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essentially the same radiosensitivity. The im-
plication of this is that if the chromosomes are 
condensed during mitosis, all cell lines have the 
same radiosensitivity governed simply by DNA 
content; but in interphase, the radiosensitiv-
ity differs because of different conformations 
of the DNA. Another interesting observation 
comes from a comparison of the survival curves 
in Figure 3.8A with the DNA laddering in 
 Figure 3.8B.

mouse tumor cells (EMT6) as well as for six cell 
lines derived from human tumors.

Asynchronous EMT6 cells are the most ra-
dioresistant, followed closely by glioblastoma 
cells of human origin; thereafter, radiosensitiv-
ity increases, with two neuroblastoma cell lines 
being the most sensitive. Although asynchro-
nous cells show this wide range of sensitivi-
ties to radiation, it is a remarkable fi nding that 
mitotic cells from all of these cell lines have 

FIGURE 3.8  A: Compilation of sur-
vival curves for asynchronous cultures 
of several cell lines of human and ro-
dent origin. Note the wide range of ra-
diosensitivity (most notably the size of 
the shoulder) between mouse EMT6 
cells, the most resistant, and two neu-
roblastoma cell lines of human origin 
(the most sensitive). The cell survival 
curve for mitotic cells is very steep, and 
there is little difference in radiosensitiv-
ity for cell lines that are very different in 
asynchronous culture. (Data compiled 
by Dr. J.D. Chapman, Fox Chase Cancer 
Center, Philadelphia.) B: DNA purifi ed 
from various cell lines (survival curves 
shown in Fig. 3.8A) 18 hours after irra-
diation with 10 Gy and electrophoresed 
for 90 minutes at 6 V/cm. Note the broad 
variation in the amount of “laddering”—
which is characteristic of an apoptotic 
death. In this form of death, DSBs occur 
in the linker regions between nucleo-
somes, producing DNA fragments that 
are multiples of about 185 base pairs. 
Note that cell lines that show prominent 
laddering are radiosensitive. (Gel pre-
pared by Drs. S. Biade and J.D. Chapman, 
Fox Chase Cancer Center, Philadelphia.)
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Survival Curve Shape and Cell Cycle

n Asynchronous cells show a wide 
range of radiosensitivity

n Mitotic cells from all of the cell 
lines have essentially the same 
radiosensitivity

n Implication – radiosensitivity is 
governed by DNA content and 
conformation

Asynchronous cell

+++
++

+++
+++

++
+

Mitotic cells

(hence, position in cell cycle)



Radiosensitivity and the Cell Cycle

n Cells are most sensitive to radiation 
during mitosis (M phase) and post-
DNA synthesis/pre-mitosis (G2 
phase)

n Less sensitive during the 
preparatory period for DNA synthesis 
(G1 phase)

n Least sensitive (or most resistant) 
during DNA synthesis (S phase)

n During mitosis (M), the metaphase is 
the most sensitive 



The Big Picture

n The rest of the chapter 4 deals with the scientific 
methods of studying the variation of radiosensitivity with 
the position of the cell in the cell cycle (aka the age-
response); the effect of radiation qualities (i.e., high LET 
vs. low LET) on age-response

n Chapter 22 (part I) concerns the molecular control of cell 
cycle progression and checkpoint pathways



Studying the Cell Cycle

n Using conventional light microscope, the only event that can be 
identified is mitosis

n The remainder of the cell cycle can be further divided by using some 
marker of DNA synthesis

n The original technique was autoradiography, introduced by Howard 
and Pelc in 1953



Cell Labeling Techniques – 
Autoradiography 

Cells growing in monolayer
↓
3H-TdR  (low intracellular pools)
↓
3H-TdR incorporates into 
synthesized DNA
↓
Wash out excess 3H-TdR
↓
Fix, stain, photographic emulsion
↓
↓  ~1w - 1m.
Develop / Fix

Autoradiography – the specimen 
itself is the source of the radiation, 
which originates from radioactive 
material incorporated into it (i.e., 
“self-labeling”)

The area through which a b-particle 
has passed appears as a black spot  

[Methyl-3H] Thymidine
Emit b-particle
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are allowed to grow for some time after labeling 
with tritiated thymidine so that they move into 
mitosis before being fi xed, stained, and autora-
diographed, then a labeled mitotic cell may be 
observed (Fig. 4.3A).

The use of tritiated thymidine to identify cells 
in the DNA synthetic phase (S) has been replaced 
largely by the use of 5-bromodeoxyuridine, which 
differs from thymidine only by the substitution of 
a bromine atom for a methyl group. If this halo-
genated pyrimidine is fed to the cells, it is incor-
porated into DNA in place of thymidine, and its 
 presence can be detected by using an appropriate 
stain (see Fig. 4.3B). Cells that have incorporated 
bromodeoxyuridine appear darkly stained a bright 
purple color. To identify cells that are in S phase 
and have incorporated bromodeoxyuridine even 
more readily, one can use a fl uorochrome-tagged 

G2 G1

M
(Mitosis)

S
(DNA synthetic phase) 

FIGURE 4.1  The stages of the mitotic cycle for 
actively growing mammalian cells. M, mitosis; S, DNA 
 synthetic phase; G1 and G2, “gaps,” or periods of appar-
ent inactivity between the major discernible events in 
the cycle.

FIGURE 4.2  Cell-labeling techniques. Top panels: The principle of autoradiography, which may be applied to 
cells in culture growing as a monolayer on a glass microscope slide or to thin sections cut from a tumor or normal 
tissue. Cells in the DNA synthetic phase (S) take up tritiated thymidine. After the cells are fi xed and stained so that 
they are visible by light microscopy, they are covered with a layer of nuclear (photographic) emulsion and left for 
several weeks in a cool refrigerator. As !-particles from the tritiated thymidine pass through the emulsion, they 
form latent images that appear as black grains when the emulsion is subsequently developed and fi xed. If cells are 
stained and autoradiographed immediately after incorporation of the tritiated thymidine, cells that are labeled are 
in S phase (top middle panel). If staining and autoradiography are delayed for 6 to 8 hours after the pulse label, 
some cells may move from S to M, and labeled mitotic cells are observed (top right panel). The lengths of the vari-
ous phases of the cycle can be determined in this way. Bottom panels: The principle of cell cycle analysis using 
5-bromodeoxyuridine as the DNA precursor instead of radioactively labeled thymidine. The bromodeoxyuridine 
is incorporated into cells in S. It can be recognized by the use of a Giemsa stain (which is purple) or a monoclonal 
antibody to bromodeoxyuridine-substituted DNA. The antibody is tagged with a fl uorescing dye (e.g., fl uorescein), 
which shows up bright green under a fl uorescence microscope. If cells are stained immediately after labeling with 
bromodeoxyuridine, those staining darkly are in S phase (bottom middle panel). If staining is delayed for 6 to 
8 hours, cells incorporating bromodeoxyuridine may move from S to M, and a darkly staining mitotic cell is seen 
 (bottom right panel). (Courtesy of Dr. Charles Geard.)
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Autoradiography 

n Black spot is b-particle
n Observe/Count cells with black grains (DNA synthesis)
n ­ magnification, observe chromosomes
n Then lengths of the various phases of the cycle can be determined by 

varying the lengths of time cells are incubated with label before fixing  

S S

M
M



BrdU Labeling

n 5-bromodeoxyuridine replaces tritiated thymidine
n Likewise, it is incorporated into cells in S
n Can be recognized by the use of a Giemsa stain or a monoclononal 

antibody to BrdU-substituted DNA
n Advantages – no radioactivity, faster because no emulsion period needed

Fluorochrome-
tagged 
antibody
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Labeling of Chinese Hamster Ovary 
(CHO) Cells

Mitotic 

The cell was in S-phase when the culture was 
flash-labeled but moved to M phase before it was 
stained and autoradiographed



Labeling of CHO Cells 
BrdU Labeling

2nd generation mitotic 
cells
Only 1 chromoatid of each 
chromosome is stained 

1st generation mitotic cells
Both chromatids are stained  

1st generation 2nd generation



Conclusions from Cell Labeling Studies

n Cells synthesize DNA only in discrete phase of the cell cycle 
(called S)

n There is an interval between mitosis (M) and S where no DNA 
synthesis occurs à Gap 1 or G1

n There is another “gap” after DNA synthesis, before mitosis, 
called G2

n This MàG1àSàG2 occurs in all mammalian cells
n The lengths of times for these phases vary from one cell line 

to another



Length of Time in Phases of the Cell Cycle

Phase of cell 
cycle

CHO cells
(hours)

HeLa cells
(hours)

Tc 11 24
TM 1 1
TS 6 8
TG2 3 4
TG1 1 11

The difference in the total cell-cycle time between these two cell lines is accounted 
for almost entirely by the difference in the length of the G1 period



Mammalian Cell-Cycle Times

G1 phase
variable length

M phase
0.5-1 hrG2 phase

1-2 hrs

S phase
DNA synthesis

6-8 hrs

G0 quiescent

Crypt cells in mouse 9-10 hours
Stem cells in resting mouse skin 200 hours
Most human cells actively dividing 12-24 hours
Human tumors 48 hours (15-125 hours)

Tc – mitotic-cycle time (aka cell-cycle time)



Pulsed Flow Cytometry
n Conventional autoradiography give precise, meaningful answers, 

but are laborious and slow 
n Now largely replaced by pulsed flow cytometry which can count 

thousands of cells per second 

Fluorescent-stained cells

DNA content
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Synchronously vs. Asynchronous Dividing 
Cell Cultures
n Asynchronous cell culture consists of cells distributed 

throughout all phases of the cell cycle

CELL
  No.

DNA content

G1 -  S -  G2

Flow Cytometry Autoradiography
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Synchronized Cells

n Study of the variation of radiosensitivity with the position or 
age of the cell in the cell cycle requires synchronously 
dividing cell culture, i.e. populations of cells in which all 
of the cells occupy the same phase of the cell cycle at a 
given time 

n Approaches to synchronize
¨ Mitotic Harvest or Mitotic Shake-off
¨ Drugs to affect cell cycle progression 



Mitotic Harvest (Mitotic Shake-off)

n When cells are close to mitosis they round up and become loosely 
attached to the surface

n Works only for cells that grow in monolayer

Asynchronous culture

mitotic
interphase

Synchronous mitotic cells



Hydroxyurea (HU)
Hyroxyurea
1) Kills only cells in S phase
2) Blocks cells in G1

HU added – cells in G2, M and G1 accumulate 
at this block 

HU removed – synchronized cells moves on 
through the cycle 

Root tip of a Vicia seedling 
11 hours after synchrony 

was induced with HU
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the surface and fl oat in the medium. If this me-
dium is then removed from the culture vessel and 
plated out into new petri dishes, the population 
consists almost entirely of mitotic cells. Incuba-
tion of these cell cultures at 37° C then causes 
the cells to move together synchronously in step 
through their mitotic cycles. By delivering a dose 
of radiation at various times after the initial har-
vesting of mitotic cells, one can irradiate cells at 
various phases of the cell cycle.

An alternative method for synchronizing cells, 
which is applicable to cells in a tissue as well as 
cells grown in culture, involves the use of a drug. 
Several different substances may be used. One of 
the most widely applicable drugs is hydroxyurea. 
If this drug is added to a population of dividing 
cells, it has two effects on the cell population. 
First, all cells that are synthesizing DNA (S phase) 
take up the drug and are killed. Second, the drug 
imposes a block at the end of the G1 period; cells 
that occupy the G2, M, and G1 compartments 
when the drug is added progress through the cell 
cycle and accumulate at this block.

The dynamics of the action of hydroxyurea 
are illustrated in Figure 4.5. The drug is left 
in position for a period equal to the combined 
lengths of G2, M, and G1 for that particular cell 
line. By the end of the treatment period, all of 
the viable cells left in the population are situated 
in a narrow “window” at the end of G1, poised 
and ready to enter S phase. If the drug is then 
removed from the system, this synchronized 
cohort of cells proceeds through the cell cycle. 
For example, in hamster cells, 5 hours after the 
removal of the drug, the cohort of synchronized 
cells occupies a position late in the S phase. Some 
9 hours after the removal of the drug, the cohort 
of cells is at or close to mitosis.

Techniques involving one or another of a wide 
range of drugs have been used to produce syn-
chronously dividing cell populations in  culture, in 
organized tissues (in a limited number of cases), 

D-type cyclins act as growth factor sensors, with 
their expression depending more on the extracel-
lular cues than on the cell’s position in the cycle. 
Mitogenic stimulation governs both their synthe-
sis and complex formation with Cdk4 and Cdk6, 
and catalytic activity of the assembled complexes 
persists through the cycle as long as mitogenic 
stimulation continues. Cyclin E expression in 
proliferating cells is normally periodic and maxi-
mal at the G1/S transition, and throughout this 
interval, it enters into active complexes with its 
catalytic partner, Cdk2. Figure 4.4 illustrates this 
view of the cell cycle and its regulation. This is, 
in essence, an update of Figure 4.1 and is dis-
cussed in more detail in Chapter 18.

■  SYNCHRONOUSLY DIVIDING 
CELL CULTURES

In the discussion of survival curves in Chapter 3, 
the assumption was implicit that the popula-
tion of irradiated cells was asynchronous; that 
is, it consisted of cells distributed throughout all 
phases of the cell cycle. Study of the variation of 
radiosensitivity with the position or age of the 
cell in the cell cycle was made possible only by 
the development of techniques to produce syn-
chronously dividing cell cultures—populations 
of cells in which all of the cells occupy the same 
phase of the cell cycle at a given time.

There are essentially two techniques that 
have been used to produce a synchronously di-
viding cell population. The fi rst is the mitotic 
harvest technique, fi rst described by Terasima 
and Tolmach. This technique can be used only 
for cultures that grow in monolayers attached 
to the surface of the growth vessel. It exploits 
the fact that if such cells are close to mitosis, 
they round up and become loosely attached to 
the surface. If at this stage the growth medium 
over the cells is subjected to gentle motion (by 
 shaking), the mitotic cells become detached from 

FIGURE 4.5  Mode of action of hydroxy-
urea as an agent to induce synchrony. A: This 
drug kills cells in S phase and imposes a 
“block” at the end of the G1 phase. B: Cells in 
G2, M, and G1 accumulate at this block when 
the drug is added. C: If the block is removed, 
the synchronized cohort of cells moves on 
through the cycle.
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removal of the drug, the cohort of synchronized 
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their expression depending more on the extracel-
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The broken line in Figure 4.8 is the calculated 
survival curve that would be expected to apply for 
mitotic cells under conditions of hypoxia; that is, 
the slope is 2.5 times shallower than the solid line 
for mitotic cells, which applies to the aerated condi-
tion. This line is included in the fi gure to show that 
the range of sensitivity between the most sensitive 
cells (mitotic) and the most resistant cells (late S) 
is of the same order of magnitude as the oxygen 
effect (the oxygen effect is discussed in Chapter 6).

The experiments of Terasima and Tolmach 
with HeLa cells, in which a dose of 3 Gy was 
delivered to cultures at various intervals after 
mitotic harvesting of the cells, are shown in 
 Figure 4.9. From the beginning of S phase on-
ward, the pattern of sensitivity is very similar to 
that of hamster cells; the cells become progres-
sively more resistant as they proceed toward the 
latter part of S, and after the cells move from S 
into G2, their sensitivity increases rapidly as they 
approach mitosis. The important difference be-
tween HeLa and hamster cells is the length of 
the G1 phase. The G1 of HeLa cells is apprecia-
bly long, and there appears to be a fi ne structure 
in the age-response function during this period. 
At the beginning of G1, there is a peak of resis-
tance, followed by a sensitive trough toward the 
end of G1. This pattern cannot be distinguished 
in the hamster cell because G1 is too short.

and G2, and for cells in early and late S phase. It 
is at once evident that the most sensitive cells are 
those in M and G2, which are characterized by a 
survival curve that is steep and has no shoulder. 
At the other extreme, cells in the latter part of S 
phase exhibit a survival curve that is less steep, but 
the essential difference is that the survival curve 
has a very broad shoulder. The other phases of the 
cycle, such as G1 and early S, are intermediate in 
sensitivity between the two extremes.
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FIGURE 4.8  Cell survival curves for 
Chinese hamster cells at various stages of 
the cell cycle. The survival curve for cells 
in mitosis is steep and has no shoulder. 
The curve for cells late in S phase is shal-
lower and has a large initial shoulder. G1 
and early S phases are intermediate in 
sensitivity. The broken line is a calculated 
curve expected to apply to mitotic cells 
under hypoxia. (Adapted from Sinclair 
WK. Cyclic x-ray responses in mammalian 
cells in vitro. Radiat Res. 1968;33:620–643, 
with permission.)
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FIGURE 4.7  Fraction of Chinese hamster cells surviv-
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(Adapted from Sinclair WK, Morton RA. X-ray sensitivity 
during the cell generation cycle of  cultured Chinese ham-
ster cells. Radiat Res. 1966;29:450–474, with permission.)
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Radiosensitivity of Synchronized CHO 
Cells 

Asynchronous CHO cells

Mitotic shake-off 

Irradiate with a single dose of 6.6 Gy at various time   

Plate into multiple petri dishes  

1 hr
G1

4 hr
Early S

12 hr
M

8 hr
Late S

10 hr
G2

6.6 Gy
Single dose of X-ray
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The broken line in Figure 4.8 is the calculated 
survival curve that would be expected to apply for 
mitotic cells under conditions of hypoxia; that is, 
the slope is 2.5 times shallower than the solid line 
for mitotic cells, which applies to the aerated condi-
tion. This line is included in the fi gure to show that 
the range of sensitivity between the most sensitive 
cells (mitotic) and the most resistant cells (late S) 
is of the same order of magnitude as the oxygen 
effect (the oxygen effect is discussed in Chapter 6).

The experiments of Terasima and Tolmach 
with HeLa cells, in which a dose of 3 Gy was 
delivered to cultures at various intervals after 
mitotic harvesting of the cells, are shown in 
 Figure 4.9. From the beginning of S phase on-
ward, the pattern of sensitivity is very similar to 
that of hamster cells; the cells become progres-
sively more resistant as they proceed toward the 
latter part of S, and after the cells move from S 
into G2, their sensitivity increases rapidly as they 
approach mitosis. The important difference be-
tween HeLa and hamster cells is the length of 
the G1 phase. The G1 of HeLa cells is apprecia-
bly long, and there appears to be a fi ne structure 
in the age-response function during this period. 
At the beginning of G1, there is a peak of resis-
tance, followed by a sensitive trough toward the 
end of G1. This pattern cannot be distinguished 
in the hamster cell because G1 is too short.

and G2, and for cells in early and late S phase. It 
is at once evident that the most sensitive cells are 
those in M and G2, which are characterized by a 
survival curve that is steep and has no shoulder. 
At the other extreme, cells in the latter part of S 
phase exhibit a survival curve that is less steep, but 
the essential difference is that the survival curve 
has a very broad shoulder. The other phases of the 
cycle, such as G1 and early S, are intermediate in 
sensitivity between the two extremes.
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Complete Cell Survival Curves at Various 
Cell-Cycle Phase

Cells are most sensitive to radiation 
during M and G2 phase – note that the 
curve is steep and has no shoulder
(M more sensitive than G2 at lower dose)

Cells are least sensitive in late S phase – 
note that the curve is less steep and has a 
very broad shoulder

Cells in G1 and early S have intermediate 
radiosensitivity

CHO Cells

Hypoxic cells

Hypoxic cells are ~ 2.5 x more 
radioresistant compared to aerated cells 
(more in Chapter 6)

Cells in G0 are the most resistant 
(compared to cells that are cycling)



Survival Curve Shape and Cell Cycle 
(Chapter 3)

n Asynchronous cells show a wide 
range of radiosensitivity

n Mitotic cells from all of the cell 
lines have essentially the same 
radiosensitivity

n Implication – radiosensitivity is 
governed by DNA content and 
conformation

Asynchronous cell

+++
+++

++
+++

++
+

Mitotic cells
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essentially the same radiosensitivity. The im-
plication of this is that if the chromosomes are 
condensed during mitosis, all cell lines have the 
same radiosensitivity governed simply by DNA 
content; but in interphase, the radiosensitiv-
ity differs because of different conformations 
of the DNA. Another interesting observation 
comes from a comparison of the survival curves 
in Figure 3.8A with the DNA laddering in 
 Figure 3.8B.

mouse tumor cells (EMT6) as well as for six cell 
lines derived from human tumors.

Asynchronous EMT6 cells are the most ra-
dioresistant, followed closely by glioblastoma 
cells of human origin; thereafter, radiosensitiv-
ity increases, with two neuroblastoma cell lines 
being the most sensitive. Although asynchro-
nous cells show this wide range of sensitivi-
ties to radiation, it is a remarkable fi nding that 
mitotic cells from all of these cell lines have 

FIGURE 3.8  A: Compilation of sur-
vival curves for asynchronous cultures 
of several cell lines of human and ro-
dent origin. Note the wide range of ra-
diosensitivity (most notably the size of 
the shoulder) between mouse EMT6 
cells, the most resistant, and two neu-
roblastoma cell lines of human origin 
(the most sensitive). The cell survival 
curve for mitotic cells is very steep, and 
there is little difference in radiosensitiv-
ity for cell lines that are very different in 
asynchronous culture. (Data compiled 
by Dr. J.D. Chapman, Fox Chase Cancer 
Center, Philadelphia.) B: DNA purifi ed 
from various cell lines (survival curves 
shown in Fig. 3.8A) 18 hours after irra-
diation with 10 Gy and electrophoresed 
for 90 minutes at 6 V/cm. Note the broad 
variation in the amount of “laddering”—
which is characteristic of an apoptotic 
death. In this form of death, DSBs occur 
in the linker regions between nucleo-
somes, producing DNA fragments that 
are multiples of about 185 base pairs. 
Note that cell lines that show prominent 
laddering are radiosensitive. (Gel pre-
pared by Drs. S. Biade and J.D. Chapman, 
Fox Chase Cancer Center, Philadelphia.)

1. 
DNA m

ark
ers

2. 
Ly

mph
om

a

3. 
HT29

 co
lon

 C
A

4. 
OVCAR-10

 ov
ari

an
 C

A

5. 
A27

80
 ov

ari
an

 C
A

6. 
SNU co

lon
 C

A

7. 
DU-14

5 p
ros

tat
e C

A

A

B

Su
rv

iv
in

g 
fr

ac
tio

n

Radiation dose (Gy)

1.00

0.10

0.01

EMT 6 mouse tumor
MO16 human glioblastoma
HT 29 human colon
OVCAR 10 human ovary
A2780 human ovary
HX142 human neuroblastoma
HX138 human neuroblastoma
Mitotic cells of HT 29,
OVCAR 10 and A2780

20 4 6 8

Apoptosis
dominant

Apoptosis
absent

10 12 14

25858_Hall_CH03.indd   4625858_Hall_CH03.indd   46 3/11/11   9:37 AM3/11/11   9:37 AM



 | Chapter 4 • Radiosensitivity and Cell Age in the Mitotic Cycle | 61

Figure 4.10 compares the age-response curves 
for cells with short G1, represented by V79 ham-
ster cells, and cells with a long G1, represented 
by HeLa cells. If the time scales are  adjusted so 
that S phase has a comparable length for both 
cell lines, it is evident that the general pattern of 
cyclic variation is very similar, the only important 
difference being the extra structure during G1 in 
the HeLa cells. In later experiments, other sub-
lines of hamster cells were investigated for which 
G1 had an appreciable length; an extra peak of 
resistance was noted for hamster cells that was 
similar to the one observed for HeLa cells.

The sensitivity of cells in different parts of G2 is 
diffi cult to determine if synchrony is produced by 
mitotic selection because of synchrony decay dur-
ing the passage of the starting population of mi-
totic cells through their fi rst G1 and S phases and 
because G2 transit times are relatively short (about 
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FIGURE 4.10  Age-response curves 
for cells with short G1 phase, represented 
by hamster cells (A), and cells with long G1 
phase, represented by HeLa cells (B). The 
time scales have been adjusted so that 
S phase has a comparable length on the 
fi gure for both cell lines. (Adapted from 
 Sinclair WK. Dependence of radiosensitivity 
upon cell age. In: Proceedings of the Carmel 
Conference on Time and Dose Relationships 
in Radiation Biology as Applied to Radiother-
apy. Brookhaven National Laboratory Re-
port 50203 (C-57). Upton, NY: 1969:97–107, 
with permission.)
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FIGURE 4.9  Fraction of HeLa cells surviving a 
dose of 3 Gy of x-rays administered at different times 
in the division cycle. Time zero represents mitosis. 
(Adapted from Terasima T, Tolmach LJ. Variations in 
several responses of HeLa cells to x-irradiation dur-
ing the division cycle. Biophys J. 1963;3:11–33, with 
permission.)
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HeLa Cells

Single fraction of 3 Gy

At the beginning of G1, there is a 
peak of resistance, followed by a 
sensitivity trough toward the end of 
G1

Increasing radioresistance in late SG1
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Figure 4.10 compares the age-response curves 
for cells with short G1, represented by V79 ham-
ster cells, and cells with a long G1, represented 
by HeLa cells. If the time scales are  adjusted so 
that S phase has a comparable length for both 
cell lines, it is evident that the general pattern of 
cyclic variation is very similar, the only important 
difference being the extra structure during G1 in 
the HeLa cells. In later experiments, other sub-
lines of hamster cells were investigated for which 
G1 had an appreciable length; an extra peak of 
resistance was noted for hamster cells that was 
similar to the one observed for HeLa cells.

The sensitivity of cells in different parts of G2 is 
diffi cult to determine if synchrony is produced by 
mitotic selection because of synchrony decay dur-
ing the passage of the starting population of mi-
totic cells through their fi rst G1 and S phases and 
because G2 transit times are relatively short (about 
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HeLa Cells vs. Hamster Cells
The general pattern of cyclic variation is very similar

Difference is in the G1 phase – HeLa cells have a 
fine structure during this period, i.e., a peak of 
resistance in early G1 followed by a sensitivity 
trough toward the end of G1

Phase of cell 
cycle

CHO cells
(hours)

HeLa cells
(hours)

TG1 1 11

Remember the difference in TG1 
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Crypt Cells of the Mouse Jejunum

Scanning EM of jejunal villiVilli 

The lining of the jejunum is a classic 
example of self-renewal system

crypt
Actively dividing cells



Crypt Cell Survival Assay

Kills a significant 
proportion of stem 
cells in crypts

Surviving crypt cells 
begin to regenerate

Individual regenerating crypts 
can be identified and counted

Groups of animals are 
exposed to a range of dose to 
obtain survival curve



Crypt Cells of the Mouse Jejunum

Unirradiated jejunum Regenerating crypts seen at 3.5 
days following irradiation

The number of regenerating crypts per circumference of the sectioned jejunum as a measure 
of radiation damage



Crypt Cell Survival Assay
Intraperitoneal Injection 
of hydroxyurea (HU)



In Vivo Age-Response Curves

Mouse jejunal crypt cells synchronized with HU

DNA synthetic activity is monitored by 
injecting with tritiated thymidine at 
hourly intervals after last injection of HU 

S

Note that the pattern is 
very similar to that of in 
vitro cell lines

11 Gy
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joining. In the early part of the cycle, before 
replication has occurred, DSBs must be re-
paired by nonhomologous end joining because 
no template exists to guide gap fi lling. This 
process is error prone. On the other hand, in 
S phase after replication, DSBs can be repaired 
by homologous recombination because a tem-
plate is available (i.e., an identical sister chro-
matid is available). This process is less likely 
to result in errors. Radiosensitivity correlates 
with error-prone nonhomologous end join-
ing of DSBs; radioresistance correlates with 
homologous recombination of DSBs, which is 
likely to be more faithful. For a description of 
homologous and nonhomologous repair, see 
Chapter 2.

■  THE POSSIBLE IMPLICATIONS OF 
THE AGE-RESPONSE FUNCTION 
IN RADIOTHERAPY

If a single dose of radiation is delivered to a 
population of cells that are asynchronous—that 
is, distributed throughout the cell cycle—the 
effect is different on cells occupying different 
phases of the cell cycle at the time of the radia-
tion exposure. A greater proportion of cells are 
killed in the sensitive portions of the cell cycle, 
such as those at or close to mitosis; a smaller 
proportion of those in the DNA synthetic phase 
are killed. The overall effect is that a dose of 

■  VARIATION OF SENSITIVITY WITH 
CELL AGE FOR HIGH–LINEAR 
ENERGY TRANSFER RADIATIONS

Figure 4.12 compares the fl uctuations in survival 
of jejunal crypt cells in the mouse after irradiation 
with !-rays or neutrons. The variation in radio-
sensitivity as a function of cell age is qualitatively 
similar for neutrons and x-rays; that is, with both 
types of radiation, maximum sensitivity is noted 
at or close to mitosis, and maximum resistance 
is evident late in S phase. There is, however, a 
quantitative difference in that the range of ra-
diosensitivity between the most resistant and the 
most sensitive phases of the cell cycle is much 
less for fast neutrons than for x-rays. As LET in-
creases, the variation in radiosensitivity through 
the cell cycle decreases, so that at very high LET, 
the age-response function is almost fl at—that is, 
radiosensitivity varies little with the phase of the 
cell cycle.

■  MECHANISMS FOR THE 
AGE-RESPONSE FUNCTION

The reasons for radiosensitivity changes 
through the cell cycle are not fully understood. 
The most likely correlation involves the mech-
anism of DNA repair. DNA double-strand 
break (DSB) repair occurs either by homolo-
gous  recombination or by nonhomologous end 
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FIGURE 4.12  The upper three curves 
represent fl uctuations in the survival of 
jejunal crypt cells exposed to !-rays or 
neutrons as they pass through the cell 
cycle after synchronization with hydroxy-
urea (H-U). The doses were 11 Gy of !-rays; 
7 Gy of neutrons generated by 50 MeV d! 
→ Be; and 6 Gy of neutrons generated by 
16 MeV d! → Be. The lower curve repre-
sents the uptake of tritiated thymidine 
(expressed as counts per minute) per wet 
weight of jejunum as a function of time 
after the last injection of hydroxyurea. The 
fi rst wave indicates crypt stem cells pass-
ing through S phase after synchronization 
at G1–S phase by hydroxyurea. (Adapted 
from Withers HR, Mason K, Reid BO, et 
al. Response of mouse intestine to neu-
trons and gamma rays in relation to dose 
fractionation and division cycle.  Cancer. 
1974;34:39–47, with permission.)
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Variation of Sensitivity with Cell Age for 
High-LET Radiations

11Gy

7Gy 

6Gy

The pattern is similar for neutrons and x-
rays

As LET increases, the variation in 
radiosensitivity through the cell cycle 
decreases, i.e., High LET responses 
are less affected than low LET 
radiation

Mouse jejunal crypt cells
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Mechanisms for the Age-Response 
Function
n The reasons for the sensitivity changes through the cell cycle are not 

understood
n Possible explanations

¨ The level of sulfhydryl compounds (natural radioprotectors) is highest in 
S phase and lowest near mitosis ↔ the pattern of resistance and 
sensitivity

¨ Radiosensitivity correlates with repair of DSBs (undamaged sister 
template available in late S for homologous recombination)

¨ DNA is the primary target for radiation lethality ® the amount or form of 
the DNA might result in variations in sensitivity
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Implications for Radiotherapy
Single Fraction Regimen

Cells in more radiosensitive phases of cell cycle are killed / more 
resistant survive

Majority of cells left are in resistant phase of the cell cycle

Tends to synchronize cell population 



Implications for Radiotherapy
Fractionated Regimen

Between dose fractions, cells progress into more sensitive phases, thus 
increasing the number of sensitive cells to the next dose fraction 
(Reassortment)

Reassortment occurs only in rapidly dividing cells and not in late-
responding normal tissues

Thus, “sensitization due to reassortment” results in therapeutic gain 



Exploitation of Age-Response

n In 1970s, there was much interest in synchronization 
therapy, i.e., treating with a 2nd agent at the optimum 
time interval after a priming treatment such as radiation

n However, results were disappointing, likely due to the 
fact that tumors tend to be very heterogeneous from a 
kinetic point of view: induced cell synchrony is quickly 
lost and/or impossible to achieve for the entire tumor



Synchronization Therapy

Cell cycle synchronization, gold nanoparticles, and radiation therapy may be 
combined to improve outcome of cancer therapy. 

breast cancer cell line

Bromma 2019; Cancer Nano 10(1)
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a complete cell cycle, the cell must  accurately 
replicate the DNA once during S phase and dis-
tribute an identical set of chromosomes equally 
to two progeny cells during M phase. In recent 
years, we have learned much more about the 
mechanisms by which the cycle is regulated in 
eukaryotic cells. Regulation occurs by the pe-
riodic activation of different members of the 
cyclin-dependent kinase (Cdk) family. In its ac-
tive form, each Cdk is complexed with a par-
ticular cyclin. Different Cdk–cyclin complexes 
are required to phosphorylate several protein 
substrates that drive such cell cycle events as the 
initiation of DNA replication or the onset of 
mitosis. Cdk–cyclin complexes are also vital in 
preventing the initiation of a cell cycle event at 
the wrong time.

Extensive regulation of Cdk–cyclin activity 
by several transcriptional and posttranscriptional 
mechanisms ensures perfect timing and coordina-
tion of cell cycle events. The Cdk catalytic subunit 
by itself is inactive, requiring association with a 
cyclin subunit and phosphorylation of a key thre-
onine residue to become fully active. The Cdk–
cyclin complex is reversibly inactivated either by 
phosphorylation on a tyrosine residue located in 
the adenosine triphosphate–binding domain, or 
by association with Cdk inhibitory proteins. After 
the completion of the cell cycle transition, the 
complex is inactivated irreversibly by ubiquitin-
mediated degradation of the cyclin subunit.

Entry into S phase is controlled by Cdks that 
are sequentially regulated by cyclins D, E, and  A. 

in culture or growing in vivo, the S phase never 
exceeds about 15 hours. The G2 period is very 
similar in HeLa and hamster cells; in fact, the dif-
ference in the total cell cycle time between these 
two cell lines is accounted for almost entirely by 
the difference in the length of the G1 period.

This is an important point: The difference 
among mammalian cell cycle times in different 
circumstances, varying from about 10 hours for 
a hamster cell grown in culture to hundreds of 
hours for stem cells in some self-renewal tis-
sues, is the result of a dramatic variation in the 
length of the G1 period. The remaining com-
ponents of the cell cycle (M, S, and G2) vary 
 comparatively little among different cells in dif-
ferent  circumstances.

The description of the principal phases of the 
cell cycle (M, G1, S, and G2) dates from Howard 
and Pelc in 1953, as previously discussed.  During 
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Growth Factors
n G0 through G1 to S requires growth factors (GF)

¨ To activate resting cells to enter G1
¨ To allow cells to pass through G1 phase 
¨ To gain competence to progress into S phase

n The GF that are required vary with the cell type; e.g., for fibroblasts
¨ PDGF (platelet-derived GF) activates cells 
¨ EGF (epidermal GF) and insulin act as competence factors
¨ IGF (insulin-like GF) promotes progression into S

n Through S, G2, and M, cycling is GF-independent 



n Cyclins
¨ Synthesized at the appropriate time for each phase and then degraded to 

coordinate cell cycle progression
¨ Cyclin expression in G1 is induced by growth factors

n Cyclin-Dependent Kinases (Cdk)
¨ Activated by cyclins to phosphorylate targets required for the next cell cycle 

phase
n Regulators of Cdk/cyclin

¨ Activating phosphatases
¨ Inhibitory kinases
¨ Non-kinase inhibitors

Control of the Cell Cycle – 3 Components



Kinase & Phosphatase
Many enzymes are regulated by covalent attachment of phosphate, in ester 
linkage, to the side-chain hydroxyl group of a particular amino acid residue 
(serine, threonine or tyrosine). 

A protein kinase transfers the terminal phosphate of 
ATP to a hydroxyl group on a protein

A protein phosphatase catalyzes removal of the 
phosphate by hydrolysis

§ Phosphorylation may directly alter activity of an enzyme, e.g., by promoting a conformational change
§ Alternatively, altered activity may result from binding another protein that specifically recognizes a 

phosphorylated domain



Cyclins
n Have no intrinsic enzymatic activity
n Cyclins A to J have been identified (no I)
n Synthesized and degraded during each cell cycle phase

¨ Cyclin D (G1 phase)
¨ Cyclin E (S Phase)
¨ Cyclins A (S & G2 phase) 
¨ Cyclins B (G2 & M-phase) 

n Bind and activate Cdks

Cyclin D



Cyclin-Dependent Kinases
n Present throughout cell cycle
n Serine/threonine kinases with multiple substrates

¨ e.g. pRb, p53, E2F, etc. that they activate/inactivate
n Activated by binding to cyclins 

¨ Cdk4/6-cyclin D
¨ Cdk2-cyclins E, A 
¨ Cdk1-cyclins A, B 

n Regulated by
¨ Cyclin levels 
¨ Cdk inhibitors
¨ Cdk phosphorylation/dephosphorylation

P

PCDK

 | Chapter 4 • Radiosensitivity and Cell Age in the Mitotic Cycle | 57

a complete cell cycle, the cell must  accurately 
replicate the DNA once during S phase and dis-
tribute an identical set of chromosomes equally 
to two progeny cells during M phase. In recent 
years, we have learned much more about the 
mechanisms by which the cycle is regulated in 
eukaryotic cells. Regulation occurs by the pe-
riodic activation of different members of the 
cyclin-dependent kinase (Cdk) family. In its ac-
tive form, each Cdk is complexed with a par-
ticular cyclin. Different Cdk–cyclin complexes 
are required to phosphorylate several protein 
substrates that drive such cell cycle events as the 
initiation of DNA replication or the onset of 
mitosis. Cdk–cyclin complexes are also vital in 
preventing the initiation of a cell cycle event at 
the wrong time.

Extensive regulation of Cdk–cyclin activity 
by several transcriptional and posttranscriptional 
mechanisms ensures perfect timing and coordina-
tion of cell cycle events. The Cdk catalytic subunit 
by itself is inactive, requiring association with a 
cyclin subunit and phosphorylation of a key thre-
onine residue to become fully active. The Cdk–
cyclin complex is reversibly inactivated either by 
phosphorylation on a tyrosine residue located in 
the adenosine triphosphate–binding domain, or 
by association with Cdk inhibitory proteins. After 
the completion of the cell cycle transition, the 
complex is inactivated irreversibly by ubiquitin-
mediated degradation of the cyclin subunit.

Entry into S phase is controlled by Cdks that 
are sequentially regulated by cyclins D, E, and  A. 

in culture or growing in vivo, the S phase never 
exceeds about 15 hours. The G2 period is very 
similar in HeLa and hamster cells; in fact, the dif-
ference in the total cell cycle time between these 
two cell lines is accounted for almost entirely by 
the difference in the length of the G1 period.

This is an important point: The difference 
among mammalian cell cycle times in different 
circumstances, varying from about 10 hours for 
a hamster cell grown in culture to hundreds of 
hours for stem cells in some self-renewal tis-
sues, is the result of a dramatic variation in the 
length of the G1 period. The remaining com-
ponents of the cell cycle (M, S, and G2) vary 
 comparatively little among different cells in dif-
ferent  circumstances.

The description of the principal phases of the 
cell cycle (M, G1, S, and G2) dates from Howard 
and Pelc in 1953, as previously discussed.  During 

Progression through cycle governed
by protein kinases–activated by cyclins

Transcription
factors

M

S
p53
Rb

p21
inhibits Cdk’s

Cyclin B/A
and Cdk1

Cyclin E
and Cdk2

Cyclin E

D Cyclins

Cyclin A

Cyclin B

Cyclin D1
and Cdk4Cyclin A

and Cdk2

G2

G1

G0

FIGURE 4.4  Update of the phases 
of the cell cycle, showing how they 
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complexes are required to phos-
phorylate several protein substrates, 
which drive key events, including the 
initiation of DNA replication and the 
onset of  mitosis.

TABLE 4.1 Phases of the Cell Cycle for 
Two Commonly Used Cell 
Lines  Cultured In Vitro

 Hamster Cells, h HeLa Cells, h

TC 11 24
TM 1 1
TS 6 8
TG1 1 11
TG2 3 4
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Regulation of Cdk/Cyclin

e.g. Cdc25

e.g. p21

Inhibitory 
phosphate group

Cyclin/CDK Complex

Active form Inactive form



Activating Phosphatases/Inhibiting Kinases

n There are kinases which adds a phosphate group to cdk, thereby 
inactivating it (e.g., Wee1)

n Cdc25 removes phosphate from Tyr-15 on cdk, thereby activating the 
cyclin/cdk complex

Phase Complex Activators

G1/S specific? Cyclin E – Cdk2 Cdc25A
S-phase exit Cyclin A – Cdk2 Cdc25B
G2/M Cyclin B – Cdk1 Cdc25A/B/C

An example of 
activating 

phosphatase



Cdk Regulation by Cdc25 Phosphatases

Cdks are maintained in an inactive 
state through the phosphorylation of 
T14  and Y15
The rate-limiting step in the activation 
of Cdks is dephosphorylation of these 
residues by Cdc25 dual-specificity 
phosphatases

Cdc25A regulation of 
Cdk2/cyclin E during 
G1 and S phase

Cdc25A, Cdc25B and 
Cdc25C regulation of 
Cdk1/cyclin B during G2 
and M phase



Cdk Inhibitors

n Cdk Inhibitors (CKIs) belong to 2 families
¨  INK4 and KIP/CIP

n Generally compete with cyclins for Cdks

Phase Complex Inhibitors 
G1 Cyclin D – Cdk4,6 p16 (INK4a), p19ARF (INK4a), p15 (INK4b)
G1/S Cyclin E – Cdk2, 3 p21CIP1, p27KIP1

S Cyclin A – Cdk2 p21, p57
G2/M Cyclin B – Cdk1 p21



Regulation of Cdk/Cyclin

Has inhibitory 
phosphate been 
removed?

Is cyclin 
present?

YES

NO

Active

Inactive

P

PCdk

Cyclin Yes to all 
questions?

Cdk inhibitors 
removed?  



G1/S Transition 
n Cyclin D and E are needed to 

phosphorylate Rb which is essential for 
cell cycle progression into S 

n This releases E2F, which is normally 
bound by Rb and inactive

n E2F is a transcription factor for 20-30 
genes that are necessary for S phase 
gene expression

S phase genes



G2/M Transition

n Cdk1 phosphorylates 
substrates leading to
¨ Nuclear envelope breakdown
¨ Chromosome separation
¨ Spindle assembly
¨ Chromosome condensation



The Current Concept of Cell Cycle and Its 
Regulations
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a complete cell cycle, the cell must  accurately 
replicate the DNA once during S phase and dis-
tribute an identical set of chromosomes equally 
to two progeny cells during M phase. In recent 
years, we have learned much more about the 
mechanisms by which the cycle is regulated in 
eukaryotic cells. Regulation occurs by the pe-
riodic activation of different members of the 
cyclin-dependent kinase (Cdk) family. In its ac-
tive form, each Cdk is complexed with a par-
ticular cyclin. Different Cdk–cyclin complexes 
are required to phosphorylate several protein 
substrates that drive such cell cycle events as the 
initiation of DNA replication or the onset of 
mitosis. Cdk–cyclin complexes are also vital in 
preventing the initiation of a cell cycle event at 
the wrong time.

Extensive regulation of Cdk–cyclin activity 
by several transcriptional and posttranscriptional 
mechanisms ensures perfect timing and coordina-
tion of cell cycle events. The Cdk catalytic subunit 
by itself is inactive, requiring association with a 
cyclin subunit and phosphorylation of a key thre-
onine residue to become fully active. The Cdk–
cyclin complex is reversibly inactivated either by 
phosphorylation on a tyrosine residue located in 
the adenosine triphosphate–binding domain, or 
by association with Cdk inhibitory proteins. After 
the completion of the cell cycle transition, the 
complex is inactivated irreversibly by ubiquitin-
mediated degradation of the cyclin subunit.

Entry into S phase is controlled by Cdks that 
are sequentially regulated by cyclins D, E, and  A. 

in culture or growing in vivo, the S phase never 
exceeds about 15 hours. The G2 period is very 
similar in HeLa and hamster cells; in fact, the dif-
ference in the total cell cycle time between these 
two cell lines is accounted for almost entirely by 
the difference in the length of the G1 period.

This is an important point: The difference 
among mammalian cell cycle times in different 
circumstances, varying from about 10 hours for 
a hamster cell grown in culture to hundreds of 
hours for stem cells in some self-renewal tis-
sues, is the result of a dramatic variation in the 
length of the G1 period. The remaining com-
ponents of the cell cycle (M, S, and G2) vary 
 comparatively little among different cells in dif-
ferent  circumstances.

The description of the principal phases of the 
cell cycle (M, G1, S, and G2) dates from Howard 
and Pelc in 1953, as previously discussed.  During 
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phorylate several protein substrates, 
which drive key events, including the 
initiation of DNA replication and the 
onset of  mitosis.

TABLE 4.1 Phases of the Cell Cycle for 
Two Commonly Used Cell 
Lines  Cultured In Vitro

 Hamster Cells, h HeLa Cells, h

TC 11 24
TM 1 1
TS 6 8
TG1 1 11
TG2 3 4
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Physics students need 
to know components 
as illustrated on this 
diagram

Medical students need to 
additionally know 
activating 
phosphatases/inhibiting 
kinases, ckd inhibitors



Outline
n Studying the Cell Cycle
n Age-Response in Synchronous Dividing Cell Cultures
n The Effect of X-rays of Synchronously Dividing Cell Cultures
n The Age-Response Function for a Tissue in Vivo
n Variation of Sensitivity with Cell Age for High LET Radiations
n Mechanisms for the Age-Response Function in Radiotherapy
n The Possible Implications of the Age-Response Function in Radiotherapy
n The Cell Cycle (Chapter 22)
n Checkpoint Pathways (Chapter 22)



Biological Response Pathways



Key Radiation Induced Pathways



Cell Cycle Checkpoints
There are checkpoints during which the cell 
“checks” whether to continue progressing 
through the cell cycle

            Purpose

• Prevent or delay progression through the cell 
cycle when

• Crucial events have not been completed
• DNA is damaged

• Enforce dependency in the cell cycle

• Provide time for DNA repair



Ionizing Radiation Induces 4 Distinct 
Checkpoints

Rest of the slides are for medical residents only



Regulation of Cdk/Cyclin

e.g. Cdc25

e.g. p21

Inhibitory 
phosphate group



Radiation Induced G1/S Checkpoint

DSB

• ATM = Ataxia Telangiectasia Mutated  
• It is an important cell checkpoint kinase and 

functions as a regulator of a wide variety of 
downstream proteins including tumor 
suppressor proteins p53, BRCA1, 
checkpoint kinase



Regulation of p53
The cellular concentration of p53 must be 
tightly regulated

The major regulator of p53 is Mdm2, which 
can trigger the degradation of p53 by the 
ubiquitin system

In normal cells, p53 is maintained at low level 
by Mdm2

DNA damage may activate protein kinases to 
phosphorylate p53, thereby disrupting its 
binding with Mdm2, leading to an increase of 
p53 

Expression of Mdm2 is activated by p53, 
forming an autoregulatory loop 



Cdk Inhibitors

n Cdk Inhibitors (CKIs) belong to 2 families
¨  INK4 and KIP/CIP

n Generally, compete with cyclins for Cdks

Phase Complex Inhibitors 
G1 Cyclin D – Cdk4,6 p16 (INK4a), p19ARF (INK4a), p15 (INK4b)
G1/S Cyclin E – Cdk2, 3 p21CIP1, p27KIP1

S Cyclin A – Cdk2 p21, p57
G2/M Cyclin B – Cdk1 p21



S-Phase Checkpoint

Failure to load Cdc45 onto 
chromatin prevents the recruitment 
of DNA polymerase a and replicon 
initiation

Cdc25A is required to 
remove the inhibiting 
phosphate group in the 
CDK2/Cyclin A complex

ATM activates Chk2 and 
Chk1, which phosphorylate 
Cdc25A, targeting it for 
degradation

Cdc25A not available

Cdc45 can’t be 
phosphorylated without 
active CDK2/Cyclin A



Activating Phosphatases/Inhibiting 
Kinases

n Cdc25 removes phosphate from Tyr-15 on cdk, thereby activating the 
cyclin/cdk complex

n There are also kinases which adds a phosphate group to cdk, thereby 
inactivating it (e.g., Wee1)

Phase Complex Activators
G1/S specific? Cyclin E – Cdk2 Cdc25A
S-phase exit Cyclin A – Cdk2 Cdc25B
G2/M Cyclin B – Cdk1 Cdc25C

An example of 
activating 

phosphatase



S-Phase Checkpoint

The importance of the S phase 
checkpoint is in protecting replication 
forks from trying to replicate through 
DNA strand breaks

A 2nd mechanism for S phase arrest 
is signaled by phosphorylation of 
NBS by ATM



G2 Checkpoints Induced by IR

The arrest of cells in G2 following DNA 
damage is observed readily in 
mammalian cells and was studied by 
radiation biologist for decades before 
checkpoints were understood at the 
molecular level

G2 checkpoint is the most regulated of 
all checkpoints



Early G2 Checkpoint

MPF = mitosis 
promoting factor



Late G2 Checkpoint
Cells lacking the late G2 
checkpoint are 
radiosensitive, because they 
cannot repair all of their 
damaged chromosomes 
before entering mitosis

• ATR = AT and Rad3-related  
• Mutations are associated with Seckel 

Syndrome
• The protein belongs to the PI3-kinase 

family and is most closely related to ATM
• It functions  both in parallel and 

cooperatively with ATM, but whereas 
ATM is primarily activated by DNA 
double-strand breaks induced by ionizing 
radiation, ATR has been shown to 
respond to a much broader range of DNA 
damage

• Upon activation, ATR phosphorylates 
several important tumor suppressors, 
including p53, BRCA1 and CHK1.  



Cell Cycle Arrest

CELL
  No.

DNA content

Asynchronous

G1 - S - G2

DNA content

X-ray treated
G1/S block
G2/M block
(6-9 hours)

G1 - S - G2

wild-type

loss of G1/S in 
p53 deficient
cells



Review Questions 



Question 1 

The phase of the cell cycle that generally exhibits the 
greatest resistance to ionizing radiation is:
A. M
B. G1
C. Early S
D. Late S
E. G2



Complete Cell Survival Curves at Various 
Cell-Cycle Phase

Cells are most sensitive to radiation 
during M and G2 phase – note that the 
curve is steep and has no shoulder

Cells are least sensitive in late S phase – 
note that the curve is less steep and has a 
very broad shoulder

Cells in G1 and early S have intermediate 
radiosensitivity

Hypoxic cells are ~ 2.5 x more 
radioresistant compared to aerated cells 
(more in Chapter 6)
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The broken line in Figure 4.8 is the calculated 
survival curve that would be expected to apply for 
mitotic cells under conditions of hypoxia; that is, 
the slope is 2.5 times shallower than the solid line 
for mitotic cells, which applies to the aerated condi-
tion. This line is included in the fi gure to show that 
the range of sensitivity between the most sensitive 
cells (mitotic) and the most resistant cells (late S) 
is of the same order of magnitude as the oxygen 
effect (the oxygen effect is discussed in Chapter 6).

The experiments of Terasima and Tolmach 
with HeLa cells, in which a dose of 3 Gy was 
delivered to cultures at various intervals after 
mitotic harvesting of the cells, are shown in 
 Figure 4.9. From the beginning of S phase on-
ward, the pattern of sensitivity is very similar to 
that of hamster cells; the cells become progres-
sively more resistant as they proceed toward the 
latter part of S, and after the cells move from S 
into G2, their sensitivity increases rapidly as they 
approach mitosis. The important difference be-
tween HeLa and hamster cells is the length of 
the G1 phase. The G1 of HeLa cells is apprecia-
bly long, and there appears to be a fi ne structure 
in the age-response function during this period. 
At the beginning of G1, there is a peak of resis-
tance, followed by a sensitive trough toward the 
end of G1. This pattern cannot be distinguished 
in the hamster cell because G1 is too short.

and G2, and for cells in early and late S phase. It 
is at once evident that the most sensitive cells are 
those in M and G2, which are characterized by a 
survival curve that is steep and has no shoulder. 
At the other extreme, cells in the latter part of S 
phase exhibit a survival curve that is less steep, but 
the essential difference is that the survival curve 
has a very broad shoulder. The other phases of the 
cycle, such as G1 and early S, are intermediate in 
sensitivity between the two extremes.
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FIGURE 4.8  Cell survival curves for 
Chinese hamster cells at various stages of 
the cell cycle. The survival curve for cells 
in mitosis is steep and has no shoulder. 
The curve for cells late in S phase is shal-
lower and has a large initial shoulder. G1 
and early S phases are intermediate in 
sensitivity. The broken line is a calculated 
curve expected to apply to mitotic cells 
under hypoxia. (Adapted from Sinclair 
WK. Cyclic x-ray responses in mammalian 
cells in vitro. Radiat Res. 1968;33:620–643, 
with permission.)
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FIGURE 4.7  Fraction of Chinese hamster cells surviv-
ing a dose of 6.6 Gy of x-rays as a function of time. Time 
zero corresponds to the harvesting of mitotic cells. The 
surviving fraction increases to a maximum late in S phase. 
(Adapted from Sinclair WK, Morton RA. X-ray sensitivity 
during the cell generation cycle of  cultured Chinese ham-
ster cells. Radiat Res. 1966;29:450–474, with permission.)
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CHO Cells

Hypoxic cells



Question 2

Which pair of cell cycle phase and active CDK or enhanced 
cyclin level is INCORRECT?
A. G1 - CDK1
B. S - CDK2
C. G1 - CDK4
D. G2 - cyclin B
E. G1 - cyclin D
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a complete cell cycle, the cell must  accurately 
replicate the DNA once during S phase and dis-
tribute an identical set of chromosomes equally 
to two progeny cells during M phase. In recent 
years, we have learned much more about the 
mechanisms by which the cycle is regulated in 
eukaryotic cells. Regulation occurs by the pe-
riodic activation of different members of the 
cyclin-dependent kinase (Cdk) family. In its ac-
tive form, each Cdk is complexed with a par-
ticular cyclin. Different Cdk–cyclin complexes 
are required to phosphorylate several protein 
substrates that drive such cell cycle events as the 
initiation of DNA replication or the onset of 
mitosis. Cdk–cyclin complexes are also vital in 
preventing the initiation of a cell cycle event at 
the wrong time.

Extensive regulation of Cdk–cyclin activity 
by several transcriptional and posttranscriptional 
mechanisms ensures perfect timing and coordina-
tion of cell cycle events. The Cdk catalytic subunit 
by itself is inactive, requiring association with a 
cyclin subunit and phosphorylation of a key thre-
onine residue to become fully active. The Cdk–
cyclin complex is reversibly inactivated either by 
phosphorylation on a tyrosine residue located in 
the adenosine triphosphate–binding domain, or 
by association with Cdk inhibitory proteins. After 
the completion of the cell cycle transition, the 
complex is inactivated irreversibly by ubiquitin-
mediated degradation of the cyclin subunit.

Entry into S phase is controlled by Cdks that 
are sequentially regulated by cyclins D, E, and  A. 

in culture or growing in vivo, the S phase never 
exceeds about 15 hours. The G2 period is very 
similar in HeLa and hamster cells; in fact, the dif-
ference in the total cell cycle time between these 
two cell lines is accounted for almost entirely by 
the difference in the length of the G1 period.

This is an important point: The difference 
among mammalian cell cycle times in different 
circumstances, varying from about 10 hours for 
a hamster cell grown in culture to hundreds of 
hours for stem cells in some self-renewal tis-
sues, is the result of a dramatic variation in the 
length of the G1 period. The remaining com-
ponents of the cell cycle (M, S, and G2) vary 
 comparatively little among different cells in dif-
ferent  circumstances.

The description of the principal phases of the 
cell cycle (M, G1, S, and G2) dates from Howard 
and Pelc in 1953, as previously discussed.  During 
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of the cell cycle, showing how they 
are regulated by the periodic acti-
vation of different members of the 
cyclin- dependent kinase family. Vari-
ous cyclin-dependent kinase–cyclin 
complexes are required to phos-
phorylate several protein substrates, 
which drive key events, including the 
initiation of DNA replication and the 
onset of  mitosis.

TABLE 4.1 Phases of the Cell Cycle for 
Two Commonly Used Cell 
Lines  Cultured In Vitro

 Hamster Cells, h HeLa Cells, h

TC 11 24
TM 1 1
TS 6 8
TG1 1 11
TG2 3 4
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Question 3

Cyclins are
A. lipid kinases
B. protein phosphatases
C. regulatory proteins for CDKs
D. present only in the G0 phase of the cell cycle
E. regulators of DNA repair



Cyclins
n Have no intrinsic enzymatic activity
n Cyclins A to J have been identified (no I)
n Synthesized and degraded during each cell cycle phase

¨ Cyclin D (G1-phase)
¨ Cyclins E & A (S-phase) 
¨ Cyclins B & A (M-phase) 

n Bind and activate Cdks

Cyclin D



Question 4

Generally speaking, the most variable stage of the 
cell cycle is
A. M phase
B. G1 phase
C. G2 phase
D. S phase



Mammalian Cell-Cycle Times

G1 phase
variable length

M phase
0.5-1 hrG2 phase

1-2 hrs

S phase
DNA synthesis

6-8 hrs

G0 quiescent

Crypt cells in mouse 9-10 hours
Stem cells in resting mouse skin 200 hours
Most human cells actively dividing 12-24 hours
Human tumors 48 hours (15-125 hours)

Tc – mitotic-cycle time (aka cell-cycle time)



Question 5

Chk1/chk2 proteins are
A. upstream of the ATM protein
B. are degraded by MDM2 protein
C. are kinases that phosphorylate the cdc25 

protein
D. are ligases that degrade the cdc25 protein

Medical Residents Only



Chk1 & Chk2 



Cdk Regulation by Cdc25 Phosphatases

Cdks are maintained in an inactive 
state through the phosphorylation of 
T14  and Y15
The rate-limiting step in the activation 
of Cdks is dephosphorylation of these 
residues by Cdc25 dual-specificity 
phosphatases

Cdc25A regulation of 
Cdk2/cyclin E during 
G1 and S phase

Cdc25A, Cdc25B and 
Cdc25C regulation of 
Cdk1/cyclin B during G2 
and M phase



Question 6

Following exposure to ionizing radiation, cells that lack 
functional p53 are most likely fail to arrest in which phase of 
the cell cycle?
A. G1
B. S
C. G2
D. M
E. The cells will not arrest.

Medical Residents Only



Radiation Induced G1/S Checkpoint

DSB • ATM = Ataxia Telangiectasia Mutated  
• Mutations are associated with AT, which is 

an autosomal recessive disorder
• The protein belongs to the PI3-kinase family
• It is an important cell checkpoint kinase and 

functions as a regulator of a wide variety of 
downstream proteins including tumor 
suppressor proteins p53, BRCA1, 
checkpoint kinase



Question 7

Which statement is TRUE concerning the role of p53 and p21 in the 
response of the cells to radiation?
A. p21 phosphorylates NBS1, thereby stimulating homologous recombination 

repair of DNA double-strand breaks
B. p53-mediated G1 phase arrest results form the inactivation of p21
C. A decrease in the amount of p53 can trigger apoptosis or G1 arrest
D. p21 inhibits CKD-cyclin activity thereby decreasing phosphorylation of 

RB1
E. DNA damage initiates a signal transduction pathway that results in a 

marked increase in transcription of p53 gene
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