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Proliferating cell nuclear antigen (PCNA) is a key cell cycle regulatory protein of known structure and
function that also has an important role in DNA repair. Its use as a marker of proliferation can be assessed
directly using a thymidine analogue in suitably labelled pathological material. Following optimisation
studies, a quantitative and cell cycle phase—specific analysis of PCNA expression in fresh biopsies from 50
colorectal tumours (Series A) was undertaken using dual parameter flow cytometry (FCM). For comparison,
quantitative histometric studies of PCNA expression were undertaken on 50 archival bromodeoxyuridine
(BrdUrd) labelled colorectal tumours (Series B). In FCM assays, PCNA-specific fluorescence was displayed
throughout the cell cycle in both cells and nuclei under all preparation conditions, but to a very variable
extent. The mean PCNA labelling index ranged from 38.7% to 53.0% according to the method of cell
extraction used. In the 27 diploid tumours in Series A, the median PCNA LI in GO/G1 was 71.5% (range
27.0-90.6%), in S it was 10.5% (3.3-29.5%), and in G2/M it was 17.4% (5.7-43.5%). In the histometric
studies of Series B tumours, the mean [S.D.] PCNA labelling index (L1) was 38.8 [9.8]%, compared with the
BrdUrd (histometric) LI of 21.1 [9.0]%. The BrdUrd LI measured by FCM was 12.4 [6.51%. PCNA-PC10 is
expressed throughout the cell cycle in human colorectal tumour biopsies, which is in keeping with the range
of DNA repair, synthesis, and regulatory functions that it is now recognised to perform throughout the cell

cycle. © 1995 Wiley-Liss, Inc.
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>roliferating cell nuclear antigen (PCNA) is associated
h DNA synthesis and repair. It is an auxiliary protein
JDNA polymerase delta and has been well characterised
5.11,12,18,26). FCM studies of cell systems have indi-
ed that PCNA exists in a detergent-extractable nu-
oplasmic form during G1, S, and G2, and a tightly
and nuclear form associated with replisomes during
* S phase. In homogeneous cell lines grown exponen-
Iy in culture, the synthesis of PCNA initiates in G1,
reases in late G1 and early S phase of the cell cycle,
ks in mid-S, and declines through G2/M (6,15,16,28).
vlultiparametric flow cytometry (FCM) is an estab-
1ed research tool for the quantitative and cell cycle—
ated study of tumour nucleoproteins, although at the
it of loss of information on tissue architecture inherent
1istological studies. FCM studies of antigen expression
solid tumours require careful attention to a range of
hnical variables (23,27). Colorectal tumours are com-
x and asynchronous mixtures of stromal and malig-
1t cells of many lineages, unlike cells in culture. In this
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paper we report the measurement of PCNA expression
through the cell cycle in a series of 50 freshly obtained
primary colorectal tumours. We compare these results
with data obtained by histometric and flow cytometric
measurement of BrdUrd and PCNA labelling in an archi-
val series of 50 primary, ethanol-fixed colorectal tumours
labelled in vivo with BrdUrd (20).

MATERIALS AND METHODS
Series A: Flow Cytometry Studies of PCNA
In order to study PCNA by FCM under optimal condi-
tions, colorectal adenocarcinomas (n = 50) were sam-
pled immediately after excision. No tumour had been
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.reated with radio- or chemotherapy. This study of PCNA
was divided into two parts. Optimisation studies were
indertaken of tissue disaggregation using both mechani-
zal and enzymatic methods, of cell and nuclear antigen
sreservation, of antibody titres, of controls, and of FCM
profile analysis. The quantitative measurement of PCNA
expression and of the S phase fraction in all 50 tumours
was then undertaken,

Optimisation studies

Extraction of intact tumour cells. The tumour bi-
opsies were minced in Hanks buffered saline solution
(HBSS; Sigma, Poole, UK) for 10 min, then filtered
through a 35 pm nylon mesh. For enzymatic disaggrega-
tion, the specimens were incubated in enzyme solution in
HBSS without calcium or magnesium before filtration.
Protease (Sigma, Poole), 0.5 mg/ml, and deoxyribonu-
clease, 0.005 mg/ml, extraction for 45 min at room tem-
perature produced excessive digestion of tissues. Satisfac-
tory cell suspensions, as assessed using a microscope
haemocytometer, were obtained using 1.0 mg/ml colla-
genase type IV (Sigma) with deoxyribonuclease, 0.2 mg/
ml, for 20 min at 37°C. The cells obtained were spun at
1,000 rpm for 5 min, washed in phosphate buffered saline
(PBS), and spun again.

Extraction of tumour nuclei. Nuclei were ex-
tracted from these cell suspensions by adding 2 ml of a 25
mM sucrose, 0.33 mM calcium chloride and 0.25% Noni-
det P-40 solution for 10 min on ice. This formulation had
previously been standardised for cells in culture (28).
The solution was then diluted with PBS and spun for 5
min at 2,000 rpm.

Fixation. Cells and nuclei were all fixed by resus-
pending in 200 .l of PBS to which 3 ml of absolute meth-
anol at —20°C was added dropwise while vortexing. After
5 min the alcohol content was diluted to 70% with dis-
tilled water. Storage was then possible for 1 month or
more without significant diminution of PCNA staining.

PC10 staining. The concentrations of cells or nuclei
in all samples were adjusted using a haemocytometer to
yield a total of 1 X 10° per vial, spun, and resuspended in
0.25 ml of PBS containing 0.25% bovine serum albumin
and 0.5% Tween 20 (Sigma), and primary PC10-FITC
conjugated antibody (Dako, Herts) at the selected dilu-
tion. This method was chosen as an alternative to a two
(PC10 and second Ig-FITC) antibody binding process
(28) to reduce the number of processing stages in the
sample preparation. A control for nonspecific antibody
binding was prepared for each sample using an FITC-
conjugated mouse IgG2A (Dako) at the same equivalent
antibody concentration as the PC10. The samples were
incubated in the dark for 2 h at room temperature,
washed in PBS, and resuspended in 2 ml of PBS contain-
ing 1 mg/ml ribonuclease and 20 pg/ml propidium io-
dide.

PC10 and control antibody dilution series.
PC10: Two batches of PC10 were used in this study. A
dilution series was performed for each batch to deter-
mine the optimum antibody concentration. Dilutions

were selected that gave a PCNA labelling index at a point
on the dilution curve most closely approximating to a
plateau (19).

Control antibody: Non-specific fluorescence changes
with the applied concentration of the mouse isotypic IgG
selected as the non-PC10 control (28). So as to standar-
dise this variable, the control IgG was always used at the
equivalent dilution to that of PC10.

Flow cytometric analysis. All analyses were per-
formed on a standard FACScan using 2 15 mW argon laser
at 488 nm with Lysys 2 and Cellfit software (Becton Dick-
inson, Oxford, UK). Green light (FITC) was collected in
channel FL1 with a standard gain set at 555. Red light (PI)
was collected in channel FL3 with a standard gain set at
300. Data were collected in list mode. Debris. doublets,
and clumps were excluded using the automatic doublet
discrimination function. PC10-stained and control cells/
nuclei were always run at the same gains. Chick erythro-
cytes or human colorectal mucosa were used to define
reference peaks for the diploid GO/G1 cells. The DNA
index was calculated for each sample by using Lysys 2 to
mark the GO/G1 diploid and aneuploid peak channels.
Cellfit was used to calculate the S phase fractions.

Control gates. All paired control and PC10 speci-
mens were run sequentially, and the resulting FL1-H vs.
FL3-A profiles were displayed side by side for further
analysis. For each sample, new gates were set around the
control populations and transferred directly to the PC10
plots, as in Figures 1, 2, and 3.

There is considerable variation in the level of back-
ground fluorescence and of fluorescence attributable to
the control antibody from one sample to the next (Fig. 4).
Therefore, the gate settings were adjusted on the control
profiles to a cutoff of 98% of fluorescent events, so as
reproducibly to distinguish PCNA-PC10 positivity from
control fluorescence. Ninety-eight percent gating is a
compromise between incomplete and 100% gating out of
control fluorescence. Some events with high fluores-
cence appear in most control profiles, and 100% control
gating out would override virtually all PCNA-PC10 posi-
tive labelling. A small change in the control gate can have
a major effect upon the PC10 measurement (Fig. 5).

Some cytograms showed variable upward distributions
through the cell cycle (Fig. 1), while others remained
virtually flat (Fig. 2). A variety of rectangular and trape-
zoid gate settings were assessed before adopting the rect-
angular model, which was a considerable aid to assay
standardisation. The small percentage difference that
such settings made to overall measurements was not
found to be biologically significant. For example. in Fig-
ure 3a and 3b the difference between the rectangular
model (21.2%) and the trapezoid model (19.9% ) was
1.3% when each control was set at 98.0%.

The following quantitative PCNA parameters were
measured in these tumours:

1. PCNA total labelling index, which is the proportion
of labelled cells above the (98% ) gate.
2. PCNA aneuploid labelling index, which is the pro-
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Fic. 1. Illustration of the setting (98%) of gates for a diploid tumour.
Upper left is the DNA profile. Upper right is the 98% gate on the control
profile. The FITC signal is on the FL1-H (Y) axis, and DNA content is on
the FL3-A (X) axis. Lower left is the 98% gate transferred to the PC10

portion of labelled cells above the (98% ) gate when gating
on the aneuploid population alone.

3. Percentage of cells in GO/G1, S, and G2/M. These
values were only calculated in the diploid tumours be-
cause of the inaccuracies introduced by overlapping pop-
ulations in the aneuploid tumours.

4. The mid S phase PC10 staining ratio. To assess the
specificity of PC10 expression in the § phase, the ratio of
the mid-S phase PCNA staining within and without the
98% control gate was measured (Fig. 6).

5. The S phase fraction (SPF). The SPF was calculated
using the models RFit, SOBR-3, and SOBR-8 within the
Cellfit programme in each sample analysed for PCNA
content.

Observer reproducibility. Gating of the PCNA pos-
itive cells into each cell cycle phase was performed sub-
jectively. To assess the intraobserver reproducibility, five
profiles from diploid tumours were reanalysed by one
observer on consecutive days for the PCNA content of
the G1. S, and G2/M phases. The ranges of the coefficients
of variation of the measurements were GO/Gl (0.6—
3.6% ). 5 (5.6-13.5% ), and G2/M (2.5-8.3% ).

Series B: Histochemical Studies

A direct and quantitative comparison of PCNA and
BrdUrd expression was undertaken using immunohisto-

200 400 600 808 1660
FL3-A\FL3-Area —--->

profile. Lower right are additional gates set around the PC10 “'positive”
cells in the GO/G1, S, and G2/M phases. The setting of these latter gates
is subjective.

chemistry of serial tissue sections (Series B). Fifty blocks
of formalin-fixed, wax-embedded specimens were se-
lected at random from an archival collection of colorectal
carcinomas that had been labelled in vivo with bromode-
oxyuridine (20). Direct comparisons of PCNA and
BrdUrd expression using flow cytometry were not pos-
sible because in preliminary studies the extraction of
cells and nuclei from stored ethanol-fixed tissue blocks
was found to destroy the PCNA-PC10 epitope. Tissue sec-
tions were cut at 4 um, picked up onto poly-L-lysine—
coated slides, and dried at 60°C for 30 min. Serial sections
were stained for BrdUrd or PCNA-PC10 as follows.
Bromodeoxyuridine staining. After incubation in
5% H,0, in methanol, sections were incubated in 0.1%
trypsin (Sigma, Poole) in CaCl buffer (pH 7.8) at 37°C for
10 min. DNA was denatured by incubation in 1 N HCI at
60°C for 10 min. The anti-BRdUrd antibody (clone 20a,
Dako. High Wycombe, Bucks) was then added (1 in 100)
for 1 h at 20°C. Positivity was visualised by an indirect
streptavidin biotin immunoperoxidase procedure (Dako
“Duet” Reagents, Herts, UK) with diamino-benzidine tet-
rahydrochloride (Sigma, Poole) as a chromogen. Carrazi's
haematoxylin was uscd for nuclear counterstaining.
PCNA staining with PC10 antibody. Scctions were
mounted on poly-L-lysine—coated slides and incubated
for 1 h at 45°C to assist adherence. Endogenous peroxi-
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Fic. 2. lllustration of the (98%) gating for an aneuploid tumour. Upper
left is the DNA profile. Upper right is the control-FITC profile set to
exclude 98% events. Lower left is the 98% gate transferred to the PC10-
FITC profile. Lower right is the gating set around the aneuploid popula-

dase activity was blocked in 1% H,0, in methanol for 30
min. PC10 antibody (courtesy of Professor D.P. Lane,
Dundee) was applied in dilutions of either 1/100, 17200,
or 1/400 for 1 h. After washing in Tris buffered saline,
biotinylated anti-mouse IgG (Sigma Immunochemicals,
Poole) was added for 30 min, and avidin-peroxidase con-
lugate was added for 45 min. Visualisation was achieved
1sing diaminobenzidine for 10 min. Sections were coun-
‘erstained with Harris haemotoxylin and mounted. Each
iection had a negative control by omission of PC10.
Quantitative counting. Tumour cells were counted
%y an observer using an eye graticule with a 10 x 10
jrid. From each section, 10 representative areas were
elected for counting. Each area contained between 100
nd 200 cells. The mean PCNA or BrdUrd labelling index
vas thus derived from between 1,500 and 2,000 cells in
ach sample. In the case of the BrdUrd labelling data, a
orrection was applied to account for the variable extent
£ cell division that occurs in different tumours between
irdUrd injection and biopsy (up to 16 h). The labelling
dices were corrected to TO (the time of injection using
correction factor derived from the BrdUrd/FCM analysis
3).

Clinical Correlates

Conventional assessment was undertaken by one se-
ior pathologist in each case to report the Dukes staging
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tion to yield the aneuploid labelling index. This gate includes some
positive events from the G2/M phase of the diploid phase, overlapping
the aneuploid peak.

and degree of differentiation. The site of the tumour was
recorded.

RESULTS
Series A: Flow Cytometric Measurement of PCNA

Fifty patients with primary adenocarcinomas of the co-
lon (n = 34) and rectum (n = 16) were studied. There
were three Dukes A, 18 Dukes B, and 29 Dukes C tu-
mours. Twenty-seven tumours were diploid and 23 were
ancuploid. Series A was similar by conventional patholog-
ical criteria to the BrdUrd labelled series B tumours.

Optimisation studies. Five tumours were used for
the optimisation studies.

PC10 Antibody dilution series. The optimum dilu-
tion was defined as the point at which PC10 labelling did
not further increase with increasing concentration of pri-
mary antibody. In batch A of the PC10-FITC antibody. the
optimum dilution was 1/25, and in batch B the optimum
dilution was 1/10.

Gate standardisation. In cell suspensions with a
high fluorescence attributable to non-specific IgG-FITC
in the control sample, the change from 95% to 98% gat-
ing produced a large shift on the FITC fluorescence
(FL1-H) axis. When transferred to the PCNA profile, this
gate setting would make a large difference to the PCNA
labelling index (Fig. 5). We thus standardised the control
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Fic. 3. AB: The rectangular and trapezoid gates on the cytogram produce an absolute difference of 1.3%
when the control gate is standardised at 98% (see text).

‘e setting as the 98% percentile for each tumour, chanical extraction of cells (1) or nuclei (2), or enzy-
her than at a prescribed channel setting. matic extraction of cells (3) or nuclei (4). Between one
Clinical series. Each tumour (n = 50) underwent and four satisfactory PC10 profiles were obtained for

ic different preparative procedures. These were me- each tumour. A profile was judged to be satisfactory if the
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Fig. 4. lllustration of the problem posed by variable intensities in
\ntrol sample fluorescence in two diploid tumours. Tumour A has min-
sal non-specific fluorescence. Tumour B has high background fluores-
snce. The upper profile directly compares these fluorescence profiles (y
s = number of cells, x axis = FL1-H, or fluorescence intensity).
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Gating based on predetermined channels (FL1-H) would exclude very
different proportions of background fluorescence in different tumours.
For example, a gate set near channel 50 on the Y axis would exclude
98% of events in A but only 74.8% on B.
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Fie. 5. Illustration of how a small variation in gate placement on the
control profile (left) will have a major effect on the percentage of PCNA-
PC10 "positive” cells within the gate (right) in a diploid colorectal tu-
mour. A control with non-specific IgG (left) is paired with the correspond-

DNA profile (FL3) was clearly defined. regardless of any
difference in the FL1-H profile of the PC10-stained pop-
ulation when compared with the control. In six tumours,
two regions were studied. In these cases, mean values for
the PCNA data were used in subsequent analyses.

FL3-A\FL3-Area --->

ing PC10 profile. For example, a move from 95% to 99.5% on the
control profile will move the positivity from 63.9% to 18.4%. One hun-
dred percent gating of the control would require a gate at channel 800.
which would yield less than 10% “positivity’* on the PC10 profile.

In 15 of 50 tumours, interpretable PCNA profiles were
obtained by all four preparative procedures. In 17 tu-
mours three procedures yielded data. In 11 tumours two
procedures yielded data. In the remaining seven tumours
only one procedure was successful. The quantitative
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Fic. 6. This profile illustrates the method by which the mid S phase
PCNA ratio is calculated in a diploid tumour. A narrow (50 channel
width) gate or box is drawn in the mid S phase of the PCNA-PC10
positive sample, the 98% gate having previously been established from
the control sample. The proportion of positive cells (R1) in the total
sample (R1 + R2) yields the mid-S ratio. S phase cells unlabelled for
PC10 will appear in R2.

.

PCNA-PC10 data obtained from these analyses are re-
ported in Table 1.

Mechanical and collagenase extraction of cells yielded
large numbers of clearly identifiable single cells from
most tumours. Mechanical and collagenase based extrac-
tions yielded similar numbers of analysable samples (42
vs. 43 tumours), and there was no significant difference
in the total PCNA labelling indices of the populations
measured by either technique (P = 0.92). Mechanical
extraction of nuclei yielded a marked increase in nuclear
clumping or adhesiveness in the methanol solvent despite
a variety of preemptive manoevres. These included vor-
texing, or the addition of Tween 20, EDTA or DNAase
(Sigma, Poole UK). Collagenase extraction of nuclei was
more effective than mechanical extraction (34 vs. 22 tu-
mours), but there was no significant difference in the
total PCNA labelling indices of the populations measured
by either technique (P = 0.62).

Cell cycle analysis. PCNA expression was observed
throughout the cell cycle in all specimens successfully
studied. Quantitative analysis of the PCNA-PC10 content
within the individual G1, S, and G2 phases was performed
upon the cell extracts of the 27 diploid tumours. The
median PCNA LI in the GO/G1 phase was 71.5%, with a
range of 27.0-90.6% . The median PCNA LI in the S phase
was 10.5%, with a range of 3.3-29.5%. The median
PCNA LI in the G2/M phase was 17.4%, with a range of
5.7-43.5%. The overlapping of the various phases within
aneuploid tumour profiles prevented such an analysis of
aneuploid tumours.

Correlations with S phase fraction. The S phase
fraction values calculated by the three different models
Rfit, SOBR-3, and SOBR-8, and the total PCNA labelling
index values were compared in profiles derived from
analysis of 17 diploid tumours from which the cells were
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successfully extracted mechanically. In this group of tu-
mours, all four SFP and PCNA data sets were available
(Table 2). There was no correlation between the PCNA
LI and SPF data points by any method, and the mean
PCNA labelling index was significantly higher than the
equivalent SPF value. There was a correlation of 0.6
between the S phase fraction, as determined using Cellfit,
and the proportion of PCNA positive cells in the S phase,
as determined by observer gate setting on the PCNA pro-
file.

Mid-S pbase PCNA ratio. The median mid-S phase
PCNA ratio in diploid tumours (n = 27) was 62.7%
(mean 64.9%, range 31.0—-100% ).

Clinical correlations (series A). There was no cor-
relation detected between Dukes stage, differentiation, or
site and the total PCNA-PC10 labelling indices deter-
mined by FCM.

Series B: Bromodeoxyuridine Labelled Tumours

There were 29 rectal and 21 colonic adenocarcinomas.
These comprised two Dukes A, 24 Dukes B, and 24 Dukes
C tumours. Twenty-five tumours were diploid and 25
were aneuploid. The quantitative BrdUrd and PCNA his-
tochemical labelling index data and the corresponding
BrdUrd labelling data obtained by flow cytometry (and
previously reported) are presented in Table 1. Note that
the FCM analyses included stromal cells.

There was a highly significant difference between
BrdUrd and PCNA labelling (P > 0.00001) in the histo-
metric study, with PCNA labelling being significantly
higher than BrdUrd labelling in most tumours (Fig. 7).
This difference was also seen between the flow cytomet-
ric data for PCNA labelling (Series A) and BrdUrd label-
ling (Series B) (Table 1). There was no significant differ-
ence in the histometric expression of PCNA or BrdUrd
attributable to aneuploidy (Table 1).

DISCUSSION

Quantitative histochemical measurements of PCNA ex-
pression have been proposed to have practical value and
prognostic potential in proliferation studies of clinical
tumours, including those from the intestinal tract. For
example, Mayer et al. (17) reported a range of PCNA-
PC10 positivity from 3.0% to 54.6% (median 17.5% ) in
a series of 82 colorectal tumours and very similar values
in 18 nodal metastases. Al-Sheneber et al. (1) reported a
similar range of data in a smaller cohort of 40 colorectal
tumours. Woods et al. (29) detected a correlation be-
tween the PC10 labelling index, histological grade, and
survival in a series of 31 gastro intestinal lymphomas,
while Jain et al. (14) reported that PCNA labelling of
gastric carcinomas may have prognostic value.

The value of PCNA as a proliferation marker is under
debate. PCNA is also expressed by cells undergoing DNA
repair, so it may not be solely a proliferation or growth
fraction marker (18). PCNA measurements using histo-
chemical techniques are influenced by a number of pre-
parative considerations, for example, the type and dura-
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Table 1
Histometric and Flow Cytometric Data Obtained from Fresh Colorectal Tumour Biopsies and Archival
BrdUrd Labelled Colorectal Tumours
Factor Mean S.D. Range
Series A: Flow cytometry of PCNA labelled tumours
1. Total population PCNA labelling (%)
Mech. cells (n = 42) 53.0 26.0 5.8-99.7 (a)
Coll. cells (n = 43) 49.7 22.5 7.1-96.2 (a)
Mech. nuclei (n = 22) 47.1 23.5 9.6-99.6 (b)
Coll. nuclei (n = 34) 38.7 25.2 4.7-91.9 (b)
2. Aneuploid population PCNA labelling (%)
Mech. cells (n = 22) 55.8 24.1 10.0-91.0 (c)
Coll. cells (n = 19) 66.6 18.7 23.8-99.2 (c)
Mech. nuclei (n = 13) 50.6 23.3 10.7-87.5 (d)
Coll nuclei (n = 14) . 40.3 26.3 6.7-86.9 (d)
Series B: Histochemistry of BrdUrd labelled tumours
BrdUrd tumour cell labelling indices (%)
LI% diploids (n = 25) 20.7 8.0 4.4-35.4
L% aneuploids (n = 25) 21.5 10.1 8.5-57.8
All tumours (n = 50) 2141 9.0 4.4-57.8 (e) (f)
PCNA labelling indices (%)
All tumours (n = 50) 38.8 9.8 16.9-63.9 (e)
Diploids (n = 25) 37.7 8.4 20.3-49.8
Aneuploids (n = 25) 39.9 11.1 16.9-63.9
Series B: Flow cytometry of BrdUrd labelled tumours
BrdUrd Labelling Indices (%)
All tumours (n = 50) 12.4 6.5 3.2-38.2 ()
Aneuploid FCM LI% (n = 25) 14.7 7.4 5.2-38.2
Letters in parentheses [e.g., (a)] denote data sets that were compared for significance. (a—d): no signif-
icant differences; (e) P > 0.00001; (f) P > 0.001.
S.D. = standard deviation; Mech. = mechanically extracted; Coll = collagenase extracted.
Table 2
S Phase Fraction Data for 17 Diploid Tumour Cell Samples Following Mechanical Extraction,
Calculated by the Three Algorithms Rfit, SOBR-3, and SOBR-8
Factor Mean SD Range Correlation
PCNA total LI% 53.4 27.4 5.8-94.1
SPF% (RFit) 16.4 6.6 3.8-27.8 0:27
SPF% (SOBR-3) 115 5.4 4.3-24.2 -0.33
SPF% (SOBR-8) 7-8 3.3 3.8-15.3 -0.12
Correlations were made by linear regression analysis with the total PCNA LI in the same tumour
sample.
tion of fixation (12,13,22), the concentration of applied 70 PCNA (histometric) labelling index (%)
antibody (19), and the actual antibody employed (25). o -
In contrast to microscope-based histometric studies, 60l _ .
multiparameter flow cytometry allows quantitative and - {
cell cycle phase—related analyses of nuclear antigen ex- 50 on. @ f—ﬁ; gco © i
pression in tumour cells to be undertaken. although un- E%qj mé’g@ e ]
der the very different preparative conditions. PCNA ex- o o a DSDD%D - |
pression has been evaluated in a range of cell lines using 30t B8 o “zo |
FCM (18,28), but solid tumours are a much more com- o, |
plex cell system than are cell lines grown in culture. The 20+ o 3 {
applications and technical limitations of monoparameter |
flow cytometry in the study of solid tumours have been 10 |
well rehearsed (2,8,10,13,24,27). For example, the § ° " L L . |
phase analysis data demonstrated considerable variation 0 10 20 30 40 50 80

on a case-by-case basis in the SPF calculations by the RFit,
SOBR-3, and SOBR-8 methods, even though these were
performed upon identical DNA profiles derived from
fresh and optimally prepared tumour material. These

BrdUrd (histometric) labelling index (%)

Fic. 7. This is a plot of the PCNA-PC10 and BrdUrd labelling indices
calculated by microscope-based histometry in 50 colorectal tumours

(Series B).
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problems are compounded in multidimensional FCM
analyses. Our study was thus designed to address a num-
ber of important technical problems in the flow cytomet-
ric analysis of PCNA in colorectal and other tumours.
These include the following factors.

Firstly, the preservation of PCNA-PC10 epitope during
the extraction of whole cells and nuclei from solid tu-
mours is affected by the type and duration of fixation,
and the method of disaggregation. Whole cells are more
ditficult to obtain, even from fresh biopsies of solid tu-
mours, than are nuclear fragments. The extraction proto-
cols were selected s0 as to preserve either whole cell or
tightly bound nuclear PCNA. Mechanical mincing or grat-
ing procedures (7) appear to be adequate for extracting
intact cells from colorectal tumour biopsies. Collagenase
has previously been shown to produce high yields of vi-
able whole cells from fresh tumours when compared
with other enzymes (9). Mechanical or collagenase dis-
aggregation made no difference to the results of the
PCNA analysis.

Secondly, the epitope specificity, the batch of mono-
clonal antibody, and the choice of antibody-dye conju-
gate are important. Direct antibody-FITC conjugates may
be preferable to indirect or multistage antibody marking
in that they may simplify the preparation process. How-
ever, a two stage staining protocol using PC10 and an
I2-FITC conjugate (28) may decrease non-specific stain-
ing.

Thirdly, the evaluation of control antibodies and pro-
tocols is important. Autofluorescence is a variable feature
of cell preparations, as is control antibody-associated
fluorescence. We have shown that it is necessary to es-
tablish new control gates for each tumour analysed to
prevent data from being heavily influenced by the inter-
tumour variation in the baseline fluorescence. Nucleo-
protein measurement must be undertaken with reference
to a control specimen from which the PC10-FITC anti-
body has been omitted, because there is no discriminator
on the continuum on the PCNA vs. DNA plot to distin-
guish labelled from unlabelled cells. Moreover, all cell
and nuclear suspensions display a varying proportion of
non-specific fluorescence attributable to both the iso-
typic control IgG binding and to intrinsic cell fluores-
cence. Some of this non-specific fluorescence can be in-
tense, and a gate that was set on the control profile to
exclude all non-specific fluorescence would also exclude
most PCNA staining. The proportion and intensity of
background staining also changes with the applied con-
centration of control antibody. There is no simple tech-
nical solution to the problem of control fluorescence sub-
traction, and in adopting our pragmatic solution we freely
acknowledge the limitations of the technique, particu-
larly in circumstances of low target protein positivity and
high background fluorescence.

The flow cytometric measurement of PCNA expres-
sion in cell lines and haematogenous tumours has been
reported reliably to yield an S phase fraction (106). In our
wries, all specimens studied appeared to stain satisfacto-
ily for PCNA-PC10, but there was a wide variation in

PC-10 labelling between tumours. Our FCM data indicate
that PCNA labelling is substantial and that the protein is
distributed through the cell cycle of colorectal tumour
cells. This observation applies to both cells and nuclei.
However, interpretation is handicapped by the inability
of flow cytometry to distinguish casily diploid tumour
cells from stromal cells, to identify those cells undergo-
ing DNA repair, or to distinguish the transition between
GO and G1 cells. ( This may be an important regulatory
point for the initiation of PCNA production.) It is also
interesting that the FCM assay only identifies around 65%
PCNA positivity within the S phase (21). This may be an
artefact of the technique, for example, due to S phase
contamination with cell debris, or else the PC10 epitope
may not be expressed in a significant proportion of pro-
liferating cells.

In the parallel histochemical study of archival, forma-
lin-fixed, BrdUrd-labelled colorectal tumours, we were
able to compare directly the PCNA and BrdUrd labelling
in serial sections (Table 1), and with flow cytometric
data for this material (20). Histological BrdUrd labelling
is significantly higher than corresponding FCM-derived
labelling data because, unlike the human eve, FCM anal-
yses cannot distinguish stromal from tumour cells (in the
diploid compartment). PCNA labelling is seen consis-
tently in a much higher percentage of tumour cells than
is BrdUrd. In contrast, FCM appears to detect a much
higher percentage of PCNA positivity than does his-
tochemistry. However, direct comparisons of PCNA ex-
pression in the two series may be handicapped by differ-
ences in preservation and preparation.

In conclusion, PCNA analysis using FCM is a valuable
model for the development of multiparametric FCM as-
says of nucleoproteins in solid tumours. Further studies
of the expression of PCNA and of other nucleoproteins
should pay careful attention to the evaluation and de-
scription of all conditions under which all analyses were
undertaken, as even apparently minor variables can have
a major influence on the data obtained in flow cytomet-
ric studies. Interlaboratory standardisation of multipara-
metric flow cytometry assays poses far greater problems
than is the case with DNA analysis alone, and these issues
must be urgently addressed by the flow cytometry com-
munity.

ACKNOWLEDGMENTS

We thank the surgeons of Portsmouth and Southamp-
ton University Hospitals for the clinical material. Dr. AlJ.
Cooper (Southampton), Mrs. C. Martindale (The Gray
Laboratory, Northwood), and Dr. A. Lane « The Tenovus
Institute, Southampton) provided valuable technical as-
sistance. Dr. Rose Buchanan, MRCPath, kindly provided
facilities and funds for the immunochemistry studies at
the Department of Pathology, St. Mary’s Hospital, Ports-
mouth. This work was funded by the Cancer Research
Campaign (RMS) and by the Wessex Medical Trust. Flow
cytometry studies were undertaken using facilities gen-
erously provided by the Tenovus Institute at Southamp-
ton, UK.



N

Y

w

N

@

0

15.

. Al-Shencber IF, Shibata HR, Sampalis J, Jothy

. Bennett MIL, Wilson GD, 1

. Hall PA,

PCNA, COLORECTAL CANCER, AND FLOW CYTOMETRY

LITERATURE CITED

Prognostic signifi-
cance of proliferating cell nuclear antigen expression in colorectal
cancer. Cancer 71:1954-1959, 1993.

Bauer KD, Bagwell CB, Giaretti W, Melamed M, arbo RJ, Witzig TE,
and Rabinovich PS: Consensus review of the cal utility of DNA
cytometry in colorectal cancer. Cytometry 1180— 191, 1994,

he S, Saunders ML Martindale CA,
Robinson BM, O'Halloran A slic MD. and Laing JME: Tumour
proliferation assessed by combined histological and flow cytometric
analysis: Implications for therapy in squamous cell carcinoma of the
head and neck. Br J Cancer 65:870—878, 1992.

. Bravo R, McDonald Bravo H: Changes in the nuclear distribution of

PCNA but not its synthesis depends on DNA replication. EMBO ]
4:655—666, 1985.

. Bravo R, McDonald Bravo H: Existence of two populations of PCNA

during the cell cycle. Association with DNA replication sites. J Cell
Biol 105:1549—1554, 1987.

Celis JE, Madsen P, son S, Celis A: Review: Nuclear patterns of
PCNA antigen distribution subdivide § phase in cultured cells. Leuk
Res 10:237-249, 1986.

. van Dam PA, Watson JV, Lowe DG, Cox H, Curling M. Shepherd JH:

Tissue preparation for simultaneous flow cytometric quantitation of
tumour associated antigens and DNA in solid tumours. ] Clin Pathol
43:833-839, 1990.

Duque RE, Andreeff M, Braylan RC, et al.: Consensus review of the
clinical utility of DNA cytometry in neoplastic haematopathology.
Cytometry 14:492—496, 1993.

Ensley JF, Maciorowski Z, Pietraszkiewicz H: Solid tumour prepara-
tion for flow cytometry using a standard murine model. Cytometry
8479487, 1987.

Frankfurt OS, Arbuck SG, Chin JL. Greco WR: Prognostic applications
of DNA flow cytometry for human solid tumours. Ann NY Acad Sci
468:276-290, 1986.

. Galand P, Degraef C: PCNA immunostaining as an alternative to

tritiated thymidine pulse labelling for marking S phase cells in par-
affin sections from animal and human tissues. Cell Tissue Kinet 22:
383-392, 1989.

~vison DA, Woods AL, Yu CCW. Kellock DB. Watkins JA:
Proliferating cell nuclear antigen (PCNA) immunolocalisation in
paraffin sections: An index of proliferation with evidence of dereg-
ulated expression in some neoplasms. J Pathol 162:285-294, 1991.

. Hedley DW, Clark GM, Cornilesse CJ, Killander D. Kute T, and Mer-

kel D: Consensus review of the clinical utility of DNA cytometry in
carcinoma of the breast. Cytometry 14:482-485. 1993.

. Jain S, Filipe M1, Hall PA, Waseem N, Lane DP, Levison DA: Prolif-

erating cell nuclear antigen prognostic value in gastric carcinoma. J
Clin Pathol §i:655-659, 1991.
Kurki P, Ogaka K, Tan EM: Monoclonal antibodics to PCNA as probes

~

24,

25.

26.

27.

29.

. Rew DA, Taylor 1, Wes

199

for proliferating cells by immunofluorescence microscopy and flow
cytometry. ] Immunol Methods 109:49-59. 1988.

. Landberg G. Roos G: Antibodies to proliferating cell nuclear antigen

as § phase probes in flow cytometric cell cycle analysis. Cancer Res
51:4570-4574, 1991.

. Mayer A, Takimoto M, Fritz E, Schellander G, Kofler K, Ludwig H:

The prognostic significance of proliferating cell nuclear antigen.
epidermal growth factor receptor, and mdr gene expression in co-
lorectal cancer. Cancer 71:2454-2:160, 1993

. McCormick D, Hall PA: The complexities of proliferating cell nu-

clear antigen. Histopathology 21:591-594. 1992.

. McCormick D, Yu C, Hobbs C, Hall PA: The relevance of antibody

concentration to the immunohistological quantification of cell pro-
liferation associated antigens. Histopathology 22:543-547, 1993,
er PC, Wilson GD: The in vivo proliferation
of human colorectal carcinomas. Br J Surg 78:60-66. 1991.

. Risio M, Candelaresi G, Rossini FP: Bromodeoxyuridine uptake and

proliferating cell nuclear antigen expression throughout the colo-
rectal tumour sequence. Cancer Epidemiol Biomarkers Prev 2:363—
367, 1993.

. Rowlands DC, Brown HE, Barber PC. Jones EL: The effect of tissue

fixation on immunostaining for proliferating cell nuclear antigen
with the monoclonal antibody PC10. J Pathol 165:356-357, 1991.

. Sandison A, Pandey M. Cooper AJ. Rew DA, Tavlor I: Proliferating

cell nuclear antigen: A marker of limited utility for proliferation
studies in liver me ? Surg Res C 15:281-290, 199-.
Shankey TV, Rabinovitch PS, Bagwell B, Bano KD. Duque RE, Medley
DW, Mayall BH, and Wheeless L: Guidelines for implementation of
clinical DNA cytometry. Cytometry 14:472—477. 1993.

Teague K, El-Naggar A: Comparative flow cytometric analysis of pro-
liferating cell nuclear antigen (PCNA) antibodies in human solid
neoplasms. Cytometry 15:21-27, 199+4.

Waseem NH, Lane DP: Monoclonal antibody analysis of PCNA. Struc-
tural conversion and the detection of a nucleoloar form. J Cell Sci
96:121-129, 1990.

Wheeless LL, Coon JS, Cox C, Deitch AD, White R\ Fradet Y, Koss
LG. Melamed MR, O'Connell MJ, Reeder JE, Weinstein RS, Wersto RP:
Precision of DNA flow cytometry in inter-institutional analyses. Cy-
tometry 12:405-412, 1991.

. Wilson GD, Camplejohn RS, Martindale CA, Brock A, Lane DP,

Barnes DM: Flow cytometric characterisation of proliferating cell
nuclear antigen using the monoclonal antibody PC10. Eur J Cancer
28A:2010-2017, 1992

Woods AL, Hall PA, Shepherd NA, Hanby AM. Waseem NH, Lane DP,
Levison DA: The assessment of proliferating cell nuclear antigen
immunostaining in primary gastrointestinal lymphomas and its rela-
tionship to histological grade, S+G2 + M phase fraction (flow cyto-
metric analysis) and progno: Histopathology 19:21-27, 1991.




