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ABSTRACT

Modal DNA (ploidy) and sensitivity of DNA in situ to denaturation
by acid have been analyzed by flow cytometry of 10 colorÃ©elaI adenomas
and 35 adenocarcinomas; 39 normal mucosa samples served as controls.
A new method was developed to denature DNA in chromatin of the
freshly isolated, intact, and unfixed individual cell nuclei from surgically
resected material. The sensitivity of DNA denaturation (Ta) was assayed
by metachromatic staining with acridine orange and calculated as a ratio
of the Â¡itindex of the tumor sample to the at index of normal mucosa;
the Â¡itindex is that fraction of DNA, following treatment at pH l .4, that
stains metachromatically with acridine orange at pH 2.6.

All adenomas were diploid and in nine of 10 the Ta value was close to
1.00, indicating no difference from control specimens in DNA sensitivity
to denaturation. Forty-nine% of adenocarcinomas were aneuploid. Forty-
six% of adenocarcinomas differed from normal in sensitivity of DNA to
denaturation; the Torvalue was lower than 0.90 indicating that chromatin
of the tumor cells was more resistant to denaturation than control cells.
There was no correlation between sensitivity to denaturation of DNA and
incidence of aneuploidy. However, there was a correlation between Ta
and the pathologically determined stage of disease. There was increased
resistance to denaturation in 58% of tumors classified as Dukes1 C/D
stage, in 36% of tumors classified as Dukes1 B, and in 20% classified as
Dukes' A stage of the disease. Statistical analysis of these results revealed

significant differences between distributions of Ta in noninvasive (Ade
nomas and Dukes1 A) versus invasive (Dukes1 B and C/D) tumors with

level of significance at P = 0.02. The data suggest that acid denaturation
of DNA in situ may be a valuable adjunct in assessing the biology of
colon cancer. The molecular basis for this phenomenon is discussed.

INTRODUCTION

The clinical behavior of human colonie cancer is predicted
mainly by clinical and pathological staging and histolÃ³gica!
grading (1,2). However, these classifications suffer shortcom
ings in defining the tumor potential for growth or in predicting
response to antitumor agents (3, 4), and a variety of other
markers have been proposed to enhance prognostic accuracy.
Among these is modal DNA content as measured by flow
cytometry (5-8). Abnormal DNA content (aneuploidy) has been
reported in 39-82% of patients with colon carcinoma (8-11),
and diploid tumors of some series were reported to have a better
prognosis than aneuploid tumors, independent of histological
grade and Dukes1 stage (8, 12-14). Others have not confirmed

the correlation of DNA ploidy and prognosis (15, 16) and
where such correlations exist they may represent special situa
tions (17).

Even in the absence of measurable modal abnormalities of
DNA content, however, it is well established now that a great
proportion of malignant tumors show numerical and structural
chromosomal abnormalities. The changes or abnormalities of
chromosome karyotype, which can be seen only in the mitotic
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cell, may be associated with changes or abnormalities of chro
matin structure in interphase nuclei; if so these structural
abnormalities of chromatin are at least as important as changes
in DNA content. Furthermore, changes in nuclear chromatin,
associated with loss of regulation of DNA transcription and/or
replication, may not necessarily be reflected by the measurable
chromosome abnormalities. Techniques have been developed
to study the conformation of DNA in situ by measuring resis
tance to denaturation, induced either by heat or by acid (18-
20). After extraction of RNA, the metachromatic dye AO3 is

used to differentially stain nondenaturated versus denaturated
DNA within individual cell nuclei. Differences in DNA dena
turation have been shown to discriminate between interphase
and mitotic cells (19), between resting and stimulated (cycling)
lymphocytes (20), between cycling and quiescent tumor cells
(21-23), and between nondifferentiated and differentiated
Friend erythroleukemia cells (24). Thus, cells of different types
or in different functional states having differences in nuclear
chromatin structure can be distinguished by differences in DNA
stability. Generally, the more condensed and transcriptionally
inactive chromatin is more likely to show increased sensitivity
to denaturation of DNA (25).

In this study we have measured DNA denaturability of colon
tumors from a series of patients with different stages of disease,
and compared with the cells of normal colonie mucosa. The
data suggest that chromatin structure may be a sensitive probe
for discriminating between tumors of different aggressiveness.

MATERIALS AND METHODS

Specimens. Forty-five fresh surgical specimens of colon carcinoma
or polyp were obtained from 39 patients, and normal mucosa! tissue
was taken from an uninvolved area distant from the tumor in each case.
All tumors were classified according to Dukes' stage (1,2): adenomas,

adenomatous or tubulovillous polyps; carcinoma stage A, tumor con
fined to the bowel wall; carcinoma stage B, extension of tumor into
pencolii' fat; carcinoma stage C/D, tumor with regional lymph node

mÃ©tastasesand/or distant organ mÃ©tastases.
Preparation of Single Cell Suspension. Samples of colonie tumor ( 1

2 g) and normal mucosa in each case were obtained within 1-2 h of
surgery, and freed of debris and mucus by repeated washings with
phosphate buffered saline. The normal mucosa was dissected free from
the underlying muscle. Tumor tissue or normal mucosa was then placed
into 5 ml of 30 IHMEDTA, minced with a scalpel, and incubated for
30 min at 37Â°Cin a water bath. The tissue was transferred to Hanks'

balanced salt solution, and cells released by gentle teasing with a Pasteur
pipet. The cell suspension was allowed to stand for 10 min on ice to
sediment tissue particles and debris, then decanted and washed once
with cold Hanks' balanced salt solution, filtered through a S4-^m nylon

mesh and used for flow cytometry of whole cells and/or isolated nuclei
as follows.

Isolation of Nuclei. All solutions contained 0.1 HIMphenylmethyl-
sulfonyl fluoride (Sigma, St. Louis, MO) and were used cold. The
nuclear isolation medium consisted of 1.5% citric acid (Sigma) and
0.1% NP-40 (Accurate Scientific and Chemical Co., Hicksville, NY).
The cells released from colon tissue (as described above) were resus-
pended in 1 ml of nuclear isolation medium and syringed five to 10

3The abbreviation used is: AO, acridine orange.
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times through a 27-gauge needle. Nuclear suspensions were checked
under the microscope for purity and syringing was continued until
purity reached more than 95%. The suspension of nuclei was filtered
through a 54-^m filter mesh and used for acid denaturation of DNA.

DINAand RNA Determination. The metachromatic fluori Â»chromeAO
was used to differentially stain DNA and RNA in whole cells from
tumor or normal colonie mucosa. Peripheral blood mononuclear leu
kocytes from normal donors, isolated by Ficoll-Hypaque gradient cen-
trifugation (26), served as a normal diploid control for DNA determi
nation. In this technique described by Darzynkiewicz et al. (27), cells
in suspension are stained with AO under conditions such that the dye
intercalates into native DNA and fluoresces orthochromatically green
with maximum emission at 530 nm, while RNA stains metachromati-
cally red with maximum emission at 640 nm. The intensity of green
fluorescence is proportional to cellular DNA content and intensity of
red fluorescence to RNA content (28). An aliquot of 0.2-ml cell suspen
sion containing approximately 1-4 x 10s cells in phosphate buffered

saline were mixed with 0.4 ml of 0.08 N HC1, 0.15 N NaCl, and 0.1%
Triton X-100 at 4"C. After 30 s, 1.2 ml of acridine orange solution was

added, containing 0.2 M Na2HPO4-0.1 M citric acid buffer, pH 6.0, 1
mM EDTA-Na, 0.15 N NaCl, and 6 /Â¿g/mlof AO (chromatographically
purified; Polysciences Inc., Warrington, PA). Cell measurements were
carried out immediately after staining using an FC-200 cytofluorometer
(Ortho Diagnostic Instruments, Westwood, MA) interfaced to a Nova
1220 minicomputer (Data General Corp., Southboro, MA). Fluores
cence signals generated by each cell as it passes through the (488-nm)
argon-ion laser beam were separated optically into red and green
components, measured by appropriately filtered photomultipliers, and
recorded in list mode by the computer. A total of 5 x IO3cells (nuclei)

per sample were measured and later displayed in DNA and RNA
histograms; cell doublets and higher aggregates were excluded. Only
DNA distributions were analyzed.

Acid-induced Denaturation of DNA. DNA denaturability of chroma-

tin may be studied in fixed, whole cells treated by RNase, exposed to
acid, and subsequently stained with AO (19, 20). After acid-induced
partial denaturation of DNA, AO intercalates into the still native
double-stranded DNA to fluoresce green, with maximum emission at
530 nm, and binds to denaturateli, single-stranded DNA to fluoresce
red with maximum emission at 640 nm. In a modification of this
method used now by us, acid denaturation of DNA was induced in
freshly isolated nuclei and not in fixed cells. To 10'' cell nuclei isolated
from tumor or normal colon mucosa, 2 x IO3units of RNase A (DNase-

free preparation; Worthington Biochemical Corp., Freehold, NJ) was
added and nuclei were incubated at room temperature for 20-30 min.
Then, 0.2-ml aliquots of nuclear suspension were mixed with 0.5 ml
buffer containing 0.1 M KC1 and 0.1 M HC1 at pH 1.4 and after 30 s
1.5 ml AO solution was added. Acridine orange was used at a concen
tration of 5 Mg/ml in buffer containing 0.1 Mcitric acid, 0.2 MNa2HPO4,
at pH 2.6. Acid denaturation and staining was performed at room
temperature and all solutions were preheated to this temperature prior
to use. Fluorescence of individual cells was measured in the FC-200
cytofluorometer, as above, interfaced to a Nova 1220 minicomputer.
The emission of red fluorescence (F > 600) and green fluorescence (F
= 530) from each cell was separated optically and the integrated values
of the pulses quantitated by separate photomultipliers. The data were
based on a total of 5 x 10' nuclei/sample and stored in the computer.

The at index was employed as a measure of DNA denaturation in
situ. The index was calculated as a ratio of red fluorescence (F > 600)
to total cell fluorescence (F = 530 + F > 600) per each individual
nucleus. With appropriate controls and adjustments of the photomul-
tiplier sensitivities, as described extensively elsewhere (18), the value of
at indicates the fraction of DNA in the nucleus that is denatured. Any
deviation of at for tumor compared with normal mucosa is shown as a
deviation from 1.00 for Ta in which Ta = at tumor/at normal mucosa.

Statistical Analysis. Testing for significance of the differences be
tween distributions of coefficient Ta in various subgroups of cases was
carried out with the aid of the two-sample Smirnov-Kolmogorov test,
the Mann-Whitney (Wilcoxon) test, and the multisample Kruskal-

Wallis test (29). These nonparametric tests were employed in the
absence of any a priori information about the distributions.

RESULTS

We studied 45 specimens of tumor tissue and normal mucosa
of colon obtained from 39 patients with colorectal adenoma or
adenocarcinoma. This group consists of 19 females and 18
males, ranging in age from 36 to 85 years with an average age
of 63 years. There were 10 colorectal adenomas (eight tubulo-
villous adenomas, one adenomatus polyp, and one hyperplastic
polyp) and 35 adenocarcinomas of the colon or rectum. Aden
ocarcinomas were classified according to Dukes' stage (1); there
were five Dukes1 A stage, 11 Dukes' B stage, and 19 Dukes' C/

D stage tumors. One patient had two separate adenocarcino
mas, both stage B, resected from transverse colon and cecum.
One patient had two tubulovillous polyps, in transverse colon
and rectosigmoid, another patient had three tubulovillous pol
yps in addition to the carcinoma, and one patient had a hyper-
plastic polyp in addition to the carcinoma.

To determine DNA ploidy of the tumor cell population the
DNA index was calculated as a ratio of DNA content of the GÃŒ
peak of the tumor to the G, peak of cells isolated from normal
mucosa of the colon. Normal unstimulated human lymphocytes
served as an additional internal and external diploid standard.
In all cases examined, the diploid peak positions were the same
for both controls. Eighteen tumors were DNA diploid; these
samples comprised only one cell population with a diploid DNA
content and the tumor was classified as diploid. Tumors which
had an additional G, peak were classified as aneuploid (Fig. 1).

We have correlated DNA aneuploidy with Dukes' classifica

tion of the tumor (Table 1). All 10 adenomas were diploid.
Among the colorectal adenocarcinomas, four out of five tumors
in Dukes' stage A were diploid; the proportion of cases with

aneuploid tumor cell populations was greater in higher stages
of disease. Thus, aneuploid cell populations were evident in six
of 11 patients with Dukes' B stage and 10 of 19 patients with
Dukes' C/D stage of disease. DNA aneuploidy was independent

of histolÃ³gica! grade of the tumor (data not shown).
Depending on the Ta value the tumors were divided arbitrar

ily into three categories: (a) low Ta (<0.90), indicating nuclear
chromai in very resistant to acid denaturation; (b) Ta between
0.90 and 1.10, i.e., similar to the control; and (c) Ta above
1.10, representing tumors in which DNA was more sensitive to
denaturation than in the control samples.

This subdivision was compared with DNA ploidy and Dukes'

stage of the tumor (Table 1). No relationship was evident
between DNA ploidy and the Ta value of the tumor, the
correlation coefficient was â€”0.19(Fig. 2). Interestingly however
there was a correlation between Ta and Dukes' stage (Table 1).

In nine of 10 adenomas DNA sensitivity to denaturation was
similar to that of normal mucosa, with Ta values close or equal
to 1.00. In only one adenoma case Ta was very low (0.83),
suggesting some alterations in nuclear chromatin structure even
though DNA content was diploid. This patient had diagnosed
tubulovillous adenoma with a focus of carcinoma in situ. Among
the adenocarcinomas the proportion of tumors with low Ta
index (chromatin more resistant to denaturation) increased with
increasing stage of disease, from 20% in Dukes' A stage carci
noma to 36% in stage B and 58% in Dukes' stage C/D tumors.

Statistical comparison of the multiple distributions of Ta in
cases of adenoma versus A versus B versus C/D Dukes' stage

tumors gives only borderline significance at P = 0.06 (Table 2).
However, two-sample comparisons demonstrate statistically
significant differences between distributions of Ta in Dukes' A
carcinoma alone or pooled with adenoma versus Dukes' B and
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20

Fig. 1. DNA index distribution in 45 colo-
rectal adenomas (open squares) or adenocarci-
inMILIS(shaded squares). A. B. and C/D, path-
ologically determined stage of the tumor ac-
cording to Dukes' classification.

10-

1.0 1.5 2.0
DNAIndex

Table 1 Correlation between pathological stage of tumor and extent of acid
denaturation of DNA in situ

Number of cases.
Dukes' stage

T avalue<0.90

0.90-1.1021.10

Total number
No. aneuploidAdenomas1

(10%)'

7 (70%)
2 (20%)

10
0A1

(20%)
3 (60%)
1 (20%)

5
1B4

(36%)
6 (55%)
1 (9%)

11
6C/D1

1 (58%)
7 (37%)
1 (5%)

19
10

" Percentage in parentheses.
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Fig. 2. Relationship between DNA index and the extent of DNA denaturation
( A. ) in polyps and colonie carcinoma. O, adenomas: â€¢,adenocarcinomas Dukes'
stage A; A, Dukes' stage B; â€¢Dukes' stage C/D of tumors.

C/D tumors (Fig. 3; Table 2). This latter difference is evident
also from Fig. 4.

DISCUSSION

Technical aspects of the methodology, possible applications
of the Ta parameter in pathology as a marker of tumor behavior,

Table 2 Summary of statistical analysis of correlation between pathological stage
of tumor and extent of acid denaturation of DNA in situ (Ta)

Significance
level

Classification* Test (P)

Ad* (10), A (5), B (11), C/D (19)

Ad + A (15), B(ll). C/D (19)
A (5), B + C/D (30)

Ad-I-A (15). B-t-C/D (30)

Kruskal-Wallis 0.06
Kruskal-Wallis 0.02
Smirnov-Kolmogorov 0.09
Wilcoxon 0.05
Smirnov-Kolmogorov 0.02
Wilcoxon 0.01

Â°Sample size in parentheses.
'' Ad. adenoma; A, B, C/D. Dukes' stage carcinoma.

and basic biological aspects of the observed phenomena all
require discussion.

Methodology. The initial step in preparing tissues for flow
cytometry is disaggregation into a representative single cell or
single nuclei suspension. This is usually the most difficult step
and the problems encountered hinder wider application of flow
cytometry in the study of solid tumors. The field was recently
reviewed by Pallavicini (30). Cell separation methods are based
on the use of proteolytic enzymes, mechanical disruption of the
tissue, or a combination of both (31-33). The methods for
separation of nuclei involve cell treatment with detergents (34-
37) or with citric acid (8, 38). We could not use proteolytic
enzymes for fear of inducing artifacts in chromatin and altering
DNA denaturability. Thus, the cells were separated mechani
cally in the presence of EDTA, and DNA and RNA content
was measured as described before (39). Unfortunately, cells in
several specimens were damaged by this procedure, leaving
fractional amounts of cytoplasm and fractional RNA content.
In these samples RNA measurements were an unreliable esti
mate of the RNA content per whole cell; therefore only DNA
distributions were analyzed.

Nonviable cells can be removed by treatment with trypsin +
DNase I, leaving only viable cells at least initially that in
principle can be analyzed for their DNA and RNA content (40).
However, these cells progressively lose viability and with time
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Fig. 3. Representative Invariate (total fluorescence versus at) distributions of
(A) normal colonie mucosa; (W) adenoma; and (Q adenocarcinoma Dukes' stage

B, calculated for the aneuploid population. Cell nuclei were stained with acridine
orange following treatment with RNase and partial DNA denaturation induced
by acid. Total fluorescence is proportional to total nuclear DNA; the al index
represents the ratio of red to total cell fluorescence, i.e.. the extent of DNA in
situ denaturation. The latter correlates with degree of chromatin condensation
( 19, 20). The mean value of at index is similar in both normal colonie mucosa
and adenoma but is lower in adenocarcinoma. D, histogram of at value of normal
colonie mucosa (solid line) and adenocarcinoma (dotted line) from the same
patient.

there is significant cell death. Since clinical material becomes
available at different times of the day, often when there is no
access to the flow cytometer, immediate analysis is not always
possible. Thus, enzyme treatments were not used. On the other
hand, we observed that nuclei were reasonably stable at 0-4Â°C

following isolation in citric acid-NP-40.

Menomi(15l

Fig. 4. Cumulative frequency graphs of Ta for adenomas and Dukes' A versus
Dukes' B and C/D tumors.

Cell fixation in suspension also was nonideal due to the
presence of damaged cells which tended to increase cell clump
ing. Therefore we measured DNA denaturation in unfixed,
freshly isolated nuclei. In a series of initial experiments we
found that cell treatment with 0.1% NP-40 in 1.5% citric acid
provided high yields of nuclei with microscopically undamaged
nuclear envelope and minimal cytoplasmic contamination. Low
pH of the isolation solution (1.5) is expected to inhibit endog
enous nucleases (41) and is compatible with the first step of the
DNA denaturation procedure, involving treatment with the
HC1-KC1 buffer at pH 1.4. The addition of phenylmethylsul-
fonyl fluoride inhibited endogenous proteases. Thus, it was
possible to obtain cellular and nuclear preparations from nor
mal mucosa and solid tumors to estimate cell ploidy and to
study DNA sensitivity to denaturation by flow cytometry. The
method was rapid and reproducible, and could be applied during
routine tissue examination in pathology. It should be stressed
that the ratio of at of tumor to at of normal mucosa (To) was
less sensitive to experimental variables and more reliable than
the absolute at value of the tumor nuclei alone. Other technical
details related to measurements of DNA denaturation in situ
are discussed in length elsewhere ( 18-20).

Applicability of the Method in Pathology. As already indicated
there is a need to develop new methods for evaluation of human
tumors. While diploid DNA content may be a more favorable
feature in many human tumors (42-50), it has not proved
consistently reliable for colon carcinoma (8, 16, 51).

Several attempts were made to correlate DNA ploidy specif
ically with stage of disease. The strongest correlation was found
by Forsslund (51), others reported weaker correlations (8, 14,
35,52) or none at all (15, 16, 53). Our data show some increase
in the proportion of tumors with aneuploid cell populations at
higher stage of disease. All adenomas had diploid DNA content.

Of greatest interest in this study was a striking, statistically
significant association between DNA in situ sensitivity to de
naturation and Dukes' staging of colorectal carcinoma. Follow-

up studies which are in progress will indicate whether this
parameter is an independent prognostic feature, as it appears
to be at this time. The method offers a quantitative and unbiased
evaluation of the individual cells comprising the tumor, and
permits an estimate of cell heterogeneity. Furthermore, if chro
matin structure is related to the transcriptional activity of these
cells, as we believe (see further), denaturability may provide a
useful marker of cell metabolism for selection and monitoring
antitumor therapy that is targeted to suppress DNA replication
or transcription.

Biological Implications of the Observed Differences in DNA
Sensitivity to Denaturation. DNA in chromatin is stabilized
against denaturation by interactions with histones and other
nuclear proteins (25). The precise relationship between the
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