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ABSTRACT

The role of the retinoblastoma gene product, RB, in transmitting the
signals of apoptosis is unclear, but RB is considered to he antiapoptotic
because RB mediates cell cycle arrest that also can interrupt intracellular
signaling pathways leading to apoptosis. y-Radiation can cause apoptosis,

the process of programmed cell death, via several mechanisms including
DNA damage, ceramide production, and the generation of free radical
oxygen species. We investigated the effect of RB on radiation-induced
apoptosis by restoring normal RB expression in 1)1-145 prostate cancer
cells that have one deleted and one truncated KlÃ¬gene. DU-145 cells are

highly resistant to apoptosis induced either by radiation or by the addition
of ceramide. Two independently derived RB-positive IK -1-15 derivative

cell lines underwent apoptosis after irradiation or exposure to the cell
permeable C2-ceramide. Apoptosis in the RB-positive cell lines was not

associated with major changes in the cell cycle response to irradiation.
RB-mediated apoptosis occurred in the absence of expression of caspases
8, 6, 3, and 7 and without detectable cleavage of poly(ADP)ribose polym-
erase. However, a specific inhibitor of serine proteases, Na-p-Tosyl-i.-
lysyl- chloromethyl ketone, inhibited radiation-induced apoptosis in 1)1 -
145 cells expressing RB. Radiation-induced apoptosis was preceded by an
increase in .11'N protein expression and accompanied by activation of the

stress-related .11 N kinase. Our data show that RB is proapoptotic in
DU-145 cells and acts upstream of JUN expression and JNK activation.

INTRODUCTION

Apoptosis, the process of programmed cell death, can be initiated at
the cell surface by activation of death signals that are transmitted to
both the cytoplasm and the nucleus to induce proteolysis and DNA
fragmentation (1, 2). y-Radiation induces apoptosis in some cells in

part by stimulating the production of ceramide at the cell surface
(reviewed in Ref. 3), and also by DNA damage and by the generation
of reactive oxygen species (4). Because one of the ways y-radiation

and chemotherapy kill cancer cells is by inducing apoptosis, failure to
undergo apoptosis may contribute to the resistance of cancer cells to
these therapeutic modalities (5-8). Oncogenes are involved in many

of the pathways that transmit apoptosis signals within the cell. There
fore, oncogene mutations may disrupt the signaling pathways that lead
to cell death.

The RB gene is a tumor suppressor gene that encodes a Afr 105,000
protein which regulates cell cycle progression by interaction with
cycle-dependent kinases and binding to transcription factors (9). In

addition to its role in cell cycle progression. RB may be involved in
regulation of apoptosis (10, 11). During apoptosis in human leukemia
cells with normal RB protein, RB is dephosphorylated and may be
specifically cleaved by caspases (12, 13). Depletion of RB by anti-
sense also resulted in cell death, whereas restoration of a wild-type RB
gene protected against apoptosis (10, 11, 14, 15). These results sug-
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gest that loss of the RB gene may favor the induction of apoptosis by
removing the control that the RB gene product exerts on the cell cycle.
In human prostate cancer, up to 40% of specimens have loss of
heterozygosity of chromosome 13q in a region that includes the RB
gene (16). Disruption of RB mRNA has been clearly shown in about
10% of prostate cancer specimens (17). Surprisingly, we had found
that the DU-145 prostate cancer cell line, which has a biallelic

disruption of RB (18), is res:stant to induction of apoptosis by radia
tion. In this report, we examined further the role of RB on apoptosis
in DU-145 cells.

MATERIALS AND METHODS

Cell Culture. DU-145 prostate cancer cells were originally obtained from
American Type Culture Collection (Manassas. VA: 19). DU-145 cells, called
B5. were infected with a retrovir.il vector expressing wild-type RB and control
cells (ransfected with a luciferase gene construct. DU-lux. were derived by

Bookstein et al. (18) and desctibed in 1990. These cells were a gift from
Robert Bookstein, Canji Corporation. San Diego, CA. DU-1.1 and DU-2.6
cells were derived in our lab by iransfection of DU-145 cells with a pSV2neo

vector containing wild type RB, obtained from Mark Danielsen. Georgetown
University, Washington, DC. Tru control cell line DU-145-V was transfected
with pSV2neo alone. Cells w<re cultured and exposed to y-radiation in

improved minimal essential medium conlaining 5% fetal bovine serum. Cells
were irradiated with a JL Shepherd Mark I Irradiator. Cell cycle analysis was
performed on propidium-iodidi.--stained cells with a Becton Dickinson

FACStar Plus flow cytometer.
Apoptosis Assays. Cells wen fixed with 10% neutral buffered formalin for

10 min. washed with PBS (pHT.4), and plated onto slides. ISEL' for DNA

fragmentation with Klenow DN \ (Boehringer Mannheim. Indianapolis, IN)
polymerase is routinely used in o ir lab and has been described previously (20).
Parallel preliminary experiments were conducted to compare staining with
Hoechst dye 33342 (21) and calcein (22) to detect apoptotic DU-145 cells. In

each case, results of preliminary experiments with these reagents were similar
to results with the ISEL method. We. therefore, selected ISEL and have used
it throughout this work. A mini-num of 300 cells for each data point were
counted to determine the fraction of cells staining. Apoptosis inhibitory pep-
tides: YVAD-cmk was purchased from Bachern Bioscience (King of Prussia,
PA); 7,-VAD-fmk was purchased from Enzyme Systems Products (Livermore,

Ã‡A);TLCK was purchased frorr Sigma Chemical Co. (St. Louis. MO).
Caspase 3 Fluorescence Assay. Caspase 3 activity was assayed fluorometri-

cally using Apopain/CPP32 Fluon metric Substrate (Upstate Biotechnology. Inc..
Lake Placid. NY). Cells ( IO7)were placed in lysis buffer ( 100 mM HEPES. pH 7.5,

10% sucrose, 0.1% 3-[(3-cholamidopropyl)dimethylammoniol-l-propanesullbn-

ate, 1 mM PMSF. 10 /Â¿g/mlpepsutin. 10 /xg/ml leupeptin. and I mM EDTA) on
ice for 30 min. Lysates were centrifuged (10,000 x g, 15 min, 4Â°C),and

supernatants were stored at â€”¿�HOT: Cell lysates (50 /xg protein) were incubated in
the above lysis buffer for 1 h at !Â¡7Â°Cwith 50 Â¡J.Mapopain/cpp32 tluorometric

substrate in a total volume of 0.5 ITI. Samples were then read on a Hitachi F-4500

Speclrophotometer (Hitachi Instruments. Inc.. Naperville. IL) at an excitation/
emission wavelength of 360/460 n n.

Western Blotting. Cells were lysed in 20 mm Tris pHS.O, 1% Triton
X-100. 10% glycerol, 137 mM NaCl, 1.5 mM MgCI2. 1 mM EDTA, 50 mM NaF,
1 mM Na,VO4. and 1 mM PMSF at 4Â°Cfor 30 min and clarified by centrifu-

1The abbreviations used are: ISEL, in situ end labeling; PARP. poly(ADP)ribose

polymerase: YVAD-cmk. N-Acetyl-Tvr-Val-Ala-Asp-chloromethylketone: /-VAD-fmk.
z-Val-Ala-Asp(OMe)-CH2F; TLCK. Na-p-Tosyl-L-lysyl- chloromethyl ketone: HEPES,
4(-2-hydroxyethyl)-l-pipera/ineethanesulfonic acid; PMSF. phenylmethylsulfonyl fluo

ride.
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Fig. 1. Radiation-induced apoptosis of TSU-Prl and DU-145 cells assayed by ISEL

72 h after exposure to different doses of X-irradiation. Data are the mean of two

experiments with SDs.

gation. Protein content was assayed using DC protein assay (Bio-Rad Labora
tories, Hercules, CA). Equal amounts of protein within a 20-40 ng range were
electrophoresed on 8-10% Tris-glycine gradient gel or 12% SDS polyacryl-

amide gel. Proteins were electrotransferred to nitrocellulose membranes which
were incubated sequentially with 5% dry milk overnight, representative pri
mary antibody for 2 h, and 1:5000 horse radish peroxidase-conjugated sec

ondary antibody (Pierce Chemical Co., Rockford, IL) for 1 h. Bands were
revealed by enhanced chemiluminescence using Supersignal substrate (Pierce
Chemical Co.). Anti-PARP monoclonal antibody C2-10 (Enzyme Systems,
Dublin, CA) was used at a dilution of 1/10,000. Anti-RB monoclonal antibody
G3-245 (PharMingen, San Diego, CA) was used at a dilution of 1/1000. Rabbit

antisera to caspases 3.6, 7, and 8 were a gift from Kristine Kikkly (SmithKline
Beecham, King of Prussia, PA). The antisera were used at a dilution of 1/1000.
Anti-c-Jun polyclonal antibody (New England Biolabs, Beverly, MA) and
anti-JNKl polyclonal antibody C-17 (Santa Cruz Biotechnology, Inc., Santa

Cruz, CA) were used at 1/1000.
JUN Kinase Assay. Cells were lysed in 1% Triton X-100, 20 mM HEPES

pH7.4, 1 mM DTT, 30 mM sodium PPh 50 mM NaF, 2 mM EDTA, 1 mM
Na3VO4 0.1 mM PMSF, 5 /ng/ml aprotinin, 5 jxg/ml leupeptin for 30 min on
ice. Lysates were centrifuged at 13,000 X g for 15 min at 4Â°C.Anti-JUN
kinase antibody (5 fil) was then added, and lysates were incubated 2 h at 4Â°C

with rocking. A 50% suspension of protein A-Sepharose beads (40 /j.1;Pierce

Chemical Co.) were then added, and incubation continued for an additional 1 h.
The beads were collected by centrifugation, washed three times in lysis buffer
and twice in 20 mM HEPES pH7.4 containing 1 mM DTT, resuspended in 20
fil 20 HIMHEPES pH7.4, 10 mM MgCl2, 50 JUMATP, 3.5 /ig GST-cJun-79,
and 5000 dpm/pmol y-32[P]-ATP (Amersham Corporation, Arlington, IL), and
incubated 30 min at 30Â°C.The reaction was stopped by the addition 10 /Â¿I

5 X concentrated sample buffer. Samples were boiled 5 min and electrophoresed
on 8-16% Tris-glycine gradient gel.

RESULTS

In the course of studying apoptosis in prostate cancer cell lines, we
observed that DU-145 cells were relatively resistant to radiation-
induced apoptosis. This is shown in Fig. 1 where apoptosis of DU-145
cells and TSU-Prl cells, another prostate cancer cell line used for

comparison as a positive control, was measured at 48 h after exposure
to different doses of y-radiation. The 48-h time point shows degrees

of cell death that are representative for the two cell lines. Virtually, no
ISEL staining of TSU-Prl cells was seen before 24 h after irradiation.
By 96 h after irradiation the TSU-Pr-1 cells were largely detached

from the culture dish. In contrast, we never observed more than
10-15% ISEL staining of DU-145 cells either at earlier time points or

A. B.

Fig. 2. A, expression of RB in DU-145 and

derivative cell lines determined by Western blot
analysis. Low levels of truncated RB protein are
seen in DU-145, Du-lux, and DU-145-V cells. Ex
pression of RB similar to that in TSU-Prl cells with
wild-type RB is seen in B5 and DU-1.1 cells, ÃŸ,

apoptosis, as measured by ISEL, in different cell
lines after 8 Gy irradiation at 36 h and 72 h. Data
are the mean of two experiments with SDs. C,
photomicrographs of individual B5 and DU-1.1

cells, one cell in each panel. 48 h after exposure to
8 Gy irradiation. Cells were stained with Hoechst
dye and observed by fluorescence microscopy.
Original magnification was 400 X. Digital images
were recorded directly by a digital camera. D, ap
optosis 48 h after addition of 20 mM C2-ceramide
added as a 4 mg/ml BSA complex. Twenty-four
hours before addition of C2-ceramide medium was
changed to serum-free improved minimal essential
medium because apoptosis was not seen in the
presence of serum-containing media. Background

levels of ISEL staining of untreated cells was less
than 1%. Data are the mean of two experiments
with SDs.
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Fig. 3. A. fluorescence-activated cell sorter profiles of DU-145, DU-lux, and B5 cells al various time points after exposure to 8 G> irradiation. Cells were irradiated and stained with

propidium iodide for DNA content and cell sorter analysis at different times after irradiation. Computer-generated areas under the cui ve for different phases of the cell cycle are shown
in each panel. B. summary of cell cycle distributions of DU-145. DU-lux. and B5 cells at different times after exposure to 8 Gy irrailiation. Numbers in boxes are percentages of total
cells in each cell cycle compartment.

up to 96 h after irradiation. DU-145 cells irradiated with 8 Gy

maintained attachment to the culture dish for up to 2 weeks.
Apoptosis in DU-145 Cells Transfected with RB. To investigate

the role that the absence of normal RB protein might play in the
resistance to apoptosis of DU-145 cells, we studied the previously

described B5 cells (18). To be sure that our observations did not
depend on the response of a single cell line, we independently
derived DU-145 cells transfected with RB. Approximately 100
transfected, G418-resistant clones were tested by Western blotting
for RB expression. Two clones, DU-1.1 and DU-2.6, were found to

have elevated expression of RB. The expression of RB protein in
DU-145 and /fÃŸ-transfected cell lines is shown in Fig. 2/4. B5 and
DU-1.1 had the highest levels of RB expression among the cell

lines. A small amount of truncated RB protein was found in
DU-145 and DU-145-V control transfected cells. DU-1.1 cells

grew well in culture and maintained RB expression through 10
passages, but expression generally decreased by passage 13 (data
not shown). All experiments were performed with early passage B5
and DU-1.1 cells that were routinely checked for RB expression by

Western blotting.

In response to 8 Gy irradie tion, B5 and DU-1.1 cells underwent

marked apoptosis at 72 h, comparable with the degree of apoptosis
seen in TSU-Prl cells. A lower magnitude of cell death, but still

greater than parental cells or control transfected cells, was seen in
DU-2.6 cells, a transfected line with lower levels of RB expression
than DU-1.1 cells (Fig. 2B). Additional confirmation that 8 Gy irra
diation induced apoptosis in B5 and DU-1.1 cells was obtained by

Hoechst dye 33342 staining 41 h after irradiation (Fig. 2C). Hoechst
dye staining scored nearly the same fraction of apoptotic cells as the
ISEL assay. Late passage B5 and DU-1.1 cells that had lost RB

expression no longer underwent apoptosis in response to irradiation,
confirming that RB expression, not other mutations that occurred
during clonal selection, was critical for the induction of apoptosis.

Gamma irradiation causes DNA damage that can trigger apoptosis,
and irradiation also activates neutral and acidic sphingomyelinases
that generate ceramide, a pote:it mediator of apoptosis (23-26). Ex
ogenous cell-permeable cerami Je analogues can also induce apoptosis
in cultured cells (27). To determine whether the sensitivity of DU-145
cells to ceramide-induced apoptosis required RB we exposed cells to
the cell-permeable C2-ceramide. Treatment with the cell permeable
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and DU-1.1 cells by protease inhibitors. For each cell line, YVAD-cmk, z-VAD-fmk, or TLCK were added at 100 IHMat the time of 8 Gy exposure. Apoptosis was measured by both
ISEL staining and Hoechst dye staining at 72 h. Results for each cell type are expressed relative to the number of apoptotic cells in the absence of protease inhibitors.
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A. B.

Fig. 5. A, JUN expression in cell lines deter
mined by Western blot at different times after ex
posure to 8 Gy irradiation. B, JNK activity in cells
after exposure to 8 Gy. Activity was determined by
an immunoprecipitation/kinase assay with GST-
tagged JUN protein as substrate and anti-GST an

tibody for immunoprecipitation. Control lanes con
tain immunoprecipitations performed in the
absence of cell extracts (top lefi), in the absence of
antibody, and in the absence of substrate (bottom
left). For comparison, JNK activity in TSU-Prl

cells treated with okadaic acid for 72 h was also
determined.
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C2-ceramide analogue induced substantially more apoptosis in both
B5 and DU-1.1 cells than in RB-deficient cells (Fig. ID).

To determine whether the induction of apoptosis in B5 cells cor
related with differences in cell cycle response to irradiation, we
analyzed cell cycle distribution at several time points after exposure to
8 Gy irradiation (Fig. 3). All three cell lines tested responded to 8 Gy
irradiation with a G2-M block at 24 h. DU-145 and DU-lux control

cells had G, blocks at 48 h that resulted from decreased fractions of
cells in S phase. In B5 cells, the G, block was not seen until 72 h and
the G2-M block was released at 48 h, as shown by the decrease in the
fraction of cells in G2-M. Because we observed differences in the

degree of apoptosis between the cell lines as early as 36 h, it is
unlikely that cell cycle control played a major role in the differences
in apoptosis we observed between the cells. Moreover, at 72 h, the
three cell lines had similar cell cycle distributions.

( 'aspase and Serine Protease Activation in B5 and DU-1.1 Cells.

The final common proteolytic pathway of apoptosis in many cells
involves activation of cysteine proteases called caspases. Cysteine
proteases are sequentially activated by cleavage at aspartic acid res
idues to generate active proteases from inactive precursors (28). Two
caspase effector molecules in apoptosis are caspases 3 and 7, which
cleave cellular proteins such as PARP (29-32). One pathway for

activation of caspases 3 and 7 is via caspase 6, that itself is a target of
caspase 8, a component of the cell-surface death receptor-associated

death inducing signaling complex (28). Surprisingly, we were unable
to demonstrate the presence of caspases 8, 6, 3, and 7 by Western
blotting in DU-145, DU-lux, or B5 cells up to 72 h after exposure to

8 Gy (Fig. 4A). Moreover, except for a very small signal seen at the
72-h time point of DU-lux cells, there was no detectable PARP

cleavage during apoptosis in these cells, suggesting that apoptosis in
these cells proceeded via a predominant alternative pathway. The
absence of caspase 3 activation in irradiated B5 and DU-1.1 cells was

confirmed by a fluorometric assay for caspase 3 activity. Both B5 and
DU-1.1 cells contained no activated caspase 3 after radiation. How

ever, both cell lines had the capacity to activate caspase 3 as demon
strated after treatment with okadaic acid (Fig. 4ÃŸ).Expression of
caspase 3 was induced 48 h after exposure of DU-145 cells to okadaic

acid. A low level of activated caspase 3 pl7 was seen at 72 h after
okadaic acid treatment.

Cleavage of PARP into caspase-specific cleavage products of Mr

89,000 and M, 24,000 was seen as early at 24 h after addition of
okadaic acid to DU-145 cells (Fig. 4Q. Therefore, it seemed that
DU-145 cells were able to activate caspase 3 and generate PARP

cleavage products in response to some death stimuli, but not in
response to irradiation, regardless of the presence of functional RB. In
contrast to our findings with DU-145 cells and derivative B5 and

DU-1.1 clones, irradiation cf TSU-Prl cells resulted in caspase 3

activation and PARP cleavage within 48 h (Fig. 4C).
To demonstrate that radiation-induced apoptosis mediated by RB

activated an alternative proteolytic pathway in B5 and DU-1.1 cells,
we examined the effects of YVAD-cmk, a caspase 1 inhibitor; z-
VAD-fmk, a pan-caspase inhibitor; and TLCK, a serine protease
inhibitor. An alternative trypsin-like proteolytic pathway has been

described in hepatocytes and hepatoma cells and may substitute for
caspase activation in apoptosis (33-36). This pathway is inhibited by

the specific trypsin inhibitor TLCK. We observed that TLCK blocked
radiation-induced apoptosis assayed by either ISEL or Hoechst dye
staining at 72 h after 8 Gy ii radiation in both DU-1.1 and B5 cells,

suggesting that this alternative pathway is active in these cells (Fig.
4D). YVAD-cmk had no inhibitory effect on radiation-induced apop
tosis in B5 and DU-1.1 cells. Interestingly, the pan-caspase inhibitor
z-VAD-fmk inhibited DNA end-labeling, but not nuclear morpholog

ical changes after 8 Gy irradiation, suggesting that other caspases
were activated in B5 and DU-1.1 cells that eventually activated

apoptotic nucleases.
Activation of JUN Phosphorylation and JNK Activity after

Irradiation. We also wanted to characterize downstream events in
radiation-induced apoptosis that was mediated by RB. Cell stress and
apoptosis are often accompanied by activation of stress-activated

protein kinase, also known as JNK, which phosphorylates the amino
terminus of the nuclear transe ription factor JUN and thereby stimu
lates transcription of genes irrportant for apoptosis (37). We assayed
JUN expression and the activity of JNK, which is known to be
activated in many cells by y-ridiation (38, 39) and by ceramide (40).
In DU-145 and DU-lux cells without functional RB. JUN expression
decreased markedly 24 h after radiation. In contrast, in DU-145 cells

expressing RB, levels of JUN protein increased at 24 h after radiation,
decreased at 48 h, and then increased again at 72 h implying that JUN
expression was increasing betÃ¶re the time of and during active cell
death (Fig. 5A). We also assayed JNK activity using an exogenous
substrate so that the activity was independent of endogenous JUN
protein. JNK activity was noi altered in DU-145 and DU-lux cells
after 8 Gy irradiation. However, in B5 and DU-1.1 cells, JNK activity

was elevated at 72 h after irradiation (Fig. 5ÃŸ),demonstrating that
both JUN expression and its phosphorylation were regulated by the
presence of wild-type RB and suggesting that RB is upstream of both

JNK activation and JUN expression.

DISCUSSION

Our data define a role foi RB in mediating radiation-induced
apoptosis. In RB-deficient prostate cancer cells, restoration of wild-
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type RB facilitated rather than inhibited apoptosis. Thus, our results
suggest that RB plays a proapoptotic role in some cells. Similarly, a
deficiency of RB in U937 cells renders these p53-null cells resistant
to apoptosis induced by serum withdrawal, calphostin C, and ceram-
ide (41). In contrast, it has been shown previously that apoptosis of
cells that are deficient in RB protein is inhibited after restoration of a
wild-type RB gene (10, 11, 14, 15). Moreover, it has been suggested

that RB may be a target for proteolysis by caspases (13), to abolish the
control that RB exerts on the cell cycle. RB-mediated apoptosis in
DU-1.1 and B5 cells was characterized by serine protease activation,

an alternate apoptosis pathway.
RB protein activity is regulated by phosphorylation. In cells where

RB is a target of caspase degradation during apoptosis, RB is usually
dephosphorylated during apoptosis before it undergoes caspase cleav
age (II).4 However, RB dephosphorylation is not required for apop

tosis because okadaic acid-induced apoptosis of hepatoma cells was
accompanied by sustained RB phosphorylation (11). Neither degra
dation or dephosphorylation of RB was observed during apoptosis of
DU-145 cells. RB dephosphorylation was detected in okadaic acid-
induced apoptosis of TSU-Prl cells."1The role of phosphorylation of

RB in apoptosis remains to be elucidated. However, mediation of
apoptosis by RB may involve the ABL tyrosine kinase because RB
binds to ABL, which has also been shown to mediate radiation-

induced apoptosis (42, 43).
Accumulation of ceramide in many cell types with delayed

kinetics has been implicated as a stress response that drives the cell
to either undergo apoptosis or cell cycle arrest (25). Previous
studies demonstrated that ceramide induced dephosphorylation of
RB and that RB is a downstream target for a ceramide-dependent

pathway of growth arrest (44). Our results indicate that RB might
also be an important contributory factor in ceramide-mediated

apoptosis in prostate cancer cells. However, in sharp contrast to
our results, McConkey et al. (41) found that RB suppressed cer-
amide-induced apoptosis in human bladder tumor cells. Exposure
of the RB-null parental cell line to a cell permeable ceramide
analogue resulted in apoptosis, whereas RB-positive clones dem

onstrated suppression of DNA fragmentation in response to cer
amide. The explanation for these differences are not clear but may
be due to the use of different cell types or to the known opposing
roles that RB has in apoptosis (45).

We also note that there is a report in the literature that DU-145
cells are highly susceptible to radiation-induced DNA fragmenta

tion (46). In fact, when we saw this we were prompted immediately
to confirm the identity of all four human prostate cancer cell lines
routinely maintained in our lab and found, by DNA finger printing,
that the cultured cells were identical to stock frozen cultured cells
introduced into the lab in 1985. Moreover, because DU-145 cells
are the only one of the four cell lines (PC-3, LNCaP, and TSU-Prl,
being the others) to have inactivated RB, as do our DU-145 cells,
we were confident that we are working with bona fide DU-145
cells. It is also noteworthy that DU-145 cells have mutations of
both p53 alÃeles(47, 48). The lack of normal P53 function implies
that p21clp/waf,a cyclin-dependent kinase inhibitor, may not be

expressed at optimal levels after exposure of cells to radiation.
Because p2r'lp/waf blocks RB phosphorylation and thereby leads to

cell cycle arrest, and phosphorylated RB persisted in DU-145 cells

after radiation, it seems that other mechanisms maintain RB in its
phosphorylated state (49, 50).
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