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Flow Cytometric Characterisation of Proliferating 
Cell Nuclear Antigen using the Monoclonal 

Antibody PC10 
George D. Wilson, Richard S. Camplejohn, Christine A. Martindale, 

Adrian Brock, David l?. Lane and Diana M. Barnes 

Anti-PCNA antibodies have aroused considerable interest recently as potential immunohistochemical markers of 
proliferation for use on clinical samples. PC10 is a monoclonal antibody which has been shown to recognise its 
epitope on formalin-lixed, paraffin-embedded, archival material. However, whilst PC10 gives the expected 
labelling pattern for growth fraction in normal tissues and some tumours, discrepant results have been obtained, 
for example, in carcinoma of the breast. By means of flow cytometry, we have attempted to characterise the 
different staining patterns that can be obtained with PClO. Intact fixed cells from proliferative mammalian 
cultures show 100% labelling, consistent with a growth fraction estimate. In contrast, detergent-extracted nuclei 
show S-phase specific staining. Nuclei extracted by treatment of lixed cells with pepsin show a different staining 
pattern again, with many Gl cells weakly stained and staining intensity increasing through S-phase into G2. The 
results demonstrate that multiparametric flow cytometry can define the cell populations which label with 
proliferation-related antibodies, such as PClO, under a variety of experimental conditions. 
EurJ Cancer, Vol. 28A, No. 12, pp. 201&2017,1992. 

INTRODUCTION be used prognostically or diagnostically to select- appropriate 
IDENTIFICATION AND characterisation of the cellular proteins treatments or treatment scheduling, and biologically it may give 
involved in the control of cell proliferation is essential for insight into tumour progression and, in particular, metastatic 
understanding the mechanisms of growth regulation in both potential. 
normal and neoplastic tissue. Knowledge of proliferation in Traditionally, proliferation in human tumours, has been 
human tumours can provide valuable information which may assessed using in vim incorporation of tritiated thymidine 
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([3H]TdR) and autoradiography. This technique has been used 
in a wide variety of tumours giving information on labelling 
index (LI) and clinical outcome (see [l] for review). The 
introduction of flow cytometry (FCM) allowed the measurement 
of S-phase fraction, analogous to the LI but without the need to 
incorporate a DNA precursor [2]. More recently, the two 
techniques have been combined using bromodeoxyuridine 
(BrdUrd) incorporation, and simultaneous measurement of its 
uptake and total DNA content by FCM [3, 41. This approach 
yields more information by generating both the LI and the 
duration of S-phase (Ts), thus making it possible to compute 
potential doubling time (T,,). However, this technique requires 
the administration of a DNA precursor to the patient and a 
biopsy specimen to be removed several hours later. 

There is a need for a non-invasive marker of proliferation that 
can also be used on conventionally fixed histological material. 
The monoclonal antibody Ki67 has been widely used as a 
measure of growth fraction [S], although its antigen remains to 
be identified. Recently, attention has been focused on other 
cell cycle-related proteins (see [6] for review) such as DNA 
polymerase CY, ribonucleotide reductase and, in particular, proli- 
ferating cell nuclear antigen (PCNA). 

Synthesis of PCNA occurs in late Gl, presumably after the 
restriction point, and throughout S-phase [7], although the 
protein is detectable throughout the proliferating cell cycle due 
to its relatively long half life (20 h). Levels of PCNA are 
negligible in long-term quiescent cells [g]. PCNA has been 
identified as an auxiliary factor to DNA polymerase 6 at the 
replication fork [9] and exists in at least two forms, one of which 
is tightly bound in the replisome or at sites of DNA repair and a 
second which shows diffuse distribution throughout the nucleo- 
plasm [S]. The distribution of the two forms of PCNA around the 
cell cycle has been studied using indirect immunofluorescence of 
cells, 2-D gel electrophoresis, and by FCM [ 11, 121. 

The latter technique offers the most direct approach to study 
cell cycle distribution of PCNA, but the studies, so far, have 
produced conflicting results. Using the autoantibody derived 
from patients with systemic lupus erythematosus, only S-phase 
staining results on methanol-fixed cells [7]. However, studies 
using the monoclonal antibodies 19F4 and 19A2 failed to show 
S-phase specific staining after methanol fixation. Instead, par- 
aformaldehyde, with or without lysolecithin, followed by meth- 
anol fixation, was required to obtain S-phase-specific staining 

WI. 
Recently, a new series ofmonoclonal antibodies against PCNA 

have been described 1131. These were raised against recombinant 
PCNA protein cloned in a series of bacterial expression vectors 
using the cDNA for rat PCNA. Of the 11 antibodies produced, 
PC10 was selected for histological studies as it had the highest 
affinity for PCNA. Several studies have now been reported 
using the PC10 antibody in histological sections of normal 
and neoplastic tissues. Although these studies have shown the 
‘expected’ distribution of proliferating cells in normal tissues 
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and some turnours, there have also been unexpected results in 
other tumour types, notably breast [ 141. 

Using FCM, the present study was undertaken to characterise 
PC10 staining following a series of alcohol and aldehyde fixation 
procedures and, after enucleation, using detergents or pepsin. 
The aim was to produce staining techniques useful for exper- 
imental studies with PCNA, but also techniques that could be 
applied to human tumours and which give insight into the nature 
of PC10 binding using immunohistochemistry. 

METHODS AND MATERIALS 
Tissue culture 

V79 379A Chinese hamster fibroblast cells were taken from 
stocks kept at both centres; those taken from stocks kept at the 
Gray Laboratory are designated V79*. Three of the cell lines 
used, the HeLa human cervix, MV Chinese hamster ovary 
fibroblasts, a clone of CHO cells, and V79 lines were grown 
both as monolayers and in suspension. HeLa cells were grown 
in RPM1 1640 medium with 20 mmol/l HEPES (Gibco) and 
10% fetal calf serum (FCS) (Gibco). MV and V79 monolayers 
were grown in Eagles minimal essential medium (MEM) with 
Hanks salts and 25 mmoV1 HEPES (Gibco) supplemented with 
10% FCS and non-essential amino acids. Suspension cultures of 
these cells were grown in MEM modified for suspension culture 
with 20 mmolil HEPES (ICN Flow Laboratories) and sup- 
plemented with 7.5% FCS and non-essential amino acids. ZR75 
human breast tumour cells were grown as monolayers in Dul- 
beccos modified Eagles Medium (Gibco) with 10% FCS and 
1O-8 mol/l oestradiol. V79* cells were grown in MEM modified 
for suspension culture (ICN Flow Laboratories) with 2.5 mg/ml 
Fungizone (Gibco) and 7.5% FCS. EJ, a human bladder carci- 
noma cell line, was grown in alpha-modified MEM with 
2.5 mgiml Fungizone and 10% FCS. Glutamine 20 mmoV1, 
penicillin 125 kg/ml and streptomycin 125 pg/ml were added 
to all culture media and all cells were maintained in exponential 
growth at 37°C. Monolayers to which no HEPES had been 
added were maintained in an environment of 5% COz. Cells 
were harvested during exponential growth. Monolayers were 
trypsinised in a solution of 0.25% trypsin (Difco Ltd., Detroit, 
Michigan), 100 mmol/l NaCl, and 10 mmoV1 sodium citrate at 
37°C for varying lengths of time. After washing in PBS, they 
were enucleated or fixed as described below. Suspension cultures 
were harvested by centrifugation at 300 g for 5 min. 

Nuclei extraction 
Nuclei were extracted using two methods. Firstly, 2 X IO6 

unfixed cells were washed twice in ice-cold PBS. They were 
resuspended in 2 ml of 0.25 mmol/l sucrose (Sigma Chemical 
Co.), 0.33 mmolil calcium chloride (Sigma Chemical Co.) and 
0.25% Nonidet P-40 (Sigma Chemical Co.) for l&12 min on 
ice. The suspension was then diluted with PBS and centrifuged 
for S min at 700 g. The resulting nuclei pellet was either fixed 
as below or stained immediately. A non-detergent enucleation 
procedure was achieved by incubation of 2 X lo6 ethanol fixed 
cells with 0.4 mg/ml pepsin (Sigma Chemical Co.) in 0.1 mol/l 
HCl for 10 min at 37°C. This was followed by two washes in 
PBS. 

Fixation procedures 
For fixation in ethanol, cells or nuclei were resuspended in 

200 p,l PBS to which 5 mls of ice-cold 70% ethanol was added. 
For methanol fixation, cells or nuclei were resuspended in 200 ~1 
PBS to which 2 mls of absolute methanol at -20°C was added. 
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After 5 min, the solution was diluted to 70% with distilled 
water. Paraformaldehyde fixation required suspension of cells 
or nuclei in 1 ml PBS containing 1% paraformaldehyde (BDH, 
Poole) for 2 min. The sample was then centrifuged and treated 
as for the methanol fixation. However, 10 min postfixation and 
permeation was allowed before dilution. A variation of this 
method of fixation was to resuspend the sample in 1 ml PBS 
containing 1% paraformaldehyde and 500 kg/ml lysolecithin 
(Sigma Chemical Co.) for 5 min. The sample was then centri- 
fuged and treated with methanol as for the paraformaldehyde- 
fixed sample. All samples were stored at 4°C after fixation at a 
concentration of 1 X 10Vml. 

PC10 staining 
All samples were washed once in PBS and 1 x lo6 cells or 

nuclei were resuspended in 0.25 ml of PBS containing 0.5% 
normal goat serum (NGS) (Sigma Chemical Co), 0.5% polyoxye- 
thylene sorbitan monolaurate (Tween 20) (Sigma Chemical Co) 
and 1:50 dilution of the PC10 antibody. In each case, a control 
sample containing no antibody was prepared. There was no 
difference in background staining levels between using an 
irrelevant isotypic antibody or simply using the PBS/Tween- 
20 solution. The samples were incubated for 1 h at room 
temperature. After washing with PBS, the samples were resus- 
pended in PBS/NGS/Tween solution containing a 1:25 dilution 
of a goat anti-mouse IgG (whole molecule) fluorescein isothiocy- 
anate (FITC) conjugate (Sigma Chemical Co.) for 30 min at 
room temperature. The samples were again washed in PBS 
and finally resuspended in 2 ml of PBS containing 1 mg/ml 
ribonuclease (Sigma Chemical Co.) and 10 pg/ml propidium 
iodide (Sigma Chemical Co.). 

BrdUrd incorporation and staining 
1 X lo6 cells were incubated with 20 p_mol/l BrdUrd for 

20 min. After washing with PBS, they were trypsinised or 
collected by centrifugation and fixed in 9 mls of 70% ethanol 
after resuspension in 1 ml of PBS. After overnight fixation, cells 
were washed in PBS then incubated in 2 moY1 HCI for 25 min. 
The acid was neutralised by a further two washes of PBS. The 
cells were resuspended in 0.5 ml PBS/NGS/Tween solution 
containing a 1:20 dilution of rat anti-BrdUrd monoclonal anti- 
body (Dr M. Ormerod, Institute of Cancer Research, Sutton, 
Surrey) for 1 hat room temperature. The cells were then washed 
and resuspended in a further 0.5 ml PBSNGVTween solution 
containing a 1:20 dilution of a goat anti-rat IgG (whole molecule) 
FITC conjugate (Sigma Chemical Co.) for a further 30 min. 
The cells were then washed and resuspended in 2 ml PBS 
containing 10 kg/ml propidium iodide. 

Flout cytometric analysis 
The samples were analysed at both laboratories using Becton 

Dickinson FacSCAN flow cytometers equipped with 15 mW 
argon-ion lasers emitting an excitation beam of 488 nm. Green 
fluorescence from FITC was collected by fluorescence detector 
1 after filtration using a 5 30 nm band pass filter. Red fluorescence 
from propidium iodide was collected by detector 2 after filtration 
using a 585 nm band pass filter. All data were collected in list 
mode and doublets and debris were excluded by gating on the 
area and width signals from the detector. At least 2000 events 
were collected for each sample after doublet discrimination. The 
data presented were collected at different FL1 PMT settings in 
order to accommodate the different fluorescence intensities 
between whole cells and nuclei. To directly compare these two 
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Fig. 1. Bivariate cytograms of DNA content vs. PC10 distribution in 
methanol-6xed intact cells from different cell lines. 

situations, the PMT was calibrated using a control population 
and the data expressed at a single FL1 PMT voltage of 670, the 
voltage at which nuclei were analysed. 

Intact cells 
RESULTS 

Figure 1 shows examples of bivariate cytograms of DNA 
content vs. PCNA content for intact methanol fixed cells. The 
shapes of the profiles were similar for all the cell lines tested. All 
cells showed positive staining with PClO. In all cases, levels of 
PCNA vary within the Gl population, the cells which progress 
into S-phase emanating from populations of Gl cells with 
the higher levels of PCNA. PCNA content increased linearly 
through S-phase before starting to plateau in GZ/M. Figure 2 
shows the effect of different methods of fixation on cell cycle- 
dependent variation in PCNA staining. The curves represent 
variation in mean fluorescence through the cell cycle assessed 
by setting regions in each phase of the cell cycle according to 
DNA content. There was little difference in the shape of the 
PCNA cell cycle distribution obtained after various methods of 
fixation. However, cells fixed in paraformaldehyde had levels of 
fluorescence which were a factor of 20 times higher than those 
determined for the other three methods of fixation. The control 
samples, fixed in pamformaldehyde, also showed very high 
levels of fluorescence which were comparable to those of the 
positively stained samples for the other methods of fixation. 
Cells fixed in methanol and paraformaldehyde with lysolecithin 
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Fig. 2. Fluorescence intensity of PC10 staining as a function of cell 
cycle phase in intact V79 cells after diierent modes of fixation. The 
Buorescence values are means for each population. The controls 
are indicated by the dashed lines. The symbols represent (A) 
paraformaldehyde, (0) methanol, (V) paraformaldehyde and lysolec- 

itbin, and (+) ethanol. 

had very similar levels of fluorescence, with the ethanol fixed 
cells having the lowest levels. Mean fluorescence values for each 
cell cycle phase are shown in Table 1 for methanol fixed cells. 
In the three cell lines for which both suspension cultures and 
monolayers were studied, the cells grown as monolayers had 
higher levels of PCNA throughout the cell cycle. Overall, 
however, there was little difference in levels of fluorescence 
between cell lines, with the exception that HeLa cells grown as 
monolayers exhibited twice as much PC10 fluorescence as the 
other cell lines and that EJ cells exhibited low levels of PC10 
fluorescence. 

Nonidet extracted nuclei 
Examples of bivariate cytograms of DNA content vs. PCNA 

content for nuclei extracted using Nonidet prior to methanol 
fixation are shown in Fig. 3. In contrast with those obtained for 
whole cells, the profiles show S-phase specific staining with the 
majority of cells in Gl or G2/M being visible as separate 
populations with very low levels of PCNA. There is a steep 
increase in levels of fluorescence as the cells move through late 
Gl and early S-phase, with levels peaking in mid-S and declining 
as cells move through late S-phase and into GZ/M. Figure 4 

Table 1. Cell cycle-dependent expression of 
PCNA in whole, methanol-fired cells 

Cell he Gl S G2 

HeLa S 1200 1369 1590 
HeLa M 2161 2400 2383 
v79 s 1369 1690 2167 
V79 M 1435 1805 2394 
MVS 1047 1288 1559 
MVM 1164 1532 1793 
ZR75 1171 1805 1889 

EJ 555 755 755 

Units represent relative fluorescence after sub- 

traction of control values. S or M refers to the 

cell line grown as a suspension or monolayer 
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Fig. 3. Bivariate cytograms of DNA content vs. PC10 distribution in 
methanol-fixed detergent-extracted cells from diierent cell lines. 

shows the effect of different methods of fixation. The S-phase 
specific staining was retained with all four methods of fixation, 
with ethanol producing the most poorly defined profile. Fixation 
in paraformaldehyde and lysolecithin or paraformaldehyde alone 
produced very similar levels of fluorescence. However, fixation 
in aldehyde yielded levels of mid-S fluorescence which were 

160~ 

01 I I I 

GI S G2 

CeLL cycle phase 

Fig. 4. Fluorescence intensity of PC10 staining as a function of ceil 
cycle phase for detergent-extracted V79 cells with different modes of 
post-ftxation. The controls are indicated by the dashed lines. The 
symbols represent (A) parafomuddehyde, (0) methanol, (V ) parafor- 

culture. maldehyde and lysolecithin, and (+) ethanol. 
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Table 2. Cell cycle-dependent expression of 
PCNA in NP40 extracted methanol fixed 

nuclei 

Cell line Gl S G2 

HeLa 46 449 72 

HeLa M 34 410 54 

V79 s 27 309 42 

V79 M 21 232 29 

MVS 17 501 30 

MVM 19 533 35 

ZR75 18 425 32 

EJ 5 155 17 

Units represent relative fluorescence after sub- 

traction of control values. S or M refers to the 

cell line grown as a suspension or monolayer 

culture. 

twice those determined for the alcohol-fixed nuclei. Mean fluor- 
escence in each phase of the cycle is shown in Table 2. In 
contrast to the results for whole cells, levels of fluorescence from 
cells grown as monolayers are lower than those grown in 
suspension in two out of the three cell lines examined. Levels of 
fluorescence in Gl and G2 are similar to those of control samples, 
with S-phase nuclei having levels of fluorescence ranging from 
six to 30-fold higher than those in Gl and G2. 

Nonidet nucleilwhole cells 
Table 3 shows the levels of mid-S phase fluorescence, defined 

as a narrow window of 50 channels around the mid-S DNA 
content, in Nonidet extracted nuclei as a percentage of levels in 
a similar region from whole cells. Values range from 11 to 40%; 
with all three cell lines grown as suspension cultures showing 
retention of a higher percentage of PCNA following Nonidet 
extraction than those grown as monolayers. 

Pepsin extracted nuclei 
Figure 5 shows examples of bivariate cytograms of DNA 

content vs. PCNA content for nuclei extracted from ethanol- 
fixed cells using pepsin. It was not possible to use methanol- 
fixed cells, as in the study of whole cells and Nonidet extracted 
nuclei, because the DNA profiles obtained from nuclei extracted 
using pepsin from methanol-fixed cells were very poor. Some of 
the cell lines studied were very sensitive to the action of 
pepsin, particularly EJ line, which produced only debris at the 

Table 3. Percentage of PCNA retained in 
mida after Nonidet extraction of nuclei 

Cell line Nuclei/cells 

Mid-S ratio (%) 

HeLa S 33 

HeLa M 17 

v79 s 18 

V79 M 13 

MVS 40 

MVM 33 

ZR75 24 

EJ 21 
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Fig. 5. Bivariate cytograms of DNA content vs. PC10 distribution in 
ethanol-fixed, pepsin-treated cells from different cell lines. 

concentration of pepsin used in this study. Similar profiles to 
those obtained from other cell lines could be achieved using 
reduced pepsin concentrations. There was much more variation 
in the shape of the profiles than had been seen for the whole 
cells and Nonidet-extracted nuclei. However, most profiles 
showed a wide variation in PCNA levels in Gl, followed by a 
linear increase through S-phase, peaking in late S-phase and 
decreasing as the cells moved into G2/M. Table 4 shows a wider 
variation in mean fluorescence levels between cell lines than 
those found for Nonidet-extracted nuclei. However, as for 

Table 4. Cell cycle-dependent expression of 
PCNA in pepsin extracted nuclei 

Cell line Gl S G2 

HeLa S 96 271 280 

HeLa M 50 124 132 

v79 s 33 92 85 

V79 M 28 77 82 

MVS 23 62 67 

MVM 22 70 63 

ZR75 19 70 64 

EJ 99 207 223 

Units represent relative fluorescence after sub- 
traction of control values. S or M refers to the 

cell line grown as a suspension or monolayer 
culture. 
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Nonidet-extracted nuclei, levels of fluorescence are higher in 
cells from suspension cultures than in those from monolayers 
for the HeLa and V79 cells, but not the MV line. 

PCNAIBrdUrd LI 
Figure 6 shows a plot of the labelling index obtained from 

PCNA profiles of Nonidet-extracted methanol-fixed nuclei vs. 
the labelling index obtained from BrdUrd profiles. The PC10 
index was defined as the percentage of positively stained cells 
compared with controls without the monoclonal antibody. A 
regression line has been fitted through the points and the 95% 
confidence limits calculated. The correlation coefficient was 0.82 
(I-= < 0.0008). 

DISCUSSION 
A major impetus to the study of cell proliferation has been the 

development of monoclonal antibodies against nuclear proteins. 
Potentially, the pathologist can perform relatively simple immu- 
nohistochemical staining procedures to obtain information con- 
cerning proliferative characteristics of neoplastic disease which 
may facilitate more effective management of patients. A funda- 
mental pre-requisite for any clinically orientated proliferation 
measurement is a knowledge of the identity and cell cycle 
distribution and regulation of the particular protein. Some 
monoclonals, such as Ki-67, have found their way into clinical 
use without identification of the antigen being recognised, 
although there is no doubt about its association with cell 
proliferation [5]. 

PCNA has been the subject of a good deal of recent study, at 
the molecular level, because of its role in DNA replication. 
Although much has still to be learned in terms of its regulation, 
its identity and function are well established. PCNA represents 
an ideal candidate marker for clinical application. However, 
confusion exists in the application of PCNA detection to human 
cancer, due to the heterogeneity of staining patterns that have 
been reported using different monoclonal or auto antibodies and 
fixation procedures. 

We have attempted to study the influence of sample processing 
procedures on the cell cycle distribution of PCNA in a variety 
of mammalian cell lines of differing proliferative characteristics. 
We have used FCM to achieve our aims with the belief that this 

BrdUrd LI (%I 

Fig. 6. Comparison of BrdUrd LI and PC10 index in different cell 
fines. The PC10 index was derived from detergent-extracted, meth- 
anol-fixed cells. S or M refers to the cell fines grown as a suspension 
or monolayer culture. The line fitted to the data is the regression 

analysis with 95% confidence limits. 

I I 
I 

I I / I 

Gl S G2 

DNA content 

12t 

I I I 

GI S G2 

DNA content 

Fig. 7. Content of PCNA as a function of cell cycle position. Multiple 
regions were set throughout the cell cycle and the fluorescence 
intensity of PC10 staining was expressed as a function of DNA 
content after subtraction of control PC10 fluorescence values. 
(a) Shows intact methanol-fixed V79 cells. (b) Shows detergent- 

extracted, methanol-fixed V79 cells. 

may give insight into the information that can be generated from 
immunohistochemical studies. 

PC10 appears to be the best monoclonal antibody for routine 
application to histological material, as the epitope it binds to is 
relatively resistant to conventional fixation procedures [13, 141. 
Our studies clearly demonstrate that PC10 recognition of PCNA 
can be manipulated profoundly by extraction, but less so by 
fixation. Alcohol or aldehyde-fixed intact cells all showed PC10 
positivity consistent with a growth fraction type measurement. 
Changes in the cell cycle distribution of PCNA (Fig. 7a) mir- 
rored those which have been observed with total or nuclear 
protein by flow cytometry [15], i.e. a sharp increase through Gl 
(GlA + GlB) followed by an almost linear increase through S- 
phase plateauing in late S and G2 at a level which is twice that 
seen in early Gl cells. There was little to choose between 
the fixatives, with one exception; an enormous increase in 
fluorescence signal (20-fold greater than other methods) was 
observed with paraformaldehyde (see Fig. 2), due apparently to 
autofluorescence. This effect was abolished in intact cells by the 
addition of lysolecithin and was not observed in paraformald- 
ehyde-fixed nuclei extracted with Nonidet (Fig. 4) or pepsin 
(Fig. 5). Qualitatively, methanol fixation produced the best 
staining profiles in terms of PC10 fluorescence intensity and 
integrity of the DNA profile. 

Extraction of cells with Nonidet-P40 followed by fixation, 
produced staining profiles consistent with S-phas&speci!ic stain- 
ing. These profiles were not obtained in the absence of postfix- 
ation, but could be achieved in unfixed extracted nuclei if they 
were incubated in 0.1 mol/l HCl for 20 min p&or to staining 
(results not shown). Again, there was very little to choose 
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between the fixatives postextraction. Qualitatively, methanol possible explanation for the pepsin profiles is that, under these 
produced the best profiles for the same reasons as discussed conditions, a nucleolar form of PCNA is being detected. This 
for intact cells. Compared with intact cells, Fig. 7b shows a would be consistent with the Sf and Sg distribution described 
completely different pattern of PCNA expression as a function by Celis and Celis [20] in which nucleolar localisation was seen 
of cell cycle distribution. Gl and G2 cells are essentially negative, in mid to late-S. These results.do indicate that enucleation alone 
with strong staining of S-phase cells. is not sufficient to account for S-phase specificity. 

In order to estimate the ratio of tightly bound, detergent non- 
extractable PCNA to total PCNA, the methanol-fixed profiles 
were analysed by setting a narrow region in mid-S phase of both 
intact and extracted cells. After subtraction of control values, 
the ratios were calculated (Table 3). There was some variation 
in the ratio of chromatin-associated to total PCNA between the 
cell lines (1 lAO%), but the average value of 24% for all the cell 
lines is in good agreement with the few previous estimates of 
20-35% which are available [8, 111. These results confirm that 
most of the PCNA present in cells is loosely bound and easily 
extractable. 

The confusion that exists between different reports in the 
literature may arise, not only due to the different cells and 
fixation procedures studied, but also to the different antigenic 
determinants of the antibodies used. PC10 is similar to the auto- 
antibodies in that it detects a folded form of PCNA [ 131, whereas 
19A2 and 19F4 were raised from SDS-denatured PCNA [21] 
and are unable to immunoprecipitate native PCNA. 

The correlation between PC10 index and BrdUrd LI in 
detergent-extracted nuclei (Fig. 6) suggests that, under the 
appropriate staining conditions, PCNA can be used as an S- 
phase marker. However, results from the present study highlight 
the dangers of applying histochemical markers of proliferative 
activity in ignorance of what the staining patterns actually mean. 
We have shown that at least three distinct patterns can be 
achieved on the same type of cell with the same monoclonal 
antibody, in this case by staining whole cells and detergent or 
pepsin-extracted nuclei. Whether true S-phase staining can be 
achieved by manipulation of immunohistochemical procedures 
remains to be established. Previous reports of immunohistoch- 
emical staining have produced confusing results. Robbins et al. 

[16] were amongst the first to use the auto antibodies on tissue 
sections and obtained PCNA indices which were consistent with 
S-phase detection, despite the intensity of the labelling being 
weak. Unfortunately, no measurement was made of LI or SPF 
(S-phase fraction) in this study. Several groups have reported 
results using either the 19A2 or 19F4 monoclonal antibodies. In 
formalin-Iixed material, the PCNA positivity rate resembles the 
Ki67 index [ 171; this would then be a putative growth fraction 
estimate. When tissue sections were fixed in 1% paraformal- 
dehyde followed by methanol, Van Dierendonck et al. [17] 
found a close correlation between positivity and BrdUrd LI. 
However, Coltera and Gown [18], using similar fixation, 
reported PCNA indices which were intermediate between a 
BrdUrd LI and the Ki67 index. Galand and Defraef [19] have 
reported a close correlation between PCNA staining and tritiated 
thymidine incorporation in methanol-fixed histological material. 
These results are rather surprising in the light of our FCM 
studies in which no S-phase specificity was seen using any of the 
fixatives on intact cells. 

We have shown that caution should be exercised in inter- 
preting staining patterns obtained with anti-PCNA antibodies, 
as these patterns can be profoundly influenced by tissue pro- 
cessing and staining conditions. However, our results on cell 
lines demonstrate that S-phase specific staining is achievable 
and it may also be possible to obtain a growth fraction estimate. 
This latter possibility requires confirmation in experimental 
solid tumours, particularly as a recent study suggested that 
PCNA may over-estimate the growth fraction compared with 
Ki67 and pulse-labelled mitosis analysis in a human tumour 
xenograft [22]. Providing that PCNA staining on tissue sections 
can be shown to be consistent for a given tissue, and that it 
measures some proliferation-related parameter, it may have a 
role as a simple operational marker of proliferative activity in 
clinical material. 
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Biochemical Modification of the Toxicity and the 
Anti-tumour Effect of 5Fluorouracil and cis- 

Platinum by WR-2721 in mice 
Clasina L. van der Wilt, Jan A.M. van Laar, Fruzsina Gyergyay, Kees Smid 

and Godefridus J. Peters 

WR-2721 (ethiofos) was tested on Balb/c mice for its chemoprotective capacity against S-fluorouracil (SFU) 
monotherapy. In this combination WR-2721 was not active, but WR-2721 pretreatment allowed an elevation of 
the cisplatin (CDDP) dose in SFUKDDP combination therapy in these mice. Thrombocytopenia caused by the 
SFUXDDP (100 and 7 mg/kg, respectively) therapy was prevented by WR-2721 (200 mg/kg) and a partial 
protection against leukopenia was observed in C57BU6 mice. Various WR-272lICDDPISFU combinations were 
tested on two murine colon tumour models. The best antiproliferative effect against Colon 26 (in Balb/c mice) 
and the lowest toxicity were found with SFU (100 mg&g) and CDDP (5.5 mgkg) delivered together 30 min after 
WR-2721(200 mgkg). The increased efficacy of WR-2721/CDDP/SFU both in Colon 26 and Colon 38 (in C57BY6 
mice) compared to single 5FU or 5FUKDDP treatment at the same dose could not be explained by enhanced 
inhibition of thymidylate synthase (TS), the 5FU target enzyme. The protection by WR-2721 against toxicity of 
CDDP/SFU might enable the use of high doses of CDDP in this combination. 
EurJ Cancer, Vol. 28A, No. 12, pp. 2017-2024,1992. 

INTRODUCTION DNA against several chemotherapeutic agents [6, 71. A high 

S-2(hhtINOPROPYLAMINO)ETHYL PHOSl’HOROTHIOTIC ACID uptake of WR-1065, after administration of labelled WR-2721 

(WR-2721, ethiofos), has initially been developed and used as a has been shown in kidney, liver, bone marrow, heart and spleen; 

radioprotector [l, 21. Lately it has been investigated for its low uptake occurs in the central nervous system, muscle and 

chemoprotectivity against toxic side-effects of cis-platinum tumour [8-l 11. Selective protection of WR-2721 in non-tumour 

(CDDP) and other agents [3, 41. WR-2721 has to be activated tissue against cytotoxic effects can be explained by difference in 

to its metabolite WR-1065 by dephosphorylation catalysed by absorbtion due to bad vascularisation and low AP activity in the 

alkaline phosphatase (AP), a plasma membrane enzyme and as tumour [ 12, 131. In the clinic WR-272 1 has been demonstrated 

such responsible for membrane passage and hydrolysis of WR- to be protective against nephro-, neuro- and ototoxicity induced 

2721 [5, 61. WR-1065 is the active derivative, which protects by CDDP without loss of anti-tumour activity [ 141. 
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5-Fluorouracil(5FU) is widely used for the treatment of solid 
tumours, such as advanced colorectal cancer, breast cancer and 
squamous cell carcinoma of the head and neck. 5FU has to be 
metabolised and converted to the nucleotide level to become 
active [ 151. The metabolite 5-fluoro-2’ deoxyuridine-5’-mono- 
phosphate (FdUMP) inhibits thymidylate synthase (TS), leading 
to a cessation of DNA synthesis. In the presence of 5,10- 


