These data indicate that NPM directly
affects the down regulation of p21 observed in response to low
doses of UV radiation.

We then asked whether the increase in p21 levels observed
at 10 J m�2 in the presence of siNPM (Fig. 3B) was p53
dependent. The data shown in Fig. 3C indicate that, in the
absence of siRNA (lanes 1 to 3), p53 levels increased in re-
sponse to UV radiation in a dose-dependent manner. Addition
of siNPM or a control scrambled siRNA (lanes 4 and 5) did not

FIG. 1. (A) NPM represses p53 transcriptional activity. For the CAT assay, H1299 cells were transfected with the p53 reporter gene construct
pG13 CAT and either NPM, p53, or both. The empty pCMV plasmid was used to normalize the plasmid content (6 �g) in all transfections. The
cells were harvested 48 h after transfection. The relative CAT activity is expressed as a percentage of the total activity obtained with p53 and pG13
CAT (p53). The data represent the averages of two experiments performed in duplicate, and the error bars correspond to standard errors of the
means. (B) Same as panel A except that the cells were transiently transfected with a reporter gene containing five repeats of the p53 binding site
from the GADD45 third intron (GADD45 CAT). (C) RKO cells were transiently transfected with pG13 CAT and where indicated with NPM. The
cells were exposed to UV radiation (20 J m�2) as indicated. (D and E) Up regulation of NPM correlates with p21 down regulation by UV radiation.
For Western blot analyses, RKO cells were exposed to the indicated doses of UV radiation and harvested 4 h later. Total cellular protein (40 �g
for NPM or 200 �g for p21) was reacted with NPM Ab (D) or p21 Ab (E). Blots were reacted with actin Ab for loading control.
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affect p53 overall protein levels when the cells were exposed to
10 J of UV radiation m�2 (compare lane 2 with lanes 4 and 5).
Because NPM is induced by UV radiation (Fig. 1D) and in-
teracts with the p53 N-terminal end (Fig. 2B) and p53 is phos-
phorylated at Ser15 in response to UV radiation (2), we then
evaluated the effect of NPM on p53 phosphorylation at Ser15
in response to UV radiation. Phosphorylation of p53 at Ser15
is important for p53 stability and function in response to geno-
toxic stress (2). Our data indicate that a dose of 14 J m�2 is
required to generate a substantial amount of p53 phosphory-

lated at Ser15 in vivo (Fig. 3D, lane 3). However, when the
levels of NPM are reduced by siRNA, the threshold to induce
significant phosphorylation of p53 at Ser15 is lowered to 10 J
m�2 (Fig. 3D, lane 4). This effect is specific because it was not
observed when a scrambled siRNA was transfected in the cells
(Fig. 3D, lane 5).

To determine whether activation of p53 at a lower UV dose
and the subsequent induction of p21 had any functional signif-
icance, we evaluated the effect of NPM down regulation on cell
cycle distribution following exposure to 10 J of UV radiation

FIG. 2. NPM interacts with p53 N-terminal end. (A) The different domains of p53 were amplified by PCR. (B) SDS-polyacrylamide gel
electrophoresis of GST-p53 deletion mutants. (C) Western blot analysis. The p53 fusion proteins were incubated with NPM bacterial extracts. The
eluted proteins were reacted with NPM Ab.

FIG. 3. NPM sets a threshold for p53 response to UV radiation. The figure shows results of Western blot analyses. (A) RKO cells treated with
siNPM or control scrambled RNA (siCont) were exposed to UV radiation and harvested. The proteins (30 �g) were reacted with NPM Ab.
(B) Same as panel A, but the cells were exposed to the indicated dose of UV radiation and 200 �g of protein was loaded before the blot was reacted
with p21 Ab. (C) Same as panel B, but the proteins (200 �g) were reacted with p53 Ab. (D) Same as panel B, except that the blot was reacted
with a p53 Ab specific for phosphorylation at Ser15. All blots were reacted with actin Ab for a loading control.
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m�2. The data shown in Fig. 4 indicate that a subtle but
significant increase was observed in the number of siNPM-
RKO cells arrested in G2 following exposure to UV radiation.
The increase in G2 (7%, Fig. 4B) correlates with the increased
p53 phosphorylation and the increased p21 expression ob-
served with reduced levels of NPM (Fig. 3). This relatively
small effect is significant because it was not observed with the
control scrambled RNA (Fig. 4A). The overall NPM effect on
cell cycle progression is probably even more pronounced than
what was observed here, since only a fraction of the cells
incorporate the siNPM during the transient transfection. Our
data are in good agreement with a previous report (14) show-
ing that down regulation of NPM by antisense transfection
results in a delay of cell entry into mitosis and consequently
increases the number of cells in G2. The role of p21 in the
UV-induced G2 arrest is believed to be p53 dependent and to
affect the late (prolonged) G2 arrest (21).

There are at least two mechanisms by which NPM could set
a threshold for p53 phosphorylation at Ser15. The first would
be if NPM associates with p53 when p53 is underphosphory-
lated (�10 J m�2) but dissociates from this site when Ser15 is
hyperphosphorylated (	14 J m�2). To test this possibility, we
performed immunoprecipitation with protein extracted from
RKO cells exposed or not to 14 J of UV radiation m�2. The

data shown in Fig. 5A indicate that, in the absence of UV
radiation (lanes 3 and 4), the p53 and the Ser15 phosphospe-
cific p53 Abs can immunoprecipitate a small amount of NPM
from cellular extracts (7.5 to 12 mg). The NPM interaction with
p53 has also been observed previously with immunoprecipita-
tion performed with NPM Ab (7). However, when cells are
exposed to UV radiation (10 and 14 J m�2), the p53 Ab as well
as the phosphospecific p53 Ab can still immunoprecipitate
NPM (Fig. 5A, lanes 5 to 7). Therefore, phosphorylation of
p53 at Ser15 does not abolish interaction with NPM. However,
the amounts of NPM that associate with p53 phosphorylated at
Ser15 were approximately the same under all conditions, while
the amounts of NPM that associate with p53 increased at 14 J
m�2 (lane 5). This may reflect the fact that, in general, cells
contain more p53 than p53 phosphorylated at Ser15 (15, 24) or
that phosphorylation at Ser15 contributes partially to reduce
the interaction of p53 with NPM.

Because phosphorylation of p53 at Ser15 did not completely
abolish NPM binding (Fig. 5A, lanes 6 and 7), we also consid-
ered the possibility that NPM could compete with p53 for the
kinase responsible for phosphorylation at this site. Phosphor-
ylation of p53 at Ser15 in response to UV radiation is mediated
by the ATR kinase (28). We first aimed at determining
whether NPM is a substrate for ATR. The data shown in Fig.

FIG. 4. Down regulation of NPM alters cell cycle distribution of UV-treated cells. (A) Fluorescence-activated cell sorter analysis. RKO cells
were left untreated (control) or transfected with siNPM or scrambled RNA (siCont) and where indicated exposed to UV radiation (10 J m�2).
Percentages of cells in G2 are as indicated and represent the averages of at least three independent experiments. (B) Cell cycle distribution profiles.
Percentages of cells in G2 are as indicated.
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5B indicate that NPM is a good substrate for ATR immuno-
precipitated from cells exposed to either 0, 10, or 14 J of UV
radiation m�2 (lanes 5 and 8). In contrast to ATM, ATR
activity does not increase following UV radiation, but rather
the kinase relocates to DNA damage-induced nuclear foci (1).
In accordance with this phenomenon we found that NPM was
phosphorylated by Flag-ATR even in the absence of UV radi-
ation (Fig. 5B). Because NPM is a shuttle protein, proximity to
the ATR kinase may thus be sufficient to trigger phosphoryla-
tion.

To verify that the kinase pulled down by the Flag Ab was
indeed ATR, we used two known ATR inhibitors, wortmannin
and caffeine (1). ATM is more sensitive to wortmannin than is
ATR, while the two kinases have similar sensitivities to caf-
feine. Our data indicate (Fig. 5C) that the kinase activity was
clearly inhibited in a dose-dependent manner by wortmannin.
Previous reports have shown that 1 �M wortmannin is suffi-
cient to completely abolish ATM activity (1). As shown in Fig.
5C, we still detected a fair amount (
50%) of kinase activity at
that dose, suggesting that the kinase pulled down by the Flag
Ab is indeed ATR. Because ATR and ATM substrate speci-

ficities overlap considerably (1), we also evaluated ATM activ-
ity on NPM. Our data indicate that NPM is also a good sub-
strate for the Flag-ATM pulled down from RKO cells exposed
to bleomycin (Fig. 5D, lane 4). ATR and ATM are both in-
hibited by caffeine, so this inhibitor was also used to verify the
sensitivity of the pulled-down kinases. As shown in Fig. 5D,
caffeine did indeed inhibit the activity of both kinases in a
dose-dependent manner. To rule out the possibility that trace
contamination of DNA-dependent protein kinase could be re-
sponsible for the kinase activity, we used DNase I in the reac-
tion to digest a potential DNA component that could activate
DNA-dependent protein kinase. Our data indicate (Fig. 5D)
that DNase I is not affecting the kinase activity. Taken to-
gether, these data strongly suggest that NPM is a bona fide
ATR and ATM substrate. To evaluate the possibility that NPM
could compete with p53 for ATR, we compared the kinase
activities on the two substrates. The data shown in Fig. 5E
indicate that NPM is more avidly phosphorylated by ATR than
is the recombinant GST-p53. The efficiency of ATR on NPM
is even more compelling than the data show, since much less
NPM than p53 protein was used in the assay (lanes 4 to 6). This

FIG. 5. NPM interacts with p53 phosphorylated at Ser15 and is an ATR substrate. (A) Immunoprecipitation of NPM (lanes 3 to 7) from RKO
protein extracts (7.5 to 12 mg) with p53 Ab (DO-1) or the phosphospecific Ser15 p53 Ab (Ser15p53Ab). The doses of UV radiation are indicated.
The levels of NPM present in the extracts before immunoprecipitation (
1% of the input) are shown (lanes 1 and 2). (B) Phosphorylation of
recombinant NPM with Flag-ATR immunoprecipitated from H1299 cells exposed to the indicated dose of UV radiation. (C) Inhibition of ATR
by wortmannin (Wm). Phosphorylation was performed as in panel B, with the exception that the immunoprecipitated kinase was incubated with
the indicted concentration of wortmannin for 30 min prior to the addition of NPM. (D) Phosphorylation (lanes 1 to 3) was performed as in panel
B, with the exception that the indicated concentration of caffeine was added to the reaction mixture prior to the addition of NPM. Phosphorylation
with the ATM kinase (lanes 4 to 7) was performed as described in Materials and Methods, and the indicated concentration of caffeine was added
prior to the addition of NPM. DNase I (lane 7) was incubated with the immunoprecipitated kinase for 30 min prior to the addition of NPM.
(E) Phosphorylation of recombinant NPM and GST-p53 by ATR was performed as in panel B. Purified GST is used as a negative control (lane
3). Results for SDS-polyacrylamide gel electrophoresis (PAGE) of the recombinant proteins used in the kinase assay are shown (lanes 4 to 6).
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could reflect a greater affinity of ATR for NPM or the presence
of multiple phosphorylation sites.

The consensus sequence for phosphorylation by ATM and
its related kinase ATR overlaps extensively with the phospha-
tidylinositol kinase site. Generally the sequence Ser/Thr-Gln-
Glu is targeted (1). Hydrophobic or acidic residues surround-
ing the Ser-Gln motif are favorable for phosphorylation, while
positively charged amino acids are inhibitory. Even though no
ATR-ATM consensus site was found on NPM primary se-
quence, the presence of several acidic residues (5) may in-
crease the affinity of the kinases for the surrounding Ser. To
determine the ATR phosphorylation site on NPM, we engi-
neered several overlapping GST deletion mutants of NPM and
used them in an in vitro ATR kinase assay. The data shown in
Fig. 6A indicate that the most prominent Flag-ATR phosphor-
ylation site is located between residues 1 and 180 (lane 2). Two
additional overlapping mutants, 1 to 60 and 55 to 120, were
then constructed to narrow down the phosphorylation site.
Because none of the additional fragments were phosphory-
lated (lanes 6 and 7), we concluded that the phosphorylation
site was located between residues 120 and 180. This fragment
contains five Ser residues, located at positions 125, 137, 139,
143, and 149 (5). Almost 2 decades ago, Ser125 was identified
as an in vivo NPM phosphorylation site (4). This residue was
thus mutated to an alanine residue in the 1 to 180 fragment
and assayed for phosphorylation by ATR. Our data (Fig. 6A,
lanes 8 and 9) indicate that mutation of Ser125 to Ala com-
pletely abolished the phosphorylation of the fragment by ATR.
These data indicate that Ser125 is the ATR phosphorylation

site on NPM and that a single residue is responsible for the
greater ATR activity on this protein than on GST-p53 (Fig.
5E). Ser125 has also been shown to be phosphorylated by
casein kinase 2 (CK2) (4), but since CK2 is insensitive to
wortmannin (8), we conclude that the Flag-ATR activity that
we measured in Fig. 5 was indeed ATR and that ATR and CK2
share the same phosphorylation site on NPM.

Because NPM is a substrate of ATR (Fig. 5) and seems to be
preferentially phosphorylated by ATR (Fig. 5E), we then pro-
ceeded to determine whether NPM could compete with en-
dogenous p53 for ATR phosphorylation. In order to do that,
we transiently transfected increasing amounts of an NPM ex-
pression vector in human RKO colon carcinoma cells and then
exposed the cells to 10 J of UV radiation m�2. As shown in Fig.
7A, low levels of p53 phosphorylation at Ser15 do occur at 10
J m�2 in the absence of NPM (lane 1). However, increasing
amounts of NPM reduce considerably the levels of p53 phos-
phorylation at Ser15 (lanes 3 and 4). These data suggest that
NPM could compete with p53 for ATR phosphorylation in
vivo. Even though CK2 can also phosphorylate p53 in response
to UV radiation (16), we believe that the inhibitory effect of
NPM on p53 phosphorylation at Ser15 (Fig. 7A) is mediated
through ATR competition because NPM binds to the p53 N
terminus (Fig. 2) where ATR phosphorylates p53 at Ser15 and
that the CK2 phosphorylation site on p53 is Ser392 at the C
terminus (16).

In order to compete efficiently in vivo, it would be advanta-
geous for NPM to form a complex with ATR and p53. To verify
this concept, we stably transfected a Flag-ATR construct in
RKO cells and then transiently transfected a GFP-p53 con-
struct before exposing the cells to 10 J of UV radiation m�2.
The advantage of this approach is that it facilitates immuno-
precipitation of ATR and distinguishes GFP-p53 fusion from
the endogenous p53, which migrates very closely to the immu-
noglobulin G (IgG) heavy chain. The data shown in Fig. 7B
indicate that the Flag-ATR Ab immunoprecipitated efficiently
the endogenous NPM (Fig. 7B, lane 2) as well as the GFP-p53
and the endogenous p53 protein (lane 4). In a reciprocal ex-
periment, the NPM Ab could also immunoprecipitate ATR
(Fig. 7C). These data support our concept that NPM forms a
complex with ATR and p53 in vivo and could compete with p53
for ATR phosphorylation at low UV doses. Whether the three
proteins exist together in a complex remains to be shown, but
this possibility cannot be ruled out, since the NPM ATR site is
located at Ser125 (Fig. 6) and the p53 interaction site is be-
tween residues 187 and 295 (7). NPM could thus bind to both
ATR and p53 simultaneously.

The data presented here indicate that NPM is a natural
repressor of p53 that may contribute to dampening p53 func-
tion during cellular growth or in the presence of low levels of
DNA damage (28). To our knowledge, NPM is the first en-
dogenous repressor reported to mediate this function. NPM
may thus provide a threshold mechanism to sense the onset of
genotoxic stress signals and prevent premature activation of
p53. In addition, our data also suggest that overexpression of
NPM could prevent normal p53 functions (Fig. 1). This possi-
bility correlates well with NPM association with cell prolifera-
tion and tumor progression (5). An apparently contradictory
report (7) indicated that NPM mediates stabilization of p53
and senescence (7). One possible explanation for this discrep-

FIG. 6. Ser125 is the NPM ATR phosphorylation site. (A) NPM
GST deletion mutants were constructed as described in Materials and
Methods and phosphorylated by ATR in vitro. Mutation of Ser125 to
alanine (lane 8) completely abolishes phosphorylation by ATR.
(B) SDS-polyacrylamide gel electrophoresis of all the recombinant
proteins used in the kinase assay (A).
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ancy may be the levels of NPM activity in the systems under
study. For example, NPM is phosphorylated by CDK2/cyclin E
(22, 27). Cyclin E expression is enhanced by low (10-J m�2)
doses of UV radiation but inhibited by high (30-J m�2) doses
of UV radiation (6). The study by Colombo et al. (7) used 25
J of UV radiation m�2, which may have been sufficient to
inhibit cyclin E and NPM. This could explain why no induction
of NPM by UV radiation was observed in the U2OS cell line
that they studied.

The role of ATR in the UV response seems to be dose
dependent. For example, doses as low as 1 J m�2 are sufficient
to inhibit replication initiation and activate ATR (13). At
higher doses, ATR is thought to prevent activation of late
origins of replication and chromosome condensation. In con-
trast to ATM, ATR activity does not seem to increase in
response to UV radiation but rather translocates into nuclear
foci where it interacts with its substrates (1). Because ATR is
active at very low doses of UV radiation, it thus seems essential
for the cells to prevent its effect on p53, and possibly other
substrates, to prevent premature cell cycle arrest and/or apo-
ptosis. Our data indicate that NPM could mediate this function
by setting a threshold for p53 activation by ATR (Fig. 3). Our

data also imply that overexpression of NPM in cancer cells (5,
9) could contribute to p53 inactivation and cancer progression.
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