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Abstract. Low-dose ionizing radiation (LDIR) induces 
hormesis, exerts an adoptive effect on normal mammalian cells 
and stimulates cell proliferation; however, this effect is absent 
in cancer cells. Little is known on the molecular mechanisms 
underlying this differential response between normal and cancer 
cells. In the present study, it was demonstrated that the human 
prostate cancer cell line PC-3 and the normal prostate cell line 
RWPE-1 exhibited differential biological responses to LDIR. 
Through cell cycle analyses, it was demonstrated that LDIR 
inhibited cell growth and arrested the cell cycle at the S and G2/M 
phases in PC-3 cells, but not in RWPE-1 cells. Using western 
blotting, it was demonstrated that LDIR at 75 mGy induced the 
expression of ataxia-telangiectasia mutated (ATM) protein in 
PC-3 as well as RWPE-1 cells. However, the ATM̸p21 pathway 
was activated in PC-3, but not in RWPE-1 cells. Although the 
expression of p53 was not affected by 75 mGy LDIR in RWPE-1 
cells, the ATM̸p21 pathway was activated when RWPE-1 cells 
lost p53 function. In addition, when using ATM inhibitors, the 
ATM̸p21 pathway was inactivated in both cell lines, and the 
LDIR-induced cell proliferation inhibition was also abolished. 
These findings suggested that the ATM/p21 pathway directly 
participated in the LDIR-induced cell proliferation inhibition 
in p53null type prostate tumor cells, whereas this mechanism 
was absent in normal prostate cells. Thus, p53 may affect cell 
stability following LDIR, and plays a crucial role in regulating 
the ATM/p21 pathway activated by LDIR.

Introduction

A low level of radiation exists extensively in our living and 
working environment, particularly in hospital-based radio-

therapy facilities, inevitably increasing the risk of constant 
exposure to low-dose ionizing radiation (LDIR). Unlike 
high-dose ionizing radiation (HDIR), LDIR has been proven 
to have different biological functions, such as hormesis (1,2) 
and the adoptive effect (3). Our previous studies indicated that 
LDIR stimulates the proliferation of normal cells, including 
rat mesenchymal stem cells, mouse bone marrow hematopoi-
etic progenitor cells and several normal human cell lines, such 
as MRC-5, HL-7702, 293T and 6550 HLEPiC. However, it 
does not stimulate the proliferation of cancer cell lines, such 
as K562, HL-60, NCI-H446, BEL7402, U251, HCT-8 and 
HeLa (4-6). We also demonstrated that LDIR augments the 
expansion and cytotoxicity of cultured human natural killer 
cells in vitro (7).

Prostate cancer is the second most frequently diagnosed 
cancer in men worldwide (8). Radiation therapy is one of the 
most common methods for the treatment of prostate cancer 
in clinical practice, usually at doses >70 Gy (9). However, 
the biological effect of LDIR on prostate cancer is seldom 
investigated, even in vitro. Since it was demonstrated that cells 
exposed to LDIR may exhibit differential responses, it would 
be of interest to investigate the molecular changes in prostate 
cancer cells following LDIR.

Ataxia-telangiectasia mutated (ATM) is a crucial factor 
involved in the processing of DNA damage, maintenance of 
genome stability and control of cell cycle progression (10). 
According to Suzuki et al, phosphorylated ATM foci were 
detected immediately after normal human diploid cells were 
irradiated by LDIR (11). As a radiation sensor, the activation 
of ATM is proven to be an early event and will interact with 
several cell signaling pathways, such as Akt and mitogen-acti-
vated protein kinase kinase/extracellular signal-regulated 
kinase (ERK) (12,13).

p53 is a key factor in the process of radiation response, 
controlling the activation of DNA repair and cell apop-
tosis pathways following acute radiation injury (14,15). 
Furthermore, the p53 gene is the most frequent target for 
mutation and deletion in human cancers, with over half of 
all tumors exhibiting p53 mutations (16). Therefore, inves-
tigating the behavior of p53null prostate tumor cells and 
elucidating the role of p53 in normal prostate cells after 
LDIR, may prove valuable for the radiation treatment of 
prostate cancer.

Low-dose irradiation inhibits proliferation of the p53null type 
human prostate cancer cells through the ATM/p21 pathway
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Materials and methods

Cell cultivation and treatments. The human prostate cancer 
cell line PC-3 and the normal prostate cell line RWPE-1 
were purchased from American Type Culture Collection 
(Manassas, VA, USA). PC-3 was maintained in Dulbecco's 
modified Eagle's medium (DMEM; Life Technologies, 
Thermo Fisher Scientific, Shanghai, China) supplemented 
with 10% fetal bovine serum (HyClone, Beijing, China) and 
1% antibiotics (penicillin-streptomycin; Invitrogen, Thermo 
Fisher Scientific, Carlsbad, CA, USA). RWPE-1 cells were 
maintained in Keratinocyte-Serum Free Media (KSFM; Life 
Technologies, Thermo Fisher Scientific, Grand Island, Ny, 
USA) supplemented with 20 mg/ml bovine pituitary extract 
and 2 ng/ml epidermal growth factor (both from Invitrogen, 
Thermo Fisher Scientific). All cells were cultured at 37˚C in a 
humidified incubator with a constant air flow of 5% CO2.

In order to inhibit the function of p53 and ATM, 10 µM 
pifithrin-α (PFT-α; Beyotime Institute of Biotechnology, Haimen, 
China) dissolved in dimethyl sulfoxide and 5 mM caffeine (both 
from Sigma-Aldrich, Merck KGaA, Shanghai, China) dissolved 
in distilled water were added to the cell culture media 24 and 2 h 
prior to irradiation. Media containing the chemical inhibitors were 
replaced with fresh medium immediately after the irradiation.

Irradiation strategy. Monolayer cells were irradiated at a dose 
rate of 12.5 mGy/min by X-RAD 320 (Precision X-Ray, North 
Branford, CT, USA). The total dose was 20, 50, 75 or 100 mGy. 
After that, cell culture media were replaced and cells were 
harvested immediately or continually cultured until the next 
step experiment was performed. Control groups were treated 
similarly, except for the irradiation.

Cell proliferation assay. At 24 h prior to irradiation, 3x103 
PC-3 and RWPE-1 cells were seeded in 96-well plates and then 
irradiated with 20, 50, 75 or 100 mGy of X-rays. After the irra-
diation, the cells were immediately transferred to the incubator 
and cultured for a further 12, 24, 48 or 72 h. Cell proliferation 
assays were determined using WST-1 Cell Proliferation reagent 
(Roche, Shanghai, China). According to the manufacturer's 
instructions, 20 µl WST-1 were added to 200 µl cell culture 
medium and then incubated in the dark for 2 h. Subsequently, 
the absorbance at 450 and 630 nm was measured by a micro-
plate reader (Synergy HT; BioTek, Beijing, China). The final 
optical density (OD) was designated as OD450-OD630-ODblank.

Cell cycle assay. Approximately 2x106 irradiated or 
sham-irradiated cells were collected and washed with 1 ml 
cold phosphate-buffered saline (PBS) twice to remove residual 
trypsin and serum. The cells were pelleted and resuspended 
in 1 ml fixation solution (300 µl PBS and 700 µl ethanol). 
Following incubation at 4˚C for 4 h, the cells were centrifuged 
at 250 x g for 5 min and the fixation solution was removed. 
After washing twice with 1 ml PBS, the cells were pelleted 
and suspended in 0.5 ml propidium iodide (PI; Sigma-Aldrich, 
Merck KGaA) staining solution (50 µg/ml PI, 20 µg/ml 
RNase A and 0.2% Triton X-100) and incubated in the dark 
at 37˚C for 30 min. Cell suspensions were filtered through a 
400-mesh sieve prior to being analyzed by a BD FACSCalibur 
flow cytometer (Becton-Dickinson, Sparks, MD, USA).

Protein extraction and western blot analysis. Cell total 
protein was extracted with RIPA buffer (Beyotime Institute of 
Biotechnology) supplemented with cocktail protease inhibitor 
(Roche), and the protein concentration was determined by 
bicinchoninic acid protein assay kit (Beyotime Institute of 
Biotechnology).

A total of 5-40 µg cell total protein was separated by 4-8%, 
5-10% or 5-15% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), and was then electrophoretically 
transferred to polyvinylidene difluoride membranes (0.45 µm; 
Millipore, Billerica, MA, USA) and blocked at 37˚C for 1 h 
with 5% skimmed milk in TBST [TBS (10 mmol/l Tris pH 7.5, 
150 mmol/l NaCl) containing 0.1% Tween-20]. Subsequently, 
the membranes were incubated with the following antibodies: 
mouse monoclonal antibody against p53 (DO7; sc-47698, 
1:1,500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), 
rabbit monoclonal antibody against phospho-p53 (Ser15; D4S1H; 
cat. no. 12571, 1:1,000; Cell Signaling Technology, Danvers, MA, 
USA), rabbit polyclonal antibody against p21 (C-19; sc-397, 1:500; 
Santa Cruz Biotechnology, Inc.), rabbit monoclonal antibody 
against ATM (y170; ab32420, 1:1,000; Abcam, Shanghai, China) 
and mouse monoclonal antibody against β-actin (C-2; sc-8432, 
1:3,000; Santa Cruz Biotechnology, Inc.) at 4˚C overnight. After 
washing for 3x5 min with TBST, the membranes were incu-
bated with horseradish peroxidase-conjugated goat anti-mouse 
(zB-2305) or goat anti-rabbit (zB-2301) secondary antibodies 
[IgG (H+L); 1:5,000; ZSGB-BIO, Beijing, China] at 37˚C for 
1 h. After washing for another 3 times, the immunocomplexes 
were detected with enhanced chemiluminescence (Thermo 
Fisher Scientific, Beijing, China) and X-ray film (Kodak, Beijing, 
China). Protein expression levels were determined semiquantita-
tively by densitometric analysis with the Quantity One software 
(Bio-Rad, Hercules, CA, USA).

Statistical analysis. All data and results were calculated 
from at least three replicate measurements and presented as 
means ± standard deviation. The significance was determined 
by the Student's t-test using SPSS 20.0 software (IBM SPSS, 
Armonk, Ny, USA). P<0.05 was considered statistically 
significant (P<0.05 and P<0.01).

Results

LDIR induces differential cell growth in prostate cancer PC-3 
and normal RWPE-1 cells. In order to investigate the effect 
of LDIR on prostate cancer PC-3 and normal RWPE-1 cells, 
four different doses of LDIR were delivered, namely 20, 50, 
75 and 100 mGy. Cell proliferation was determined by WST-1 
24 h post-LDIR. It was observed that LDIR doses of 50, 75 
and 100 mGy significantly inhibited the growth of PC-3 cells 
compared with the sham-irradiated group (P<0.01; Fig. 1A, left 
panel). Among these, the 75-mGy dose exerted the most promi-
nent effect. By contrast, none of the radiation doses affected the 
growth of RWPE-1 cells (P>0.05; Fig. 1A, right panel).

Cell growth in the two cell lines was compared at 
different timepoints following LDIR at 75 mGy. Cell prolif-
eration was determined by WST-1 at 0, 12, 24, 48 and 72 h 
post-LDIR. PC-3 cells exhibited decelerated proliferation 
between 12 and 72 h after 75 mGy LDIR (P<0.05 and P<0.01, 
respectively) (Fig. 1B). However, normal prostate RWPE-1 
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cells exhibited no obvious changes after 75-mGy irradiation 
compared with the sham control group (P>0.05).

LDIR arrests the cell cycle at S and G2/M in PC-3 cells. Flow 
cytometry was then used to analyze cell cycle distribution at 
24 h post-LDIR. It was observed that, after 75 mGy LDIR, 
PC-3 cells exhibited a significant S and G2/M phase arrest 
compared with the sham group (Fig. 2A). By contrast, there 
was no significant change in cell cycle distribution in RWPE-1 
cells following LDIR (Fig. 2B). Quantitation data revealed 
that, in PC-3 cells, the S phase percentage increased 1.29-fold 
(36.7 vs. 28.4%, P<0.01) and the G2/M phase percentage 
increased 1.69-fold (29 vs. 17.2%, P<0.01; Fig. 2C).

LDIR does not affect p53. Of note, 75 mGy LDIR only inhib-
ited the proliferation and cell cycle progression in PC-3 cells, 
but not in normal prostate cells. PC-3 is a p53null cell line. 
Since p53 is the most significant radiation-related protein, the 
expression of p53 and phosphorylated p53 (Ser-15, p-p53) in 
RWPE-1 cells was first examined. However, the western blot-
ting results revealed no significant changes in the expression 
of p53 or p-p53 at 2, 4 and 8 h after 75 mGy LDIR, compared 
with that of the sham-irradiation group (Fig. 3).

LDIR specifically activates the ATM/p21 pathway in 
p53-deficient cancer cells. The expression of ATM, which is 
also a well-known critical DNA damage and radiation response 
sensor in mammalian cells, was further examined (17). At 2, 
4 and 8 h post-LDIR, the total proteins of PC-3 and RWPE-1 
cells were extracted and separated by 4-8% SDS-PAGE, and 
the expression of ATM was detected by western blotting. The 

expression of ATM was found to be upregulated by 75 mGy 
LDIR in PC-3 as well as RWPE-1 cells at 2 and 4 h post-LDIR 
(Fig. 4A and C, lanes 5 and 6). In PC-3 cells, the expression of 
ATM was upregulated 2.8- and 2.04-fold, respectively (Fig. 4B, 
left panel; P<0.05). In RWPE-1 cells, the ATM was activated 
2.08- and 1.4-fold (Fig. 4D, left panel). At 8 h post-LDIR, the 
expression of ATM in both cell lines recovered to a similar 
level as in the sham-irradiated group (Fig. 4A and C, lane 7).

The expression of p21 was also quantitated in PC-3 and 
RWPE-1 cells by western blot analysis after 75 mGy LDIR. 
In PC-3 cells, a significant upregulation of p21 was observed 
after LDIR (Fig. 4A, lanes 5-7 and B, right panel). However, 
the LDIR-induced p21 upregulation was absent in normal 
RWPE-1 cells (Fig. 4C, lanes 5-7 and D, right panel).

In order to mimic the p53 dysfunction in PC-3 cancer cells, 
10 µM PFT-α were used to inactivate p53 in normal RWPE-1 cells 
prior to 75 mGy LDIR, and the expression of ATM and p21 was 
measured by western blot analysis. Compared with the non-irradi-
ated group, the expression of ATM was found to be significantly 
increased 2.13-, 2.14- and 1.8-fold at 2, 4 and 8 h post-LDIR, 
respectively (Fig. 4C, lanes 2-8 and 8-10 and D, left panel; P<0.05). 
Of note, RWPE-1 cells exhibited a significant upregulation of 
p21 (1.74-, 1.88- and 1.55-fold at 2, 4 and 8 h post-LDIR, respec-
tively) compared with cells that were only exposed to 75 mGy 
LDIR (Fig. 4C, lane 5-7 and 8-10 and D, right panel) (P<0.05).

ATM inhibitors restore proliferation of PC-3 cells. To further 
investigate the role of the ATM/p21 pathway in LDIR-induced 
changes in cell proliferation, caffeine was used to block the 
function of ATM. Following inhibition of ATM with caffeine, 
the proliferation of PC-3 cells and PFT-α-treated RWPE-1 cells 

Figure 1. Low-dose ionizing radiation (LDIR) induces differential responses in PC-3 and RWPE-1 cells. (A) The cells were irradiated with 20, 50, 75 and 
100 mGy LDIR, and cell growth was determined by WST-1 at 24 h post-LDIR. PC-3 cells exhibited decreased growth after 50, 75 and 100 mGy of LDIR, 
whereas 75 mGy exerted the most prominent inhibitory effect; however, none of the four doses of LDIR affected the growth of normal prostate RWPE-1 cells. 
**P<0.01. (B) The growth of PC-3 and RWPE-1 cells after 75 mGy LDIR was recorded, and cell proliferation was determined by WST-1 at 12, 24, 48 and 72 h 
post-LDIR. (a) PC-3 cells exhibited significantly decreased proliferation at 24, 48 and 72 h post-LDIR. (b) RWPE-1 cells exhibited no change in proliferation 
after 75 mGy LDIR. **P<0.01.
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Figure 3. Low-dose ionizing radiation (LDIR) does not affect the expression of p53/p-p53 in RWPE-1 cells. (A) Western blotting. Cells were irradiated by 
75 mGy LDIR and total protein was extracted at 2, 4 and 8 h post-LDIR. The expression of p53 and p-p53 was determined by western blotting. Representative 
blots of 3 experiments are shown. (B) Quantification of blots via measuring the relative band density.

Figure 2. Low-dose ionizing radiation (LDIR) induces S and G2/M phase arrest in PC-3 cells. (A) Cell cycle distribution of PC-3 cells. Following LDIR, cell 
distribution was determined by flow cytometry at 24 h post-LDIR. (a) Sham-irradiated PC-3 cells; (b) 75 mGy-irradiated PC-3 cells. (B) Cell cycle distribution 
of RWPE-1 cells. (a) Sham-irradiated RWPE-1 cells; (b) 75 mGy-irradiated RWPE-1 cells. (C) Mean percentage of cells in each cell cycle phase. **P<0.01.
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was measured at 24 h post-LDIR. We found that, after caffeine 
treatment, the proliferation inhibition in PC-3 cells as well as in 
p53-inactivated RWPE-1 cells was abolished (P<0.05; Fig. 5A), 
and the expression of p21 was restored to a level similar to that 
in the sham irradiation group (Fig. 5B and C). Taken together, 
these data suggest the involvement of the ATM/p21 pathway in 
the differential LDIR-induced biological effect in normal and 
p53null prostate cancer cells (Fig. 5D).

Discussion

Different doses of radiation may exert distinct biological effects 
on normal and cancer cells. HDIR induces cell cycle arrest and 

cell apoptosis, and it is commonly utilized in clinical practice 
for killing tumor cells. However, LDIR has a different biological 
function compared with HDIR. Doses of 75 and 50 mGy are the 
LDIR doses most frequently used in our laboratory to demon-
strate the proliferation characteristics of several normal and 
tumor cell lines (5,6,18). The majority of these tested normal 
cell lines exhibit increased cell proliferation and S phase cell 
population, while this response is not observed in cancer cell 
lines. However, as is well-known, tumor cells are heterogeneous, 
and commonly harbor gene mutations. Therefore, determination 
of the differential LDIR response among diverse types of tumor 
cells may be of interest, and may be proven useful for individu-
alizing radiotherapy. Since p53 gene mutations or deletions are 

Figure 4. Low-dose ionizing radiation (LDIR) activates the ataxia-telangiectasia mutated (ATM)-p21 pathway in PC-3 cells. (A) ATM/p21 pathway in PC-3 
cells. PC-3 cells were irradiated by 75 mGy LDIR and total protein was extracted at 2, 4 and 8 h post-LDIR. The activity of ATM and p21 was determined by 
western blotting. Representative blots of 3 experiments are shown. (B) Quantification of blots via measuring the relative band density of ATM and p21 in PC-3 
cells. **P<0.01. (C) ATM/p21 pathway in RWPE-1 cells. Normal RWPE-1 cells and p53-inactivated RWPE-1 cells were irradiated with 75 mGy LDIR and total 
protein was extracted at 2, 4 and 8 h post-LDIR. The activity of ATM and p21 was determined by western blotting. Representative blots of 3 experiments are 
shown. (D) Quantification of blots via measuring the relative band density of ATM and p21 in RWPE-1 cells. **P<0.01. PFT-α, pifithrin-α.



LI et al:  DIFFERENTIAL RESPONSE OF NORMAL AND CANCEROUS PROSTATE CELLS TO LDIR 553

common in tumor cells, in the present study a p53null type prostate 
tumor cell line (PC-3) and a normal prostate cell line (RWPE-1) 
were selected as the investigation model. First, changes in cell 
proliferation after LDIR were investigated. PC-3 cells exhibited 
radiation sensitivity to 20-100 mGy LDIR at a dose rate of 
12.5 mGy/min, but RWPE-1 cells did not respond to this dose. 
This is the first time it was demonstrated that 75 mGy LDIR 
inhibits tumor cell proliferation in our laboratory. It remains 
unknown whether this is a general characteristic for all p53null 
type tumor cells, and more cell types must be investigated for 
confirmation.

The molecular mechanisms leading to different biological 
responses between normal and cancer cells are of particular 
interest. ATM acts upstream of several signal transduction 
pathways initiated by ionizing radiation, such as the Akt (12), 
ERK (13) and p53 pathways (19). Xie et al recently demon-
strated that infiltrating mast cells may alter the sensitivity of 
prostate cancer to chemotherapy and radiotherapy via modu-
lating p38̸p53/p21 signaling and ATM phosphorylation (20). 

Huang et al reported that extremely low-frequency electro-
magnetic fields inhibit HaCat cell proliferation and lead to a 
G1 phase arrest through the activation of the ATM-Chk2-p21 
pathway (21). In the present study, we also demonstrated 
an intrinsic correlation between the LDIR-activated 
ATM-p53-p21 pathway and inhibition of cell proliferation. 
We found that, although 75 mGy LDIR activated ATM in 
p53null type PC-3 cells as well as in normal RWPE-1 cells, 
it only activated p21 and inhibited cell proliferation in PC-3 
cells. We hypothesized that p53 blocks LDIR-induced cell 
signaling, as p53 acts as a DNA damage repairer and cell cycle 
arrester (22). Therefore, the expression of p53 and p-p53 was 
investigated in RWPE-1 cells. No change in p53 and p-p53 
expression was observed in RWPE-1 cells at 2, 4 and 8 h post-
LDIR. However, the possibility that p53 is not involved in this 
process could not be excluded. Using inhibitors to inactivate 
p53 in RWPE-1 cells, we observed that LDIR induced p21 
upregulation and cell proliferation inhibition, although the 
ATM upregulation remained unchanged. This is in consistent 

Figure 5. Ataxia-telangiectasia mutated (ATM) inhibitor abolishes the low-dose ionizing radiation (LDIR)-induced proliferation inhibition in PC-3 cells. 
(A) Cell growth following treatment with inhibitors. PC-3 cells as well as p53-inactivated RWPE-1 cells were treated with 5 mM caffeine (Caf) 2 h prior to irra-
diation by 75 mGy LDIR. Cell growth was determined by WST-1 at 24 h post-LDIR. (a) Caffeine, an ATM inhibitor, abolished the LDIR-induced proliferation 
inhibition in PC-3 cells. (b) Caffeine also abolished the LDIR-induced proliferation inhibition in p53-inactivated RWPE-1 cells. (B) p21 expression following 
treatment with inhibitors. PC-3 and RWPE-1 cells were treated as described above. The activity of p21 was determined by western blotting at 4 h post-LDIR. 
Representative blots of 3 experiments are shown. (C) Quantification of blots via measuring the relative band density of p21. **P<0.01; NS, not significant. 
(D) Putative mechanism underlying the differential biological effect following LDIR in normal RWPE-1 cells and prostate cancer cells. PFT-α, pifithrin-α.
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with the findings in PC-3 cells. When the function of ATM 
was blocked, the LDIR-induced p21 overexpression and cell 
proliferation inhibition were abolished in both PC-3 and 
RWPE-1 cells.

p21 is a transcriptional target of p53, which induces cell 
cycle arrest through its function as a cyclin-dependent kinase 
inhibitor (23,24). However, in our LDIR model, following p53 
inactivation, the expression of p21 increased significantly. 
Therefore, we hypothesized that there is a p53-independent 
ATM/p21 pathway in p53null prostate cancer cells, which may 
be activated by LDIR and directly lead to cell cycle arrest and 
proliferation inhibition (Fig. 5D, right model). By contrast, in 
normal cells with wild-type p53, the classical ATM-p53-p21 
pathway is a dominant irradiation response pathway (25). The 
difference in our model was that the radiation dose was insuffi-
cient for stimulating overexpression and phosphorylation of p53. 
However, although the p53/p-p53 ratio did not change, they play 
a key role in the feedback regulation of p21 (26), as well as the 
maintenance of the stability of mitosis. After p53 is blocked in 
normal cells, the ATM/p21 pathway may be activated by LDIR, 
to a similar extent as in PC-3 cells (Fig. 5D, left model). The 
effect of HDIR on the ATM/p21 pathway was also investigated. 
When the irradiation dose was increased to 2 Gy or higher, the 
expression of p53 in RWPE-1 cells markedly increased (data 
not shown). Unlike the interaction between ATM and p21 in 
LDIR, when cells were exposed to HDIR, the classical ATM, 
p53 and p21 crosstalk was proven to be the dominant response 
pathway when cells were exposed to HDIR, as previously 
reported (25,27). Of note, it remains unknown whether ATM 
directly activates p21 in this LDIR model, or whether there are 
other intermediate factors, such as Chk2 (21,28); further investi-
gation is required to address this issue.
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