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The aim of this study was to evaluate normal tissue response by molecular markers to multifraction low doses of ionizing radiation, with
the focus on changes in repopulation, estimated using Ki-67 as the proliferation marker, and on expressions of the p53 and p21 proteins,
identi� ed as key proteins in the DNA damage checkpoint. Repeated skin biopsies were taken from patients treated for prostate cancer
with radiotherapy. The expressions of Ki-67, p53 and p21 of the keratinocytes in the basal cell layer of the epidermis were quanti� ed
immunohistochemically. The dose to the basal layer was 1.1 Gy per fraction, given � ve times per week for seven weeks. The indices of
the three markers were determined over the whole period. A signi� cant suppression of the Ki-67 index was observed during the � rst
weeks, followed by a signi� cant gradual increase in the Ki-67 index over the last weeks. The p53 and p21 protein levels were almost zero
in the unirradiated skin. Upon irradiation, both the p53 and p21 index increased in a pattern very congruent to the Ki-67 index. In
conclusion, daily fractions of about 1 Gy to the skin resulted in, for the keratinocytes in the basal layer, a cell growth arrest for a couple
of weeks and a subsequent acceleration in repopulation during the following weeks of irradiation. The present � ndings also provided
novel insights into the role of the p53 p21 pathway in the response of a normal epithelium to ionizing radiation as it is applied in
radiotherapy.
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ORIGINAL ARTICLE

The increasing implementation of more sophisticated 3D
conformal treatment planning of radiotherapy with pho-
ton beams including intensity-modulated radiotherapy
(IMRT) means a very different dose distribution to the
surrounding normal tissues in comparison with the con-
ventional 3D treatment plans used over the past decades
(1). Generally, the consequences of this development are
large volume irradiation with small total doses and very
low doses per fraction instead of limited volume irradia-
tion to fairly large doses and doses per fraction closer to
those prescribed to the tumour target. The question then
arises about the biological impact of giving a small dose to
a large area instead of a high dose to a small area
concerning various side effects, including the risk of in-
duced malignancies.

This scenario should be considered in the light of recent
knowledge from in vitro and in vivo studies about the
phenomenon of hyperradiosensitivity (HRS) to very low

doses, below 0.5 Gy, followed by induced radioresistance
(IRR) in the dose range 0.5 to 1 Gy (2–6). A large body
of these studies has emerged from the Gray Laboratory
and the research group of M. Joiner (3–6). However, it is
worth emphasizing that the HRS IRR phenomenon has
also been established in comprehensive studies by Wouters
et al. and Skarsgard et al. (7–9). The current status of
low-dose hyperradiosensitivity was recently reviewed from
both an experimental and a clinical point of view (10).

The HRS IRR features are seen following low-LET
radiation but not following high LET. Various human
tumour and non-malignant cell lines have been studied in
addition to the immense studies on V79 hamster � brob-
lasts. HRS IRR has been detected in about 80% of the cell
lines assessed so far. No relationships between the exis-
tence of HRS and histological type, p53 status, apoptosis,
cell-cycle time or G1 arrest have been observed (Joiner,
personal communication). Importantly, the radiosensitivity
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in the HRS region of the cell survival curve was similar
for all cell lines regardless of their response above 1 Gy.
Recently, it was also shown for a glioblastoma cell line
that HRS occurred in fractionated irradiation using three
doses of 0.4 Gy per day, 4 h apart. This schedule re-
sulted in signi� cantly increased cell killing compared
with 1.2 Gy given once daily (11). These � ndings suggest
that ultrafractionation should have the potential to in-
crease the therapeutic ratio for tumours that are radiore-
sistant to conventional fractionation.

There is evidence that HRS in vitro translates into
additional effectiveness of fractionated radiotherapy
given in very small doses per fraction in vivo. This has
been con� rmed for mice, in skin, kidney and lung (12–
14). In fact, these tissues showed a ‘reverse fractionation
effect’ below 1 Gy. Additionally, clinical evidence is now
accumulating on the existence of the HRS IRR phe-
nomenon in skin from our own group (10) and from the
Mount Vernon Hospital (N. Shah, personal communica-
tion), and also for the salivary function, shown by the
group of P. Lambin (10).

Evidence now emerges that the mechanism for IRR is
related to induced DNA damage repair, and that the
level of radiation-induced injury produced by doses
above 0.3–0.5 Gy is suf� cient to activate the cellular
repair systems. The establishment of HRS IRR suggests
that both cancer cells and normal cells respond to radia-
tion injury by triggering repair processes, and that the
activation is dictated by the amount of DNA damage
received (15, 16).

In our ongoing project, the aim is to establish dose-re-
sponse relationships to low doses per fraction for various
normal cell populations in skin for patients receiving
standard radiotherapy. Repeated skin biopsies are taken
during the treatment course. This enables us separately
to study the dose response of keratinocytes, melanocytes
and Langerhan’s cells in the epidermis by counting the
reduction in cell density versus dose for fraction doses in
the range of 0.1 to 1.1 Gy. In a second part of the
project the aim is to investigate the expression and dose
response of various molecular markers in sections from
the same biopsies as used for cell counting. We expect
that such a mapping will give a deeper knowledge of
various mechanisms behind the cellular response ob-
served in situ.

Our work focuses on molecular markers recently iden-
ti� ed as main actors in the network of signalling path-
ways in response to DNA damage by ionizing
irradiation. In this report we present the � rst results of
the expression of Ki-67, p53 and p21 assessed by im-
munohistochemistry for daily fractions of 1.1 Gy over a
period of 7 weeks. The purpose is to illustrate the use-
fulness of this approach in achieving a deeper under-
standing of the response of the various cellular
components of a normal tissue.

Why assessment of Ki-67?

There is much evidence to show that accelerated repopula-
tion is a feature of many normal epithelial cell populations
in response to a certain amount of cell depletion during a
radiotherapy course with conventional fractionation. The
mechanisms driving this effect are largely unknown.
Whether threshold damage is needed and when accelerated
repopulation is likely to start are therefore still highly
obscure (17–19). This issue is continuously being debated
concerning epithelial tumours in particular.

To our knowledge there is no clinical study exploring
cell proliferation disturbances to daily fractions of low
doses. If signi� cant cell proliferation changes occur this
might be an important factor determining the dose-re-
sponse relationship seen in the low-dose region.

In order to measure the epidermal cell proliferation
activity during a 7-week-long course of radiotherapy, we
used Ki-67 as a molecular marker. Ki-67 reacts with a
nuclear antigen expressed by cycling cells, i.e. in all cycle
phases G1, S, G2 and M. G0 or quiescent cells do not
express this antigen (20). There is also evidence that the
Ki-67 protein expression is an absolute requirement for
cell proliferation and the maintaining of the cell cycle.
Therefore, it is possible to perform a rapid and repro-
ducible determination of the growth fraction of a particu-
lar cell population immunohistochemically (21).

Why assessment of p53 and p21?

The p53 tumour suppressor gene is activated by many
diverse stress signals including ionizing radiation (IR)
through mechanisms that result in stabilization and accu-
mulation of the p53 protein (22–27). p53 protein levels in
normal unstressed cells are maintained at low levels by
rapid degradation through ubiquitin-dependent proteoly-
sis. Importantly, p53 has a remarkable sensitivity to DNA
damage. Just one double-strand break in the DNA
molecule may be suf� cient to trigger a rise in levels of the
p53 protein (28). IR induces activation of p53 through
site-speci� c phosphorylations within the N-terminus of
p53, which to a large extent is mediated through the ATM
protein upon double-strand breaks in DNA (29–34). In
turn, activated p53 exerts various activities leading to
growth arrest, DNA repair or apoptosis and senescence
(see Fig. 1 (35–39)).

A second mechanism for stabilization and accumulation
of p53 is related to the proliferative response of a tissue
(Fig. 1). This is obtained through the ARF protein in
response to abnormal proliferative signals mediated by
oncogenes such as myc and ras or by aberrant E2F1
activity (40–42). In situations where accelerated repopula-
tion takes place, the ARF-p53 pathway will probably
regulate the appropriateness of this process. It is notewor-
thy, that the ARF-induced p53 stabilization does not
require phosphorylation of p53 and may occur without
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Fig. 1. Main pathways for cellular tissue response to IR.

sive research on this topic. However, evidence exists that
apoptosis is mediated by p53 through both the mitochon-
drial and the death receptor pathways (50–55). P21 ap-
pears to be a modulator of the apoptotic process, and
primarily protects cells from p53-mediated apoptosis (46).
The prevailing view is that severe DNA damage is needed
for induction of p53-regulated apoptotic cell killing (56).
Further penetration of p53-induced apoptosis is beyond
the scope of this presentation.

MATERIAL AND METHODS

Clinical assay

Patients with prostate cancer treated with radiotherapy
with curative intent who gave informed consent to re-
peated skin biopsies were recruited for this study. The
prescribed dose to the tumour target was either 35 frac-
tions of 2 Gy in 7 weeks (Groups 1–3, see below) or 25
fractions of 2 Gy divided into two parts, allowing two
high-dose-rate brachytherapy treatments of 10 Gy in be-
tween (Group 4). Eleven or 15 MV photons were applied
in a 3-� eld technique with an anterior � eld and opposed
lateral � elds with wedges. A 5 mm bolus was added on the
left lateral � eld. Careful consideration was given to the
dosimetry of the skin. Comprehensive dosimetric measure-
ments were performed in a phantom, for standard ge-
ometries and also for typical patient � eld con� gurations.
Dose determination to the skin with TLD was used in
most of the patients on � ve occasions at the beginning of
the treatment course. The dose per fraction at a depth of
0.1 mm below the skin, relevant for the biological end-
points used in this study, was estimated individually for
each patient at speci� ed points from which biopsies were
taken.

In this report we present the results from skin biopsies
taken from the left lateral � eld, for which the daily dose
per fraction was 1.1090.07 (SD) Gy at a depth of 0.1
mm, below the skin surface.

Skin biopsies

Punch biopsies 3 mm in diameter were taken under local
anaesthesia, using lidocaine hydrochloride 5 mg ml with-
out adrenaline. All biopsies were coded. One control
biopsy was taken within the � eld and one from an area
outside but close to the � eld. Biopsies were taken at
regular intervals during the radiotherapy course according
to following schedules:

Group 1. Biopsies were taken after 1, 3, 5 and 7 weeks
of radiotherapy in 10 patients.
Group 2. Biopsies were taken after 3, 4, 5 and 6 weeks
of radiotherapy in 13 patients.
Group 3. Biopsies were taken after 4, 5, 6 and 7 weeks
of radiotherapy in 8 patients.

cellular DNA damage. Therefore, during a radiotherapy
course wild-type p53 may have dual control of the cell
behaviour related to the amount of induced DNA damage
and the degree of compensatory accelerated cell
proliferation.

Activated p53 exerts its function through transcription,
translation and subcellular localization. Nuclear localiza-
tion of activated p53 is essential for its normal function.
One of the � rst effects of p53 activation in nearly all
mammalian cell types is a block in the cell-division cycle.
The ability of p53 to inhibit cell growth is related to its
function as a transcription factor. P21 (WAF1) is the
principal mediator of p53-dependent cell-cycle arrest. P21
is a potent inhibitor of cyclin-dependent kinases. Its upreg-
ulation therefore induces cell-cycle arrest in the transitions
of G1–S and G2–M (43–47). P21 has greatest af� nity to
G1-cyclin-CDK complexes, allowing hypophosphorylation
of the retinoblastoma protein, which appears to be re-
quired for G1 arrest following DNA damage by IR.
Moreover the p21 protein has the capacity to inhibit the
DNA replication and cell-cycle progression into the S-
phase, without affecting DNA repair. Furthermore, the
ARF-induced growth control of stimulated cell prolifera-
tion is mediated through p21 (Fig. 1). The cell-cycle in-
hibitory activity of p21 is correlated with its nuclear
localization.

Novel and broader biological functions of p21 have
recently been identi� ed (46). Importantly, p21 may also be
able to control epithelial self-renewal and commitment to
differentiation; this has been elucidated particularly for
keratinocyte stem cells (48, 49). Therefore, p21 may be the
critical mediator not only in the regulation of cell-cycle
arrest but also in the process of compensatory accelerated
cell proliferation in the response of normal epithelium to
radiotherapy.

The target genes and pathways that mediate p53-depen-
dent apoptosis are less well understood despite comprehen-
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Group 4. One biopsy was taken after 2.5 weeks of
radiotherapy in 16 patients.

Immunohistochemistry

Three 4 mm sections from each formalin-� xed and
paraf� n-embedded tissue biopsy were cut and mounted on
a Superfrost plus slide (Menzel-Gläser, Germany). The
three sections were taken from various levels in the biop-
sies according to a prescribed pattern. The slides were
dried in 37°C overnight. Deparaf� nized sections were � rst
incubated in 3% H2O2 PBS pH 7.4 (phosphate-buffered
saline) for 10 min to block endogenous peroxidase activity
and subsequently boiled twice for 5 min in citrate buffer
(pH6.0) in microwave oven at 750W, and cooled to room
temperature. Then the sections were exposed to 1% BSA
(bovine serum albumin, Sigma) for 10 min, incubated
overnight with the relevant primary antibody (see Table 1)
and washed 3 times for 5 min in PBS. Sections were
incubated for 30 min with biotinylated goat anti-mouse
rabbit Ig, washed 3 times for 5 min and incubated for 30
min in ABC-complex (DAKO). Staining was developed
using 0.03% 3,3-diaminobenzidin-tetrahydro-chloride
(Sigma-Aldrich) in TRIS-buffer. Sections were counter-
stained with haematoxylin and mounted.

Endpoints

The epidermis is built up of various characteristic cell
layers of keratinocytes. The basal layer, closest to the
dermis, is orderly covered by the spinous—granular and
corni� ed layers. The basal cell layer resides stem cells,
transient amplifying cells and terminal differentiating cells.
Transient amplifying cells are daughters of stem cells that
undergo a � nite number of divisions and are committed to
terminal differentiation. Terminal differentiating cells, also
named post-mitotic cells, are the progeny of transient
amplifying cells that are destined to move upwards from
the basal cell layer (57, 58). Quantitative estimates of the
indices of Ki-67, p53 and p21-stained cells established in
this work were restricted to cell counting in the basal layer
of the interfollicular epidermis. Only cells that were at-
tached to the underlying basement membrane were in-
cluded.

The total number of basal cells per millimetre of inter-
follicular epidermis was determined previously for all biop-
sies on � ve separate sections stained in haematoxylin-eosin
and PAS (Periodic Acid Schiff). The mean of basal cells in
controls was found to be 16793 (SE) per millimetre (10).

In total, about 1500 basal cells were counted in the
control biopsies. About 50% of the basal cells were still in
the basal cell layer at the end of the 7-week treatment with
daily fractions of 1.1 Gy, allowing 700–800 cells to be
counted (10). The basal cell density assay of epidermis has
already been described (59).

Melanocytes are also located at fairly regular intervals
in the basal cell layer of the interfollicular epidermis. These
can be distinguished fairly well through their morphologi-
cal characteristics in a magni� cation of 400. In the con-
trols the mean was found to be 1691 (SE) per millimetre.
Thus, in control biopsies, the melanocytes constitute 10%
of the cells in the basal layer. The number stayed approx-
imately constant during the 7 weeks’ treatment with 1.1
Gy per fraction. However, details of the melanocyte dose
response will be omitted in this presentation. The few
Langerhan’s cells and Merkel cells that usually exist in the
basal cell layer were neglected in the present analysis.

From the immunohistochemically stained sections, the
number of cells in the basal cell layer per millimetre of
interfollicular epidermis with clear-cut and strong nuclear
staining was counted in a magni� cation of 400. As nuclear
localization is highly relevant to the biological functions of
Ki-67, p53 and p21, particular attention was given to
staining of the nucleus. This was a requirement in order to
classify the cell as positive. The indices of Ki-67, p53 and
p21 were calculated by dividing the number of stained cells
per millimetre by the total number of basal cells per
millimetre. It should be noted that the non-keratinocytes
in the basal layer were included in the total number. All
patients were evaluated for all three markers.

RESULTS

Immunohistochemistry of Ki-67

Nuclear Ki-67 staining was restricted to keratinocytes in
the basal cell layer and the suprabasal cell layer of the
interfollicular epidermis. In this analysis we counted only
Ki-67-positive cells in the basal cell layer. We did not
observe any Ki-67 nuclear staining of the melanocytes or
the Langerhan’s cells.

The mean of Ki-67-stained cells in the controls was
4.690.6 (SE) per millimetre. At 1 week and 2.5 weeks of
radiotherapy, i.e. after 5 and 12 fractions, respectively, the
Ki-67 values were signi� cantly reduced to 1.690.5 and
1.690.3 per mm. From 3 weeks and onwards there was a
steady increase in the number of Ki-67-stained cells. As
early as 5 weeks and 25 fractions a substantial increase
above the control value was seen. The number of stained
cells reached a value of 7.591.5 per mm at the end of the
7 weeks of treatment.

The Ki-67 index determination over the 7 weeks is
presented in Fig. 2. In the controls, the Ki-67 index was
determined to 2.890.3%. A clear-cut reduction in the
index to about 1% was observed during the � rst 2.5 weeks,

Table 1

Description of primary antibodies

SourceClone Working dilutionAntibody

1 100MIB1Ki-67 Immunotech
1 50DO-7P53 DAKO

Calbiochem1 50WAF1P21
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Fig. 2. The Ki-67 index9(SE) during daily fractions of 1.1 Gy,
totalling 35 fractions over 7 weeks.

The p53 index determinations over the 7 weeks are
presented in Fig. 3. In the controls the p53 index was
determined to 0.1490.04%. During the � rst 2.5 weeks a
plateau was seen with an index between 2 and 3%, which
was signi� cantly higher than that found in control biop-
sies. This was followed by a gradual increase to about 10%
at the end of 7 weeks’ treatment. It is noteworthy, that the
pattern of the p53 index to a large extent mirrored the
pattern of the Ki-67 index over the treatment course. The
p53 index was marginally higher than the Ki-67 index over
the whole period.

Immunohistochemistry of p21

None or very few positive nuclear p21 positive cells could
be detected in the control biopsies, as was the case for p53.
Upon radiotherapy, p21-stained cells appeared among the
keratinocytes in the basal cell layer and occasionally in the
suprabasal cell layer but not elsewhere. Only p21-positive
cells in the basal cell layer were counted. As for Ki-67 and
p53, we did not observe any p21 nuclear staining of
melanocytes or Langerhan’s cells.

The p21 index determinations over the 7-week period of
radiotherapy are presented in Fig. 4. In the controls the
p21 index was determined to 0.1590.06%. During the � rst
weeks, the index was slightly higher than that in the
control biopsies. At 3 weeks there was a signi� cant in-
crease, although the p21 index was as low as about 1%.
From this time onwards the p21 index rose gradually and
reached 4% at the end of the 7 weeks’ treatment. The
pattern of the p21 index re� ected the pattern of the Ki-67
index. However, the p21 index was lower than the Ki-67
index over the whole period.

DISCUSSION

In the design of this project we emphasized quanti� cation
of the cell numbers of positively stained cells for the
molecular markers, Ki-67, p53 and p21 in a well-de� ned
tissue subcompartment. The idea was numerically to deter-

followed by a gradual increase. At 5 weeks the index was
about 5% and signi� cantly higher than that in the controls.
During the last 3 weeks of treatment there was accelera-
tion in repopulation among basal cell keratinocytes. The
Ki-67 index determination was 8% at the end of treatment.
Thus, daily fractions of 1.1 Gy with 5 fractions per week
cause signi� cant disturbances in the cell proliferation pat-
tern of the basal keratinocyte cell population. An induced
suppression of the proliferation from the start, lasting over
several weeks, was followed by an accelerated proliferation
over the last 3 weeks of treatment.

Immunohistochemistry of p53

None or very few cells with positive nuclear p53 staining
could be observed in the control biopsies. Upon radiation,
p53-stained cells were seen in keratinocytes not only in the
basal cell layer but also dispersed in the upper cell layers of
the epidermis. As for Ki-67, we counted only p53-positive
cells in the basal cell layer. We did not observe any p53
nuclear staining of melanocytes or Langerhan’s cells.

Fig. 3. The p53 index9 (SE) during daily fractions of 1.1 Gy,
totalling 35 fractions over 7 weeks.

Fig. 4. The p21 index9 (SE) during daily fractions of 1.1 Gy,
totalling 35 fractions over 7 weeks.
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mine the expression of various markers for different low
doses per fraction over the whole period of a standard
radiotherapy course. Therefore we considered it necessary
to place restrictions on the cell compartment to be
analysed. The most logical choice for the skin epithelium is
the basal cell layer, because it resides the stem cells and
early progenitors of the keratinocytes, and is the most
easily recognized cell layer. Moreover, the basal cell layer
is the main location for the melanocytes in the skin and
will be the subject of separate analyses. Secondly, we
sought to utilize the advantage of the morphological pic-
ture of the tissue by using histological sections and we
spent considerable effort in establishing how the different
markers were expressed in the various cell types and cell
layers of the epidermis. These descriptive patterns were
very informative, among other things, about the quality of
immunohistochemical staining and made it possible to sort
out sections with a pattern of unspeci� cally stained cells.

Changes in the rate of repopulation during daily low-dose
fractions

In the literature there are no similar data for comparison,
with the exception of some estimates of the Ki-67 index for
keratinocytes in normal skin. The values found by others
were mostly in the range of 2 to 5%, when strongly
nuclear-stained cells were counted. However, these esti-
mates were based upon a limited number of patients
(60–63). In our study, the Ki-67 index for keratinocytes in
the controls fell into this range. The value was 2.890.3%,
and after correction for the number of melanocytes in the
basal layer the growth fraction for keratinocytes was equal
to 3.1%. We did not � nd any Ki-67-stained melanocytes,
which is in line with the slow proliferation of this cell type.

The results of the determination of the keratinocyte
proliferation in terms of the absolute number of Ki-67-
stained cells per millimetre and the Ki-67 index during
daily fractions of 1.1 Gy were surprising from two aspects.
First, early in the treatment an obvious suppression of the
number of cycling cells lasting for more than 2 weeks was
observed. Secondly, subsequent to the period of suppres-
sion, we observed a gradual increase in the number of
cycling cells that generated Ki-67 index values substan-
tially higher than those in unirradiated skin over the last 2
to 3 weeks of treatment. Intuitively, low doses per fraction
given once a day were not expected to induce such remark-
able disturbances in the proliferation kinetics of epithelial
tissues. To our knowledge, there have been no previous
experimental and clinical data published indicating that
such effects might occur.

Almost 30 years ago, Juliana Denekamp (64) demon-
strated in a skilfully designed experiment the phenomenon
of accelerated repopulation in the skin of the mouse. She
established that the onset of a compensatory accelerated
proliferation was delayed by about one and a half weeks
from the start of daily fractions of 3 Gy. Since that time,

this has been a feature recognized in different normal
epithelial tissues (65–70). Today, the understanding is that
the potential of cell repopulation is a most important issue
that should be taken into account in the evaluation of the
response of acutely reacting tissues to various dose-frac-
tionation schedules. In particular, the CHART trial is one
of the most convincing illustrations of the clinical impact
of repopulation on the early mucosa reaction in the radio-
therapy of head and neck cancer (71).

During the seventies the phenomenon of compensatory
accelerated proliferation was also the basis, derived empir-
ically in the clinic, for allowing a gap in the radiotherapy
course in order to increase the tolerance of the acute
morbidity to high tumour doses given with curative intent.
It was not until more than a decade later that it was
realized that this manoeuvre and, equally, a prolonged
overall treatment time could be a disaster for the curability
of various epithelial tumours (72). Certain tumours might
keep the capacity of accelerated repopulation like their
normal tissue of origin, or increase their growth fraction
for other reasons. Recently, a review of this issue was
written by Jack Fowler (73). The onset time of rapid
proliferation, extracted by careful analysis of clinical data
of the curability of head and neck tumours, was estimated
to be between 21 and 35 days. Intriguingly, this was in
fully agreement with the � ndings in this report.

Some years ago Klaus Trott published an exposé about
probable mechanisms regulating accelerated repopulation
in squamous epithelia during daily fractionation (18). He
emphasized that the reduction of the total number of cells
below a threshold in the epithelium might be the probable
trigger at the cellular level. Experimental studies in rodent
models con� rmed the conclusion from clinical studies that
accelerated repopulation takes place after a delay and was
consistently found in squamous cell carcinomas. The pat-
tern of compensatory proliferation in experimental differ-
entiated squamous cell carcinomas was very similar to that
seen in normal epithelium such as skin and oral mucosa
(74). Therefore, it was suggested that acceleration of re-
population might be a characteristic response of normal
and malignant squamous epithelia to the progressive radi-
ation damage caused by fractionated radiotherapy, and
thus might share some important features of response
regulation.

The � ndings, shown in Fig. 2, are the � rst and only
documentation of the induced changes in the growth frac-
tion of the germinal cell layer of an epithelium during a
whole course of daily fractions of radiotherapy. A signi� -
cant accelerated repopulation occurred subsequent to a
period of several weeks of almost no proliferation, when
1.1 Gy once a day, � ve times per week, was applied for 7
weeks. Daily dose fractions of less than 0.5 Gy caused a
similar suppression in cell proliferation, which remained a
little longer than that for 1.1 Gy, but did not promote any
overshoot in the growth fraction compared to the unirradi-
ated skin (unpublished data).
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Dose fractions of 1.1 Gy belong to the upper end of the
dose range for the putative existence of IRR. However, in
working up accumulated data for dose fractions of 0.1, 0.2
and 0.4 Gy, it was obvious that there was a signi� cant
suppression in the number of cycling cells also for these
very low daily doses. The inhibition of the proliferation
was to some extent dose dependent for both the degree
and the length of the period (unpublished data). Such an
antiproliferative response of the keratinocyte germinal cells
may dominate the reduction rate of the basal cell density
in the epidermis, which in our project was used as the
endpoint to establish whether the HRS IRR phenomenon
exists in clinical radiotherapy (10). An abrupt delay in the
progression of cells from G0 to G1 into the cell cycle upon
induced DNA damage may be an important mechanism of
the tissue to escape from apoptotic cell kill, which prefer-
entially occurs in cycling cells. At the same time, a G0–G1
block will allow time for recognition and repair of genomic
insult. At tissue level, this condition can be considered a
prerequisite for induced repair upon DNA damage. Our
� ndings suggest a block in the G0 to G1 entry, as hardly
any Ki-67-positive cells were noticed during the � rst weeks
of radiotherapy (Fig. 2). Furthermore, the very rare occur-
rence of p21-positive cells during this period (Fig. 4)
supports this conclusion, as will be discussed below.

During the growth inhibition period, depletion of cells
from the basal cell layers occurred to some extent by
apoptosis, premature senescence and displacement of cells
through the upper cell layers of the epidermis (75), accom-
panied by a severely diminished cell production. This
would result in a decreasing basal cell density and in an
increasing hypoplasia of the epidermis, which at a certain
point might promote a mitogenic response and subsequent
accelerated proliferation in the germinal cell layer. The
trigger could be related to changes in intercellular kerati-
nocyte communication induced by the decreased cell den-
sity as well as from signalling pathways between the
effector keratinocytes and non-keratinocytes, such as den-
dritic cells and mesenchymal cells in the irradiated skin
(18).

The present � nding raises another important aspect i.e.,
what impact do the periods of suppressive and accelerated
repopulation have upon cellular radioresponsiveness of
keratinocytic stem cells and early progenitor cells in nor-
mal epithelia, respectively. Proliferating cells were gener-
ally expected to be more radiosensitive than quiescent G0
cells or cells arrested in the G0–G1 border. In ongoing
analyses of HRS IRR we are using mathematical mod-
elling to determine the impact of primary growth suppres-
sion and secondary growth stimulation on tissue
radiosensitivity during accelerated repopulation.

P53 and p21 as markers of tissue response to daily
low -dose fractions

The wild-type p53 protein is almost undetectable with

immunohistochemistry in normal unstressed cells because
the half-life of the protein is very short. In addition to this
low protein concentration, in some cells, p53 probably also
exists in a latent form, inactive for transcription. The
situation is different after DNA damage. IR induces sin-
gle- and double-strand breaks that cause accumulation of
p53, mainly due to reduced degradation and by way of
dramatically increasing the half-life of the protein. The
enhancement in p53 levels is known to be proportional to
the extent of DNA damage. Thereby, it is possible to
visualize the wild-type p53 protein immunohistochemically
and screen the potential overexpression of the p53 protein
induced in the germinal cell layer of the skin by daily
low-dose fractions.

In the assessment of the p53 expression we had to
consider the fact that exposure to sun may induce clusters
of keratinocytes stained with p53 in the skin (76–78).
These clusters emanate from acquired p53 mutations.
Characterization of these clones was consistent with the
founder cell being a stem or transit-amplifying cell (77).
The present study was based on skin biopsies taken from
the pelvic area, which generally is less directly exposed to
UV radiation than most other parts of the body. There-
fore, clones of p53-stained keratinocytes were only rarely
observed in the unirradiated skin of our patients.

In unirradiated skin, as expected, we observed very few
cells that expressed immunostaining for p53 and p21.
During the � rst weeks of daily fractions a small increase in
the number of both p53 and p21 positive cells was seen
(Figs. 3 and 4). This was a re� ection of the few cycling
cells in this period (Fig. 2). The reason will be explained
later. From 3 weeks onwards there was a gradual increase
in the p53 index and the p21 index. Although the p21
index was substantially lower than the p53 index, both
were fairly parallel, and again markedly parallel to the
Ki-67 index. Recordings of the expressions of the three
markers from the same biopsies certainly contributed to
the congruent � ndings during the whole treatment period.

Recently, the expressions of p53 and p21 in all cell
layers of the skin were evaluated immunohistochemically
after a single dose of 2 Gy and 54 Gy in daily fractions of
2 Gy. The results indicated a dose response and a clear-cut
correlation between p53 and p21 (79).

The most intensively investigated pathway to p53 activa-
tion is that initiated by DNA damage. Mammalian cells
have evolved surveillance mechanisms that monitor the
structure of chromosomes and coordinate DNA repair and
cell-cycle progression (43). The main functions of DNA
damage checkpoints are to control cell-cycle arrest, DNA
repair pathways and induction of apoptosis. DNA damage
is sensed by checkpoints that retard progress through the
cell cycle until the damage is repaired (37). Importantly,
the cell growth inhibition allows time for the crucial
checkpoint decision-making to promote life or death of the
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cell upon the in� icting and potentially mutagenic damage
(80).

ATM is a recently identi� ed checkpoint protein that
senses and signals DNA damage (Fig. 1). Upon IR, ATM
induces several speci� c phosphorylations of p53, among
which the residues serine 15 and serine 20 are identi� ed as
crucial for p53 activation (29, 30, 81–83). With immuno-
histochemistry using phospho-speci� c antibodies to serine
15 and serine 20, it may be possible to detect this step in
tissues. In the present work we used the DO-7 antibody,
which is active to epitopes 19–26, and not phospho-spe-
ci� c, as a measure of the total amount of the p53 protein.
However, attempts are currently under way to investigate
whether DNA damage-induced phosphorylation occurs at
serine 15 by using a phospho-speci� c antibody. During the
� rst period of the radiotherapy course, when the cell
proliferation was limited, the p53–serine 15 index was
similar to that for DO-7 (unpublished data). This indicates
that the p53 stabilization observed by DO-7 was related to
DNA-induced damage.

A comprehensive study of whole-body irradiated mice
showed that the p53-mediated effects were tissue speci� c
(84). The basal level of p53 varied considerably among
tissues. Generally, radiation-resistant tissues expressed low
amounts, while sensitive tissues expressed high amounts of
p53 protein, and the same association was found for the
p53 mRNA level. The pre-existing basal level of the p53
protein in a particular tissue determined the amount of
p53 protein accumulated after genotoxic stress. It was
concluded that p53 regulation at the mRNA level constitu-
tively was a determinant of cellular sensitivity to IR-in-
duced genotoxic stress (84).

Furthermore, there is evidence that only cells in a cer-
tain phase of the cell cycle or differentiation status respond
to DNA damage by overexpressing p53. Within the prolif-
erative basal layer of epidermis, stem cells give rise to
transit amplifying cells. These initiate terminal differentia-
tion after a few rounds of proliferation when mitosis is
blocked (58). p53 is mainly expressed in the proliferating
cells, stem cells and transit-amplifying cells, of the human
epidermis, and barely detectable in terminal-differentiating
cells (85). The p53 expression was tightly regulated by
HDM2 during the transition from proliferation to terminal
differentiation. The HDM2 expression was inversely corre-
lated to the p53 expression. Both loss of p53 and transient
induction of HDM2 occurred as basal keratinocytes lose
their proliferative potential (85).

Knowledge about the distribution of the constitutive
levels of p53 among the keratinocytes in the basal layer in
unirradiated skin and also that the pre-existing levels
determine the amount of accumulated p53 upon radiation
are extremely relevant for the interpretation of our results
presented in Figs. 2–4. This means that the immunostain-
ing of Ki-67 and p53 that was detected probably appeared
from the same cell population, because the p53 protein is

expected to be substantially higher in proliferating cells
compared to post-mitotic cells. To some extent, this was
con� rmed by comparing adjacent sections stained for p53
and Ki-67, respectively. However, double staining will be
necessary to ensure whether this is the case.

The p53-dependent transcription of p21 has bearing on
the function of the protein in the control of the cell cycle
and DNA synthesis upon DNA damage. To ensure that
the expression of p21 in Fig. 4 was a re� ection of the
p53-p21 pathway induced by the DNA-damage check-
point, the p21-stained cells had to be p53 stained. More-
over, the p21 cells had to be Ki-67-positive as evidence of
being in the cell cycle. Again we obtained certain support
for both conditions by comparing positively stained cells
on adjacent sections. However, this needs to be con� rmed
by double staining procedures.

By comparing the expression of Ki-67 and p21 during
the � rst weeks of radiation (Figs. 2 and 4), we found
evidence of cell-cycle arrest in the G0 G1 border, as there
was no sign of any accumulation of cells either in G1 S or
G2 M. There are several known possible pathways that
might be regulators of a G0 G1 block on DNA damage.
One possibility is another p53-dependent pathway, which
acts through a speci� c membrane protein (43). Other
candidates are Bcl-2 (86, 87), and TGFb (88). Further
investigation of the mechanisms responsible for this very
sensitive tissue effect upon DNA damage is highly
justi� ed.

In using skin as a clinical assay, a reliable identi� cation
of the p21-positive cells is important because, apart from
the function of p21 in the cell-cycle arrest upon DNA
damage, it plays a complex role in differentiation. In skin,
expression of p21 is induced in post-mitotic cells immedi-
ately adjacent to the proliferative compartment, but is
decreased in cells further along the differentiation pathway
(48). However, as described above, p21 positive post-mi-
totic cells are expected to be unstained for p53. Therefore,
with the appropriate methods, it should be possible to
distinguish the origin of the p21-expressing cells in Fig. 4.

A recent discovery, particularly relevant for the present
results, is that p21 is involved in the control of stem
self-renewal in keratinocytes. p21 has an essential function
in restricting the self-renewal potential of the keratinocyte
stem cell population through promoting these cells to
irreversible commitment to differentiation (49). During
stimulated repopulation, as in Fig. 2, such a function of
p21 might be crucial for the control of homeostasis in the
epidermis.

In this way, p21 probably mediates its function in the
ARF-p53 pathway, which is activated by hyperprolifera-
tive signals (Fig. 1). An abnormal threshold of mitogenic
signals, i.e. through c-myc or E2F1, activates ARF. In-
triguingly, a bridge was recently discovered between the
ATM and ARF pathways upstream of p53 (Fig. 1),
through E2F1, which was found to be stabilized, and



Acta Oncologica 40 (2001) Skin in patients treated for prostate cancer 949

activated by ATM upon DNA damage (89). Therefore,
further studies of the induced expression of ARF and
E2F1 in our clinical assay will elucidate the mechanisms
behind the signi� cant cell proliferation disturbances estab-
lished in the present work.

Concerning p53 and p21, a vast array of possible inter-
actions and regulatory networks has to be considered.
Despite a clear and coherent picture of the expressions of
the p53 and p21 proteins related to the growth fraction,
estimated by means of Ki-67, was established in the
present work. This was possible through comprehensive
quanti� cations of the cellular response in the well-de� ned
germinal cell layer of the skin to daily low doses of
radiation.

In conclusion, we report that daily fractions of 1 Gy
induce signi� cant changes in proliferation of basal kerati-
nocytes in the epidermis. Over a period of 2.5 weeks there
is a depression in proliferation, which is followed by
accelerated repopulation for up to 7 weeks. Moreover,
consistent expressions are observed for p53 and p21, which
to some extent mirror the proliferative pattern shown by
Ki-67. Our � ndings strongly support, and so far are the
only evidence, that the recently identi� ed biochemical and
molecular pathways regulating DNA damage and abnor-
mal proliferation, with p53 as the node in a complex
network, take place in the normal skin epithelium of
patients receiving a standard radiotherapy course. At the
moment we cannot separate the DNA damage response
from the proliferative response, which both involve the
p53–p21 pathway. However, this is a highly relevant issue
that we are giving the highest priority to resolve.
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