
Clonality as Expression of Distinctive Cell Kinetics
Patterns in Nodular Hyperplasias and Adenomas of
the Adrenal Cortex

Salvador J. Dı́az-Cano,*† Manuel de Miguel,‡
Alfredo Blanes,§ Robert Tashjian,* Hugo Galera,‡
and Hubert J. Wolfe*
From the Department of Pathology,* Tufts University�New

England Medical Center, Boston, Massachusetts; the Department

of Pathology,† St Bartholomew’s and the Royal London School of

Medicine and Dentistry, London, United Kingdom; the

Department of Pathology,‡ University Hospital of Seville, Seville,

Spain; and the Department of Pathology,§ University Hospital of

Malaga, Malaga, Spain

Although histopathologic criteria for adrenal cortical
nodular hyperplasias (ACNHs) and adenomas (ACAs)
have been developed, their kinetics and clonality are
virtually unknown. We studied 20 ACNHs and 25 ACAs
(based on World Health Organization criteria) from
45 females. Representative samples were histologi-
cally evaluated, and the methylation pattern of the
androgen receptor alleles was analyzed on microdis-
sected samples. Consecutive sections were selected
for slide cytometry, flow cytometry, and in situ end
labeling (ISEL). Apoptosis was studied by flow cytom-
etry (nuclear area/DNA content plotter analysis) and
by ISEL. Appropriate tissue controls were run in every
case. Polyclonal gel patterns were revealed in 14/18
informative ACNHs and in 3/22 informative ACAs,
whereas monoclonal gel patterns were observed in
4/18 ACNHs and 19/22 ACAs. Overlapping prolifera-
tion rates (PRs) were observed in both clonal groups,
and apoptosis was detected only in G0/G1 cells, espe-
cially in monoclonal ACNHs (3/4; 75%) and in poly-
clonal ACAs (2/3; 67%). Significantly higher PRs were
observed in ACNHs with polyclonal patterns and
G0/G1 apoptosis and in ACAs regardless of clonality
pattern and presence of G0/G1 apoptosis. All except
one ACNH (19/20; 95%) and 15/25 ACAs (60%)
showed diploid DNA content, whereas the remaining
cases were hyperdiploid. A direct correlation between
PR and ISEL was observed in polyclonal lesions (PR �
29.32 ISEL � 1.93), whereas the correlation was in-
verse for monoclonal lesions (PR � �9.13 ISEL �
21.57). We concluded that only simultaneous down-
regulated apoptosis and high proliferation result in
selective kinetic advantage, dominant clone expan-
sion, and unbalanced methylation patterns of andro-

gen receptor alleles in ACNHs and ACAs. (Am J
Pathol 2000, 156:311–319)

Neoplasms result from the progressive and convergent
selection of cell populations, but several factors should
be considered. On one hand, selection will determine
tumor progression and cellular heterogeneity. On the
other hand, cellular selection must be related to cell
kinetics process.1,2 All genetic abnormalities seen in tu-
mors should be fixed on the transformed cell before
ending in a fully established malignancy. These genetic
changes must be cooperative and resistant to the cellular
repair systems, and they must not activate the apoptosis
pathway. This process determines a complex network in
which a potential genetic marker will be useful when
associated with kinetic advantages responsible for cellu-
lar outgrowths. In general, proliferation markers are very
important for the distinction between benign and malig-
nant endocrine neoplasms and for the analysis of tumor
progression.3,4 Actually, the most important parameter
for the diagnosis of adrenal cortical neoplasms is the
mitotic figure counting. However, any proliferative advan-
tage resulting in dominant growth could be caused by
either a high proliferation rate or abnormally low apoptotic
indices. The key kinetic factor is the imbalance between
cell proliferation and cell loss resulting in tissue over-
growth.5,6 In this regard, variable results have been re-
ported for adrenal cortical tumors,7 and no reference is
available for nodular hyperplasias.

Clonal origin is still the hallmark of neoplasms and
strongly indicates acquired somatic mutations that give
survival advantage to a cell population.8 The acquisition
of additional genetic deletions in certain histological ar-
eas favors a molecular progression.2 However, the mo-
lecular events in the transformation pathways are not
completely understood and, in many instances, remain
essentially unknown. Under those circumstances, clonal-
ity assays based on the analysis of X-chromosome inac-
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tivation in females represent the best molecular option,
although this option is restricted to a subset of informative
females. These assays are based on the ability to distin-
guish the paternally inherited X chromosome from the
maternally inherited one, and they do not rely on the
presence of any tumor-related genetic alteration.9,10

Monoclonal patterns suggest neoplasia but are not diag-
nostic of neoplasia. Yet, clonality offers a better under-
standing of tumors if it is combined with kinetic features
(proliferation and apoptosis). No previous study has fo-
cused attention on those parameters (clonality and cell
kinetics) in benign proliferative lesions of the adrenal
cortex, in which the distinction between nodular hyper-
plasias and adenomas is sometimes controversial.11

This study addressed the clonal evaluation of adrenal
cortical nodular hyperplasias (ACNHs) and adenomas
(ACAs), based on an analysis of methylation patterns of
androgen receptor alleles, using microdissected tissue
samples. The kinetic features of these lesions were also
analyzed by means of proliferation and apoptotic markers.

Materials and Methods

Case Selection and Sampling

Consecutive adrenal cortical proliferative lesions (64)
were selected and histologically evaluated.12 Of these
lesions, 53 were detected in female patients, including
eight malignant tumors. ACNHs (20) and ACAs (25) were
studied and classified by World Health Organization cri-
teria,11 although evidence of metastases was the main
criterion for malignancy and case exclusion. The mean
follow-up time in this series was 135 months.

All surgical specimens were serially sectioned and
embedded for routine histopathologic diagnosis (at least
1 block/cm). The most cellular areas from the biggest
nodule in each case of ACNH and from every ACA were
screened and selected for further analysis. The same
areas were used in each analysis; hematoxylin and eosin
(H&E)-stained sections taken before and after the spec-
imen samples were used to check the cellular composi-
tion of each sample.

X-Chromosome Inactivation Assay for
Clonality Analysis

Two 20-�m unstained paraffin sections were used for
microdissection under microscopic control. Adrenal cor-
tical cells and controls (histologically normal adrenal cor-
tex, adrenal medulla, and periadrenal soft tissue from the
same slide) underwent DNA extraction. At least two sep-
arate areas of 0.25 mm2, containing about 100 target
cells each, were harvested from both peripheral and
internal areas of the biggest nodule in ACNH or ACA.

The samples were dewaxed with xylene, cleared with
absolute ethanol, and digested with proteinase K; DNA
was extracted using a modified phenol-chloroform proto-
col, as previously described.13 All samples were divided
for restriction endonuclease digestion with HhaI (New
England Biolabs, Beverly, MA). Half of each sample un-

derwent enzymatic digestion (0.8 U/�l), while the remain-
ing half was kept as undigested control. The undigested
samples were processed like the digested ones but ex-
cluding HhaI in the reaction mixture. The samples were
digested under appropriate buffer conditions (50 mmol/L
potassium acetate, 20 mmol/L Tris acetate, 10 mmol/L
magnesium acetate, 1 mmol/L dithiothreitol, pH 8.0, 100
�g/ml bovine serum albumin, 100 �g/ml mussel glyco-
gen) at 37°C for 4 to 16 hours. A mimicker (0.3 �g of
double-stranded and XhoI-linearized �X174-RII phage;
Life Technologies, Inc., Gaithersburg, MD) was included
in each reaction mixture. Complete digestion was
checked by gel electrophoresis; incompletely digested
samples were phenol chloroform-purified and redigested
with higher HhaI concentrations.

HhaI was then inactivated by phenol-chloroform ex-
traction as previously described.13 DNA was precipitated
with ice-cold absolute ethanol in the presence of 0.3
mol/L sodium acetate (pH 5.2) and resuspended in 10 �l
of polymerase chain reaction (PCR) buffer (10 mmol/L
Tris-HCl, pH 8.4, 50 mmol/L KCl, 1.5 mmol/L MgCl2, 100
�g/ml bovine serum albumin). Both HhaI-digested DNA
and undigested DNA were then used for PCR amplifica-
tion of the CAG repeat in the first exon of the human
androgen receptor gene (HUMARA). The PCR products
also included a DNA sequence recognized by HhaI,
which is consistently methylated in the inactive HUMARA
allele only.14–16 Primers and PCR cycling conditions were
designed as previously described.1,15,17 The reactions
were run in duplicate and optimized for a 10-�l reaction in
a Perkin-Elmer thermal cycler model 480 (Perkin-Elmer,
Norwalk, CT).

The whole PCR volume was electrophoresed into 0.75-
mm-thick 8% nondenaturing polyacrylamide gel at 5
V/cm until a xylene cyanol band was located within the
bottom inch of the gel. After fixation with 7% acetic acid
(5 minutes), the gels were dried under vacuum (80°C, 40
minutes) and put inside a developing cassette containing
one intensifying screen and preflashed films (Kodak
XAR) facing the intensifying screen (16–48 hours,
�70°C). The autoradiograms were developed using an
automated processor Kodak-X-Omat 100 (Kodak Co.,
Rochester, NY).

Interpretation and inclusion criteria in each sample
were as previously reported.1 Allelic imbalance was den-
sitometrically evaluated (EC model 910 optical densitom-
eter, EC Apparatus Corp., St. Petersburg, FL), and evi-
dence of monoclonal proliferation was considered to be
allele ratios � 4:1 with the normalized HhaI-digested
samples. Sample normalization was done in relation to
the corresponding undigested sample and tissue con-
trols. Only informative cases (two different alleles in HhaI-
undigested and HhaI-digested samples) were included
in the final analysis.8,15,17

Slide Cytometric Analysis of DNA Content

Feulgen-stained sections were used for DNA quantifica-
tion.18 The densitometric evaluation was performed with
the cell analysis system model 200 and the quantitative
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DNA analysis package as software (Becton Dickinson).
At least 200 nuclei were measured in every case, begin-
ning in the most cellular area, until completion in consec-
utive microscopic high-power fields. Only complete, non-
overlapping, and focused nuclei were quantified in each
field.

External staining calibration was carried out with com-
plete rat hepatocytes (Becton-Dickinson; one slide per
staining holder) to normalize the internal controls; the
latter included both lymphocytes and adrenal cortical
cells from histologically normal areas present in the same
tissue section. The internal controls were used for setting
the G0/G1 cell limits and calculating the DNA index of
each G0/G1 peak (�10% of measured cells with evi-
dence of G2 � M cells).19

Proliferation rate (PR � S-phase � G2-phase � M-
phase fractions) was calculated from the DNA histogram
by subtracting the number of cells within G0/G1 limits
from the total number of measured cells. The values were
compared with the total cell number and expressed as
percentages.19

Nuclear DNA Quantification by Flow Cytometry

Serial 50-�m-thick sections were microdissected, and
nuclear preparations were stained with propidium iodine
after RNase A digestion to study DNA ploidy (by the
technique of Hedley et al).20 DNA quantification param-
eters included DNA indices and PRs as previously de-
scribed.19 The scatter analysis of nuclear area and DNA
content allowed the identification of apoptotic cells in
each cell cycle phase (low nuclear area for a given DNA
content in each cell cycle phase).21 Those results were
additionally coupled with in situ end labeling (ISEL) to
identify apoptotic cells in terms of DNA fragmentation
(see below). External diploid controls from paraffin-em-
bedded tissues (lymphocyte from reactive lymph nodes
and adrenal cortical cells from histologically normal ad-
renal glands) were used to determine DNA indices and to
standardize the nuclear area/DNA content analysis (con-
sidering only adrenal cortical cells for the last purpose).
PR was calculated as described for slide cytometry, us-
ing the rectangular model for evaluation of the cell cycle
histogram.19

ISEL of Fragmented DNA

Extensive DNA fragmentation associated with apoptosis
was detected by ISEL as previously reported.22,23 After
routine dewaxing and hydration, the sections were incu-
bated in 2� standard saline citrate (20 minutes at 80°C)
and digested with proteinase K (100 �g/ml in Tris-HCl,
pH 7.6, for 30 minutes at room temperature) in a moist
chamber.

DNA fragments were labeled on 5�-protuding termini
by incubating the sections with the Klenow fragment of
Escherichia coli DNA polymerase I (20 U/ml in 50 mmol/L
Tris-HCl, pH 7.5, 10 mmol/L MgCl2, 1 mmol/L dithiothre-
itol, 250 �g/ml bovine serum albumin, 5 �mol/L each of
dATP, dCTP, dGTP, as well as 3.25 �mol/L dTTP and

1.75 �mol/L 11-digoxigenin-dUTP at 0.65/0.35), at 37°C
in a moist chamber. The incorporated digoxigenin-
dUMPs were immunoenzymatically detected by using
anti-digoxigenin Fab fragments labeled with alkaline
phosphatase (7.5 U/ml, in 100 mmol/L Tris-HCl, pH 7.6,
150 mmol/L NaCl, 1% bovine serum albumin) for 4 hours
at room temperature. The reactions were developed with
the mixture nitroblue tetrazolium-X phosphate in 100
mmol/L Tris-HCl (pH 9.5), 100 mmol/L NaCl, 50 mmol/L
MgCl2 under microscopic control. Appropriate controls
were simultaneously run, including positive (reactive
lymph node), negative (same conditions omitting DNA
polymerase I), and enzymatic (DNase I digestion before
the end labeling). The enzymatic controls were used to
reliably establish the positivity threshold in each sample.

The ISEL index was expressed as percentages of pos-
itive nuclei compared with the total number of corre-
sponding cells present in the same high-power field,
using previously reported methods for mitotic figure
counting.24,25 At least 50 consecutive high-power fields
were screened, beginning in the most cellular area (from
the biggest nodule for ACNH).

Statistical Analysis of Quantitative Variables

The results of quantitative variables were compared by
diagnostic groups (ACNH versus ACA), clonality pattern
(polyclonal versus monoclonal), and the presence of
G0/G1 apoptotic cells in flow cytometry. Variables show-
ing normal distribution were analyzed using a two-tailed
Student’s t-test, whereas analyses of variance were used
for variables with nonparametric distribution. Normal dis-
tribution was previously tested by the Kolmogorov-
Smirnoff test. The results were considered statistically
significant if P � 0.05. Regression analyses were also
performed to test the correlation between proliferation
and apoptosis markers in both polyclonal and monoclo-
nal lesions.

Results
The analysis of the methylation pattern of androgen re-
ceptor alleles showed polyclonal patterns in 14/18 (78%)
informative ACNHs and in 3/22 (14%) informative ACAs,
whereas patterns were monoclonal in 4/18 (22%) infor-
mative ACNHs and in 19/22 (86%) informative ACAs
(Table 1, Figure 1). Females showing unbalanced meth-
ylation of androgen receptor alleles in histologically nor-
mal adrenal cortex were considered noninformative and
excluded from further analyses (two ACNHs and three
ACAs). Consistent methylation patterns were detected in
both peripheral and internal samples from the same cor-
tical nodule or tumor. However, two samples from internal
areas of ACAs were contaminated with host stromal cells
and showed pseudopolyclonal gel patterns.

The combined analysis of nuclear area and DNA con-
tent revealed features of apoptosis (reduced nuclear size
for a given DNA content) only in G0/G1 cells (Table 2,
Figure 2). An inverse relationship between the detection
of G0/G1 apoptotic cells and the clonal pattern was also
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revealed: G0/G1 apoptotic cells were detected in 3/4
(75%) of monoclonal ACNHs and 2/3 (67%) of polyclonal
ACAs, using flow cytometric criteria.

Variable proliferation rates defined both polyclonal and
monoclonal ACNHs. However, a direct and linear corre-
lation was observed between proliferation and apoptosis
in polyclonal ACNHs, although an inverse and linear cor-
relation defined monoclonal ACNHs (Tables 1 and 2,
Figure 3). Proliferation rates were significantly higher in
polyclonal ACNHs with G0/G1 apoptosis than in poly-
clonal ACNHs with no G0/G1 apoptosis (P � 0.005) and
were higher in monoclonal ACNHs with no G0/G1 apopto-
sis than in monoclonal ACNHs with G0/G1 apoptosis (Ta-
ble 2, Figure 4; P � 0.009). Likewise, significantly higher

ISEL indices were observed in monoclonal ACNHs
(0.80 	 0.14) than in polyclonal ACNHs (0.54 	 0.16; P �
0.03). The flow cytometric detection of G0/G1 apoptotic
cells correlated with the in situ detection; higher ISELs
were observed in cases with G0/G1 apoptotic cells (ISEL
index � 0.86 	 0.05) than in those without (ISEL index �
0.49 	 0.24; P � 0.05).

Polyclonal and monoclonal ACAs also showed over-
lapping and variable proliferation rates, but inversely and
linearly correlated with ISEL indices in the monoclonal
ACA group (Figure 3). Monoclonal ACAs with no G0/G1

apoptotic cells showed significantly higher proliferation
rates than monoclonal ACAs with G0/G1 apoptotic cells
(P � 0.02; Table 2, Figure 4). Again, the ISEL indices

Table 1. Results of Proliferation, Apoptosis, and Clonality in ACNHs and ACAs

Case
PR by slide
cytom. (%)

PR by flow
cytom. (%)

DNA ploidy (DNA
index) ISEL (%)

G0/G1
apoptosis

Methylation of
AR alleles

ACNH-1 31.61 32.45 DIP (1.08)* 0.9 � Balanced
ACNH-2 7.15 8.76 DIP (1.01) 0.4 � Balanced
ACNH-3 16.92 16.20 DIP (1.10) 0.5 � Balanced
ACNH-4 11.22 9.07 DIP (1.09) 0.4 � Balanced
ACNH-5 32.57 14.77 DIP (1.05) 0.8 � Balanced
ACNH-6 22.60 21.28 DIP (0.95) 0.7 � Balanced
ACNH-7 10.44 17.03 DIP (1.05) 0.4 � Balanced
ACNH-8 14.44 10.28 DIP (0.99) 0.5 � Balanced
ACNH-9 7.55 9.84 DIP (0.97) 0.8 � Unbalanced
ACNH-10 13.21 10.39 DIP (1.00) 0.9 � Unbalanced
ACNH-11 12.56 8.50 DIP (0.99) 0.5 � Balanced
ACNH-12 8.76 7.08 DIP (1.02) 0.4 � Balanced
ACNH-13 10.47 11.41 DIP (1.01) 0.4 � Balanced
ACNH-14 23.81 10.68 DIP (0.97) 0.6 � Balanced
ACNH-15 19.13 12.17 DIP (0.99) 0.6 � Balanced
ACNH-16 8.60 13.41 DIP (0.98) 0.4 � Balanced
ACNH-17 7.90 12.12 DIP (1.03) 0.4 � Noninform.
ACNH-18 9.35 15.07 DIP (1.01) 0.5 � Noninform.
ACNH-19 28.19 18.47 DIP (0.99) 0.6 � Unbalanced
ACNH-20 36.98 13.87 ANEUP (1.54) 0.9 � Unbalanced

ACA-1 42.65 12.78 DIP (1.02) 0.8 � Unbalanced
ACA-2 35.78 31.80 ANEUP (1.50) 0.7 � Unbalanced
ACA-3 17.39 8.30 DIP (1.03) 0.7 � Unbalanced
ACA-4 34.71 13.68 DIP (1.02) 0.8 � Unbalanced
ACA-5 20.74 18.26 ANEUP (1.17) 0.6 � Unbalanced
ACA-6 28.88 13.54 DIP (1.01)† 0.7 � Unbalanced
ACA-7 9.84 13.95 DIP (0.99) 0.8 � Unbalanced
ACA-8 15.59 15.87 ANEUP (1.52) 0.9 � Unbalanced
ACA-9 46.15 30.20 DIP (1.00) 2.8 � Noninform.
ACA-10 11.73 12.52 DIP (1.02) 0.6 � Balanced
ACA-11 22.65 7.66 DIP (0.97)† 1.8 � Unbalanced
ACA-12 34.63 13.73 POLYP (1 and 2) 1.0 � Unbalanced
ACA-13 11.94 9.52 ANEUP (1.37) 1.0 � Unbalanced
ACA-14 38.62 12.91 DIP (1.05) 1.1 � Unbalanced
ACA-15 22.04 6.69 DIP (1.04) 1.1 � Unbalanced
ACA-16 9.63 18.21 ANEUP (1.33) 1.7 � Balanced
ACA-17 5.20 4.28 DIP (0.96) 1.2 � Unbalanced
ACA-18 11.05 10.70 DIP (1.00) 1.6 � Unbalanced
ACA-19 12.31 6.38 DIP (1.04) 1.7 � Balanced
ACA-20 21.06 11.86 DIP (0.97) 0.6 � Unbalanced
ACA-21 23.57 15.46 ANEUP (1.40) 0.7 � Unbalanced
ACA-22 20.61 13.97 DIP (0.96) 0.7 � Unbalanced
ACA-23 19.98 11.93 DIP (1.03) 0.6 � Unbalanced
ACA-24 23.86 12.03 DIP (1.01) 0.8 � Noninform.
ACA-25 24.09 16.07 ANEUP (1.45) 0.8 � Noninform.

Abbreviations: ACNH, adrenal cortical nodular hyperplasia; ACA, adrenal cortical adenoma; PR, proliferation rate; ISEL, in situ end labeling; AR,
androgen receptor; DIP, diploid; ANEUP, aneuploid; POLYP, Polyploid; cytom., cytometry; Noninform., noninformative.

*Small proportion of hyperdiploid G0/G1 cells (DNA index � 1.48) also identified.
†Small proportion of hyperdiploid G0/G1 cells (DNA index � 1.60) also identified.
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directly correlated with the flow cytometric detection of
G0/G1 apoptotic cells (Table 1, Figure 2); ACAs showing
G0/G1 apoptotic cells displayed higher ISEL indices than
ACAs without G0/G1 apoptotic cells (1.77 	 0.58 versus
0.80 	 0.50; P � 0.03). On the other hand, highly variable
ISEL indices were observed in both polyclonal ACAs
(1.33 	 0.64) and monoclonal ACAs (0.92 	 0.33), with
no significant differences (P � 0.14). No significant dif-
ferences appeared for polyclonal ACAs.

All except one (19/20) ACNHs were diploid, whereas
15/25 (60%) ACAs showed diploid DNA content. One
additional ACA was classified as polyploid, and the re-
maining cases revealed hyperdiploid DNA contents (Ta-

ble 1). No significant differences were found for both
proliferation and ISEL indices after DNA-ploidy stratifica-
tion, although hyperdiploid ACAs tended to show greater
scores than diploid ACAs (Table 3). Hyperdiploid lesions
from informative patients preferentially revealed mono-
clonal patterns (6/7, 86%, including 5/6 ACAs and 1/1
ACNHs) and G0/G1 apoptotic cells in 3/7 cases (43%, 1
monoclonal ACA, 1 polyclonal ACA, and 1 monoclonal
ACNH). Proliferation rates were higher in ACNHs than in
ACAs, after stratification by clonality pattern and flow
cytometric detection of G0/G1 apoptotic cells (Table 2).
The homogeneous DNA-ploidy distribution in ACNH pre-
cluded additional analyses in this group.

Discussion
This study represents the first report on combined fea-
tures of clonality and cell kinetics in ACNHs and ACAs.
The distinctive correlation between apoptosis and prolif-
eration and the heterogeneous clonal patterns revealed
by ACNHs and ACAs were the most important findings.

Regarding the correlation between apoptosis and pro-
liferation, polyclonal lesions (14/17 ACNHs, 82%) dem-
onstrated increasing apoptosis as a counterpoise to ris-
ing proliferative rates. Monoclonal lesions (19/23 ACAs,
83%), however, had progressively lower apoptotic rates
as proliferation increased. That inverted relationship be-
tween apoptosis and proliferation in monoclonal adrenal
cortical lesions also provides a functional basis for clonal
selection and segregates ACNHs from neoplastic ACAs.
Cell kinetics represent the basic mechanisms leading to
clonal expansions and tumor growths.2,6 The correlation
between proliferation and apoptosis provides rules for
cellular selection, ie, clonal expansion or regression.
Down-regulated apoptosis (as revealed by ISEL) has
been reported in intraepithelial neoplasms of different
locations and would allow both survival and replication of
genetically damaged cells, giving rise to mutation accu-
mulation in those cells.26 A maintained cell proliferation
would transmit those genetic changes into descendant
cells, and a relatively blocked apoptotic process would
allow genetically damaged cells to complete the replica-
tion cycle, ending in mutation accumulation and tumor
promotion.27 Inversely related proliferation and apoptosis
in monoclonal lesions (Figure 3) would then contribute to
clonal progression and would represent additional evi-
dence of the cell cycle dysregulation found in neo-
plasms.6,7,28 The opposite scenario would lead to clone

Figure 1. Methylation patterns of androgen receptor alleles in adrenal cor-
tical nodular hyperplasias (a, ACNH-2) and adenomas (b, ACA-7). The
digested sample (D) revealed allelic ratios of normalized bands � 4:1 in
polyclonal cases (a) and � 4:1 in monoclonal cases (b). Controls shown on
the left revealed balanced methylation pattern of androgen receptor alleles.

Table 2. Comparative Results of Proliferation Indices by Apoptosis and Clonality Patterns

Clonality pattern

Proliferation rate slide cytometry (Av 	 SD) Proliferation rate flow cytometry (Av 	 SD)

� G0/G1
apoptosis

� G0/G1
apoptosis

� G0/G1
apoptosis

� G0/G1
apoptosis

Polyclonal ACNH 32.09 	 0.68 13.84 	 9.68 23.61 	 12.50 12.15 	 5.66
Monoclonal ACNH 19.25 	 15.62 28.19 11.37 	 2.19 18.47
Polyclonal ACA 10.97 	 1.90 11.73 12.30 	 8.37 12.52
Monoclonal ACA 15.21 	 6.46 24.46 	 10.54 9.29 	 1.53 13.69 	 5.95

ACNH, adrenal cortical nodular hyperplasia; ACA, adrenal cortical adenoma; Av, average; SD, standard deviation.
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regression. A few monoclonal cases showed diploid DNA
content with relatively low proliferation and high apopto-
sis (3/4 monoclonal ACNHs and 4/18 monoclonal ACAs).
That index combination provides a negative selection
factor that would determine slow tumor growth. Those
cases showed more frequently regressive changes and
atypical nuclear features (size variation, contour irregu-
larity, and hyperchromatism). Only 2 of 17 polyclonal
lesions (one DNA-diploid and one DNA-aneuploid lesion)
showed similar kinetic features (Figure 3) and ACA his-
topathology. On the other hand, only one monoclonal
ACNH displayed kinetic features in the polyclonal domain
(Figure 3), with higher proliferation than polyclonal ACNH
but with a similar ISEL index. Histologically, this mono-
clonal ACNH showed a coexistent ACA, supporting the
close correlation of proliferation, apoptosis, and clonality
in these neoplasms.

ACNH and ACA showed a heterogeneous clonal pro-
file as previously reported,29,30 with polyclonal lesions
predominating in ACNHs (78% of informative cases) and

monoclonal lesions predominating in ACAs (86% of infor-
mative cases). Endocrine hyperplasias have shown poly-
clonal patterns in hereditary and nonhereditary hyper-
parathyroidism30,31 or multinodular goiters.32,33 Most
parathyroid or thyroid adenomas have been found to be
monoclonal.31–33 Those findings support the concept of
multistep tumorigenesis and Knudson’s hypothesis.34

However, monoclonal hyperplasias (parathyroid, in mul-
tiple endocrine neoplasia type 1 (MEN-1) and uremic
patients, and multinodular goiters)33,35 and polyclonal
adenomas (parathyroid and thyroid)30 have also been
reported. Therefore, it has been concluded that clonality
assay itself is of limited utility in differentiating hyperplas-
tic from neoplastic conditions.

Of our ACAs, 14% were polyclonal, a proportion similar
to those reported in parathyroid adenomas, thyroid ade-
nomas, and ACAs.29,30 There are three possible expla-
nations for polyclonal patterns in neoplasms.

1) The selective methylation of an inactive X chromo-
some is normally demonstrated by using methylation-

Figure 2. a: Flow cytometric analysis of DNA content in adrenal cortical
adenoma (ACA-18). Right: the small square (arrow) in the analysis nuclear
area (horizontal FL2- RW axis) versus DNA content (vertical FL2-A axis) points
to the apoptotic cells. b: ISEL of DNA fragments in adrenal cortical adenoma
(ACA-18). The apoptotic cells in a determine the pre-G0/G1 slope (two
arrows) in the DNA histogram (a, left side) and were found positive by
using ISEL (b, black nuclei).
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sensitive restriction endonucleases. Both incomplete en-
donuclease digestion2 and aberrant hypermethylation
(due to tumor progression or abnormal imprinting)36,37

would result in false polyclonal patterns in monoclonal
tissues. In relation to the enzymatic digestion, our proto-
col includes a viral DNA in the restriction digestion mix-
ture to verify its completion. Although some DNA dena-
turation (related to embedding and extraction) should be
present, both the long digestion (16 hours) and the ac-
tivity of HhaI on single-stranded DNA would assure com-
plete digestion. Repeated polyclonal patterns were ob-
tained with unboiled templates. We are currently testing
methylation in these tumors.

2) Any significant contamination as a potential cause of
pseudopolyclonal patterns2 could be excluded by both
careful microdissections under microscopic control and
multiple sampling from a single nodule or tumor. ACAs
tend to show myxoid changes in the central areas. Be-
sides its diagnostic utility, that myxoid stromal change
can contaminate the samples, giving false polyclonal
patterns. It is normally associated with vascular ectasia
and hemorrhage, especially in the internal ACA area, and

should express the requirements of tumor growth. Pre-
liminary morphometric data (unpublished results) have
shown bigger vascular areas of sinusoid-like structures in
ACAs than in ACNHs. The dense thin-walled blood vessel
network in endocrine organs should certainly contribute
to that finding, providing also perivascular stromal cells.
Those nonepithelial components have been proposed as
a key element of epithelial cell growth either by secretion
of stimulatory factors or lack of an inhibitory factor in
experimental thyroid nodules.38

3) Finally, true polyclonal proliferations can explain
those results, but additional markers would be required.2

Figure 3. Linear regression analysis of proliferation rate versus in situ end
labeling in polyclonal (a) and monoclonal (b) lesions of adrenal cortex. The
correlation was direct for polyclonal lesions, but was inverse for monoclonal
ones. Only informative cases in clonality analysis were included in this
regression analysis.

Figure 4. PR in ACNHs (a) and ACAs (b) in the presence (�) or absence (f)
of G0 /G1 apoptotic cells. The average PR was significantly higher in poly-
clonal ACNHs with G0 /G1 apoptotic cells, monoclonal ACNHs with no
G0 /G1 apoptotic cells, and monoclonal ACAs with no G0 /G1 apoptotic cells
than in their counterparts.

Table 3. Proliferation and ISEL Indices by DNA Content in
ACAs

ACA DNA content

Proliferation rate
flow cytometry
(Av 	 SD, %)

ISEL
(Av 	 SD, %)

Diploid ACA 12.15 	 5.84 1.06 	 0.59
Aneuploid ACA 17.88 	 6.80 1.77 	 0.58

ACA, adrenal cortical adenoma; ISEL, in situ end labeling;
Av, average; SD, standard deviation.
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Similarly, monoclonal patterns can be explained in
non-neoplastic conditions. Proliferations of unselected
cells from a polymorphic tissue show polyclonal patterns,
owing to the mosaic distribution in the random distribu-
tion of X-chromosome inactivation.8,39–41 However, the
relative sizes of cell groups sharing the same inactivated
X chromosome (patch size concept or contiguous cellu-
lar regions of the same lineage) and embryological rea-
sons determine the clonal pattern. Any kinetic advantage
in small cell groups sharing the same inactivated X chro-
mosome would result in their preferential growth, thus
yielding an overall monoclonal pattern42 even in early
stages.43,44 These selective growth advantages would
also explain monoclonal proliferations in both early neo-
plasms and precancerous conditions in other locations,
such as the female genital tract17,45–47 or liver,48 and
benign conditions, like epithelial expansion in ovarian
endometrial cysts49 or focal nodular hyperplasias of the
liver.50

DNA-ploidy results also confirmed the differences be-
tween ACNHs and ACAs, supporting the neoplastic na-
ture of monoclonal ACAs. Nondiploid DNA contents were
found in 40% (10/25) of ACAs and in only 5% (1/20) of
ACNHs. Those cases preferentially revealed hyperdip-
loid G0/G1 cells and monoclonal patterns in 86% of infor-
mative cases. DNA content analysis has been reported to
be useless as a diagnostic tool to differentiate benign
from malignant conditions.51 Although hyperdiploid DNA
content was also found in one ACNH, the close associ-
ation between DNA aneuploidy and monoclonal prolifer-
ation supports a neoplastic nature, especially when they
are associated.

In conclusion, both ACNHs and ACAs are kinetically
defined by low-apoptotic cell growths. However, a dis-
tinctive correlation between proliferation and apoptosis,
direct for ACNHs and inverse for ACAs, helps explain
clone selection. That inverse correlation of kinetic param-
eters would provide the best selective mechanism result-
ing in dominant clone expansion (monoclonal prolifera-
tion) in ACAs, whereas direct correlation gives a less
selective mechanism, allowing balanced expansion of
clones (polyclonal proliferations) in ACNHs.
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