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There is accumulating evidence that Hodgkin’s and Reed–Sternberg cells of classical Hodgkin’s lymphomas
(cHL) display multiple and concurrent alterations in different pathways and checkpoints of the cell cycle.
However, the expression of cyclin D2 and its relation to other major cell cycle proteins has not been analyzed in
cHL. The aim of the present study was to assess expression of cyclin D2, Ki67, cyclin A, cyclin B1, cyclin D1,
cyclin D3, cyclin E, p53, Rb, p16 and p27 proteins in order to gain further insight into the proliferation profile of
cHL. Overexpression of cyclin D2 in Hodgkin’s and Reed–Sternberg cells was detected in 64/89 (72%) cases of
cHL. This finding, in view of recent in vitro data showing that constitutive activation of nuclear factor (NF)-kB
could upregulate cyclin D2 expression in part via signal transducer and activator of transcription (STAT)-5a,
suggests that induction of cyclin D2 expression may support the proliferation of Hodgkin’s and Reed–Sternberg
cells. In addition, the present study showed that (1) increased p27 expression status was significantly
correlated with higher levels of cyclin A expression (P¼ 0.048) and (2) increased p53 expression status was
significantly correlated with higher levels of cyclin A (Po0.001) and cyclin B1 (P¼ 0.040) expression. The
association between increased p27 and p53 expression status and higher expression levels of G2/M cyclins
suggests that the impairment of the growth inhibitory activity of the p27 and p53 tumor suppressor pathways
may promote the proliferation of Hodgkin’s and Reed–Sternberg cells.
Modern Pathology (2004) 17, 1338–1345, advance online publication, 3 September 2004; doi:10.1038/modpathol.3800183

Keywords: cell cycle; Hodgkin’s lymphomas

Cell cycle progression is regulated by cyclin-depen-
dent kinases (CDK) which are activated by cyclins
that bind to CDKs to form serine/threonine kinase
holoenzyme complexes.1,2 Cyclins are divided in
two main functional families.1,2 The G1 family
includes the cyclins D1, D2, D3 and E, which are
important for the passage of cells through the G1
phase and their entry into the S-phase. The other
family includes the cyclins A, B1 and B2. Cyclin A
is involved in DNA synthesis, S-phase completion
and preparation for mitosis. Cyclins B1 and B2
control the onset, sequence of events and comple-
tion of mitosis. Cyclin–dependent kinase inhibitors

(CDKIs) regulate negatively the kinase activity of the
complexes composed of cyclins and CDKs.1,2 There
are two known families of CDKIs. The INK4
inhibitors (p16/INK4A, p15/INK4B, p18/INK4C
and p19 (p14)/INK4D) are specific for CDK4 and 6,
while the CIP/KIP inhibitors (p21/CIP1, p27/KIP1
and p57/KIP2) target CDK 2, 4 and 6.

Classical Hodgkin’s lymphomas (cHL) have now
been recognized as B-cell lymphomas with cases of
T-cell origin being exceptional.3,4 There is accumu-
lating evidence that Hodgkin’s and Reed–Sternberg
(H/RS) cells, the neoplastic-cell population in cHL,
are characterized by a profound disturbance of the
cell cycle and apoptosis regulation.4–37 In this
respect, of particular importance is the constitutive
activation of nuclear factor (NF)-kB pathway in HL-
cell lines and neoplastic tissues, which is consid-
ered to be involved in the proliferation and survival
of H/RS cells.4,12–16 A number of studies reported
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that H/RS cells display aberrant cell cycle features
such as S-phase disorder, frequent aneuploidy and
abortive mitoses with arrest at the metaphase–ana/
telophase transition leading to the formation of
characteristic multinucleated cells and/or cell
deletion.5–11 Additional studies provided evidence
that cell cycle deregulation in cHL may result
from alterations of the p53 (p14–Hdm2–p53–p21),
Rb (p16–cyclin D–CDK4–Rb) and p27 (p27–cyclin
E–CDK2) tumor suppressor pathways.18–34 Further-
more, some studies showed that H/RS cells fre-
quently overexpress cyclins involved in the G1/S
and G2/M transition such as cyclins E, D3, A and
B1.11,26,29,33,35–37 However, the immunohistochemical
expression of cyclin D2 and its relation to other
major cell cycle proteins has not been analyzed in
cHL. This could be of interest since recent in vitro
data showed that constitutive activation of NF-kB
could upregulate cyclin D2 expression in part via
signal transducer and activator of transcription
(STAT) 5a.15 Therefore, the expression of cyclin D2
and its relation to other cell cycle proteins (Ki67 and
cyclins A, B1, D1, D3 and E) were analyzed by
immunohistochemistry in order to gain further
insight into the proliferation profile of cHL. In
addition, these proteins were studied in relation to
the p53, Rb, p16 and p27 expression status because
alterations of the p53, Rb/p16 and p27 pathways
have been associated with increased expression of
G1/S and G2/M cyclins in diffuse large B-cell
lymphomas (DLBCL) and Burkitt’s lymphomas.38–40

Materials and methods

Material

In all, 103 cases of cHL (69 nodular sclerosis and 34
mixed cellularity) classified according to the World
Health Organization classification41,42 were selected
from the files of the Departments of Pathology of the
University of Ioannina, Agia Sophia Hospital of
Athens and Evangelismos Hospital of Athens on
the basis that sufficient formalin-fixed, paraffin-
embedded tissue material was available for perform-
ing multiparameter immunohistochemical analysis.

Immunohistochemistry

Immunostainings were performed on formalin-
fixed, paraffin-embedded tissue sections by the
routine Streptavidin-Biotin Peroxidase labeled
(LSAB) procedure. A step of microwave pretreat-
ment was used as described previously.19 The
following monoclonal antibodies were applied:
p53 (DO-7, Dako SA, Glostrup, Denmark, dilution
1:50), Rb (Rb1, Dako SA dilution 1:50), Ki67 (MIB1,
Dako SA, dilution 1:50), cyclin A (6E6, Novocastra,
Newcastle upon Tyne, UK, dilution 1:50), cyclin B1
(7A9, Novocastra, dilution 1:10), cyclin D1 (DCS-6,
Novocastra, dilution 1:50), cyclin D2 (DCS-3.1,

Novocastra, dilution 1:50), cyclin D3 (DCS-22,
Novocastra, dilution 1:10), cyclin E (13A3, Novo-
castra, dilution 1:10), p16 (F-12, Santa Cruz Bio-
technology, USA, dilution 1:50) and p27 (IB4,
Novocastra, dilution 1:50). Positive control slides
consisted of reactive lymph nodes, thymuses,
Hodgkin and non-Hodgkin’s lymphomas from pre-
vious studies performed by members of our
group.19,25,28,39,40 The counting of immunopositive
cells was performed as described previously.39

Briefly, a continuous score system was adopted by
using the � 40 objective lens and counting the
immunopositive H/RS cells in at least 10 fields
selected on the basis that they contained immuno-
positive H/RS cells. The expression status of the
proteins in H/RS cells was determined taking into
consideration previously published criteria.23,33,37,39

Overexpression of cyclins A, B1, D1, D2, D3 and E
was considered when at least 10% of H/RS cells
were positive. Ki67, p53, p27 and Rb increased
expression was considered when at least 50% of
H/RS cells were positive. p16 increased expression
was considered when the expression of this protein
in H/RS cells was similar to benign lymphoid cells
in reactive lymphoid tissues.

Statistical Analysis

Spearman’s correlation coefficient test, Mann–
Whitney test, w2-tests, k-means cluster analysis and
discriminant analysis were applied using the pro-
gram SPSS for Windows Release 10. The results
were considered as statistically significant when
Po0.05.

Results

Expression Status of Various Proteins

Overexpression of cyclin D2, cyclin A, cyclin B1,
cyclin D1, cyclin D3 and cyclin E proteins in H/RS
cells was found in 64/89 (72%), 81/93 (87%), 79/93
(84%), 2/88 (2%), 34/88 (39%), 72/88 (80%) cases,
respectively (Table 1) (Figure 1). Increased expres-
sion of Ki67, p53, Rb, p16 and p27 proteins in H/RS
cells was found in 64/99 (65%), 35/101 (35%), 37/93
(40%), 61/89 (68%) and 31/92 (33%) cases, respec-
tively (Table 1) (Figure 1).

Relations between Various Proteins

The expression levels of p53, Rb, p16, p27, Ki67 and
cyclins A, B1, D2, D3 and E were analyzed as
continuous variables by Spearman’s correlation
test. Significant positive correlations were found
between cyclin A/p53 (r¼ 0.497, Po0.001), cyclin
A/cyclin B1 (r¼ 0.374, Po0.001), cyclin A/cyclin
D2 (r¼ 0.266, P¼ 0.016), cyclin A/cyclin D3
(r¼ 0.396, Po0.001) and cyclin B1/p53 (r¼ 0.311,
P¼ 0.002).
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The expression status (low vs increased expres-
sion) of p53, Rb, p16 and p27 was analyzed in
relation to the expression levels of Ki67 and cyclins
A, B1, D2, D3 and E by Mann–Whitney test.
Significant positive correlations were found (a)
between increased p27 expression status and higher
levels of cyclin A expression (P¼ 0.048) (Table 2)
and (b) between increased p53 expression status and
higher levels of cyclin A (Po0.001) and cyclin B1
(P¼ 0.040) (Table 3). By Mann–Whitney test the
combined p27/p53 increased expression status
showed significant correlation with higher levels
of cyclin A (P¼ 0.007) and cyclin B1 (P¼ 0.003)
expression whereas the combined p27/Rb/p16 or
p53/Rb/p16 expression status (low vs increased
expression) showed no significant correlation with

the expression levels of Ki67 and cyclins A, B1, D2,
D3 and E.

Combined Expression Patterns of Cyclins

The combined expression patterns are summarized
in Table 4. The two cyclin D1 overexpressing cases
showed concomitant cyclin D2 overexpression.

Figure 1 (a) Expression of cyclin D2, (b) cyclin D3, (c) cyclin E, (d) cyclin A, (e) cyclin B1 and (f) p27 proteins in Hodgkin’s and Reed–
Sternberg cells (magnification � 400).

Table 1 Expression of cyclin D2, cyclin A, cyclin B1, cyclin D1,
cyclin D3, cyclin E, Ki67, p53, Rb, p16 and p27 proteins

Proteins Positive cases/total cases

cyclin D2 64/89 (72%)
cyclin A 81/93 (87%)
cyclin B1 79/93 (84%)
cyclin D1 2/88 (2%)
cyclin D3 34/88 (39%)
cyclin E 72/88 (80%)
Ki67 64/99 (65%)
P53 35/101 (35%)
Rb 37/93 (40%)
P16 61/89 (68%)
P27 31/92 (33%)

Table 2 Relations between expression status of p27 protein and
the expression levels of Ki67, cyclin A, cyclin B1, cyclin D2,
cyclin D3 and cyclin E proteins (Mann–Whitney test)

Proteins Group p27 Number of cases Mean rank

Ki67 1 31 43.84
2 60 47.12

P¼0.573
cyclin A 1 29 51.52

2 58 40.24
P¼ 0.048*

cyclin B1 1 29 47.98
2 58 42.01

P¼0.278
cyclin D2 1 22 44.25

2 59 39.79
P¼0.439

cyclin D3 1 27 38.37
2 51 40.10

P¼0.740
cyclin E 1 27 40.54

2 51 38.95
P¼0.765

Group 1, increased p27 expression; Group 2, low p27 expression.
The asterisk indicates the statistically significant correlations.
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Concomitant cyclin D2/D3 overexpression, mutu-
ally exclusive cyclin D2/D3 overexpression and
absence of overexpression of both cyclin D2/D3
was found in 23/77 (30%), 38/77 (50%) and 16/77
(20%) cases, respectively (w2-test, P¼ 0.192). Con-
comitant cyclin E/D (D1 or D2 or D3) overexpres-
sion, mutually exclusive cyclin E/D overexpression
and absence of overexpression of both cyclin E/D
was found in 51/83 (60%), 32/83 cases (40%) and 0/
83 cases, respectively. There was a significant
tendency for concomitant cyclin E/D (D1 or D2 or
D3) overexpression (w2-test, P¼ 0.030). Concomitant
cyclin A/B1 overexpression, mutually exclusive
cyclin A/B1 overexpression and absence of over-
expression of both cyclin A/B1 was found in 72/93
(77%), 16/93 (17%) and 5/93 (6%) cases, respec-
tively. There was a significant tendency for con-
comitant cyclin A/B1 overexpression (w2-test,
P¼ 0.016).

Cluster Analysis of the Proliferation-Associated
Proteins Ki67, Cyclin A and Cyclin B1

The combined entry of the values counted for
Ki67, cyclin A and cyclin B1 expression levels

(these proteins were chosen because they were
detectable in all studied cases) into a k-means
cluster analysis40 separated the entire cohort
into two clusters: a cluster of low proliferation
consisting of 57 cases with simultaneous low
expression levels of Ki67, cyclin A and cyclin
B1 and a cluster of high proliferation consisting
of 36 cases with simultaneous high expression
levels of Ki67, cyclin A and cyclin B1 (Table 5).
Using analysis of variance the two-cluster mean
values were significantly different with respect
to Ki67 (F-value¼ 18.951, Po0.001), cyclin A
(F-value¼ 141.199, Po0.001) and cyclin B1
(F-value¼ 11.951, P¼ 0.001). Using multiple
analysis of variance between the cluster (low
vs high proliferation cluster) as the independent
variable and all three variables (Ki67, cyclin A
and cyclin B1) simultaneously as the dependent
vector a Wilks’ lamda of 0.266 (F-value¼ 81.919)
was produced (Po0.001). Discriminant analysis
was applied to determine which of the individual
parameters (Ki67, cyclin A and cyclin B1) is
closest to the results of the cluster analysis
in its capacity to distinguish between low and
high proliferation clusters. The decreasing order
of discriminant power in this respect was as
follows: cyclin A: (Wilks’ lamda¼ 0.392,
Po0.001)4Ki67: (Wilks’ lamda¼ 0.828,
Po0.001)4cyclin B1: (Wilks’ lamda¼ 0.884,
P¼ 0.001). Thus, cyclin A is the most powerful
parameter for discriminating between high and
low proliferation cluster. The classification
matrix yielded a good cluster distinction: only
one case belonging to the high proliferation
cluster was missclassified in the low proliferation
cluster.

Table 3 Relations between expression status of p53 protein and
the expression levels of Ki67, cyclin A, cyclin B1, cyclin D2,
cyclin D3 and cyclin E proteins (Mann–Whitney test)

Proteins Group p53 Number of cases Mean rank

Ki67 1 33 49.38
2 63 48.40

P¼ 0.822
cyclin A 1 31 61.65

2 62 39.68
Po0.001*

cyclin B1 1 31 54.84
2 62 43.08

P¼0.040*
cyclin D2 1 28 45.23

2 58 42.66
P¼ 0.649

cyclin D3 1 31 47.53
2 53 39.56

P¼ 0.130
cyclin E 1 31 44.47

2 53 41.35
P¼ 0.565

Group 1, increased p53 expression; Group 2, low p53 expression.
The asterisk indicates the statistically significant correlation.

Table 4 Combined overexpression patterns of cyclins

Combined patterns Concomitant
overexpression

Mutually exclusive
overexpression

Double-negative
overexpression

cyclin D2/cyclin D3 23/77 cases (30%) 38/77 cases (50%) 16/77 cases (20%)
cyclin E/D-cyclins (D1 or D2 or D3) 51/83 cases (60%) 32/83 cases (40%) 0/83 cases (0%)
cyclin A/cyclin B1 72/93 cases (77%) 16/93 cases (17%) 5/93 cases (6%)

Table 5 Cluster analysis of the expression levels of the
proliferation-associated proteins Ki67, cyclin A and cyclin B1

Proteins Number of cases Mean value7s.d.

Ki67 36 (HP) 66.11%716.08
57 (LP) 49.82%718.44

Cyclin A 36 (HP) 42.36%715.14
57 (LP) 13.91%77.88

Cyclin B1 36 (HP) 25.36%717.43
57 (LP) 14.70%713.00

N, number of cases; LP, cluster of low proliferation; HP, cluster of high
proliferation.
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Discussion

The present study showed overexpression of cyclin
D2 in H/RS cells in 64/89 (72%) cases of cHL. In
previous reports, cyclin D2 has been studied in only
12 cases of cHL with expression identified in 5–20%
of H/RS cells.36 Therefore, our findings in the
present large series of cHL are noteworthy since
cyclin D2 expression is low in reactive lymph
nodes, most B-cell malignancies and most malignant
B-cell lines.36,38,43 Indeed, germinal center cells in
reactive lymph nodes were cyclin D2 negative and
the majority of cyclin D2-positive cells in the
interfollicular areas were CD3-positive T cells
whereas the CD79a-positive B cells were cyclin D2
negative.36 However, increased cyclin D2 expression
was reported in monocytoid B cells in lymph
nodes.44 Expression of cyclin D2 protein was absent
in follicular lymphomas36,45 and present in a small
percentage of DLBCL (19/152 cases).45 In contrast,
most B-cell chronic lymphocytic leukemias (29/34
cases) and lymphoplasmacytic lymphomas (7/7
cases) and a part of precursor B-cell acute lympho-
blastic leukemias (5/9 cases) expressed high levels
of cyclin D2 mRNA.43,46 The overexpression of
cyclin D2 in cHL tissue specimens may be related
to recent in vitro findings showing upregulated
cyclin D2 expression in cultivated H/RS cells.13,15,16

It was suggested that constitutive activation of NF-
kB can upregulate cyclin D2 expression in part via
signal transducer and activator of transcription
(STAT) 5a.15 NF-kB interferes with the Janus
kinase/STAT signalling pathway and causes high
levels of constitutive STAT5a activity in cultured H/
RS cells.15 In addition, nuclear expression of
STAT5a, which implies constitutive STAT5a activ-
ity, was detected by immunohistochemistry in most
H/RS cells in all 24 tested cases of cHL.15 The effect
of STAT5a on cyclin D2 can be related to the finding
that the cyclin D2 promotor contains STAT5a
binding site.47 Furthermore, constitutive activation
of activator protein (AP)-1, which was reported
to be a constant feature of H/RS cells, could
upregulate, in cooperation with NF-kB, the
expression of cyclin D2 in H/RS cell lines.16 This
can be related to the findings that the cyclin
D2 promotor contains AP-1 and NF-kB binding
sites.48 The above findings, taken together, suggest
that induction of cyclin D2 expression is likely
to support the proliferation of H/RS cells in most
cHL. On the other hand, about 28% of cHL in the
present study displayed low levels or absence of
cyclin D2 expression in H/RS cells. This could be
due, at least partially, to defects or absence of
activation of the NF-kB pathway. Indeed, a recent
study by using immunohistochemistry reported
low levels or absence of the active NF-kB nuclear
protein in H/RS cells in 61/257 cases (23%)
of cHL.33

The present findings are in keeping with previous
observations that H/RS cells in a large proportion

of cHL are characterized by the overexpression of
G1/S and G2/M cyclins such as cyclins E, A and
B1 whereas overexpression of cyclin D3 is less
frequent and overexpression of cyclin D1 is rather
uncommon in most studies.11,26,29,33,35–37 Of particu-
lar interest is the striking overexpression of
cyclin E,33,37 which may be involved in the patho-
genesis of cHL since deregulated cyclin E expression
increases chromosomal instability and polyploidy
and high cyclin E expression maintains CDK2
activity whose downregulation is important for
exit from mitosis.49,50 To gain further insight in
the proliferation profile of cHL, we analyzed the
combined overexpression patterns of G1/S and
G2/M cyclins. With respect to G1/S cyclins, we
observed mutually exclusive cyclin D2/D3
overexpression in 50% of cHL. This can be paral-
leled to the findings that cyclin D3 expression
was reduced in lymphoid malignancies with cyclin
D1 or D2 overexpression.43,51 Our findings suggest
functional redudancy among D-type cyclins in
a part of cHL. This could be supported by the
observations that cyclin D3 compensates for loss of
cyclin D2 in B-lymphocytes activated via the
antigen receptor and CD40.52 In addition, we found
a significant tendency for concomitant cyclin E/D
(D1 or D2 or D3) overexpression in cHL. This
suggests that in most cHL cyclin E was not
overexpressed to substitute a putative lack of
D-type cyclin expression.53 With respect to G2/M
cyclins, we observed a significant tendency for
concomitant cyclin A/B1 overexpression in cHL.
These findings could, at least partially, explain
the abortive mitoses of H/RS cells7 since cyclin A
can delay chromosome alignment and anaphase54

and the cyclin B1/cdk1 complex (mitosis promoting
factor) is involved in chromosome condensation,
nuclear membrane breakdown and mitotic spindle
formation.55 Furthermore, we evaluated by cluster
analysis the combined expression levels of Ki67,
cyclin A and cyclin B1. Two distinct clusters
of low and high proliferation profile were identified,
indicating that groups with distinct cellular
proliferation properties of H/RS cells can be
defined in cHL. This is in keeping with the
identification of two distinct clusters of kinetic
event index (mitotic indexþDNA fragmentation
index) in cHL.8 The definition of groups with
distinct cellular kinetic properties might be useful
for the identification of subsets of cHL with different
prognosis since the proliferation and the apoptosis
status may influence the clinical behavior of these
lymphomas.21,22,33,34,56

In the present study, the relations between
expression levels of cyclins and expression status
of p53, Rb, p16 and p27 proteins were analyzed. We
observed an association between increased p53
expression status in H/RS cells and higher levels
of cyclin A and cyclin B1 expression. This is in
keeping with previous findings that high p53
expression in H/RS cells was associated with high
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MIB1, cyclin B1, cyclin E and CDK6 expression.33

The above findings, taken together, indicate that
overexpressed p53 protein in H/RS cells is unable to
induce cell cycle arrest. This could be explained, at
least partially, by the observation that overexpressed
p53 protein is bound and inactivated by the over-
expressed Hdm2 protein31 thereby impairing the
ability of p53 to induce the expression of p53-
transactivated genes involved in G1/S and G2/M
checkpoints.1,2,55 With respect to the G2/M check-
point, p53 reduces the expression of cyclin B1 and
cdk1 by repression of their promoters.57,58 Further-
more, p53 transcriptionally upregulates the expres-
sion of 14-3-3s which modulates the subcellular
localization of cyclin B1/cdk1 complexes, as the
binding of 14-3-3s to cdk1 results in retention of the
kinase in the cytoplasm.55,57 Thus, p53 inactivation
could, at least partially, explain the cyclin B1/cdk1
overexpression and the disturbed nuclear localiza-
tion of Mitosis Promoting Factor components (cyclin
B1 and cdk1), which are both features of H/RS
cells.11,33 We also observed an association between
increased p27 expression status in H/RS cells and
higher levels of cyclin A expression. This is
unexpected since increased levels of p27 can
disrupt the cyclinE/CDK2–p107/DP1/E2F com-
plexes, the formation of which results in transcrip-
tional activation of cyclin A gene expression.59 Our
results are in keeping with previous findings that
high p27 expression is associated with high cyclin
E, CDK2 and CDK6 expression in H/RS cells.33

The association between high p27 expression and
high expression of proliferation-associated proteins
suggests aberrant p27 expression in cHL because
normal cycling lymphoid cells have very low levels
of p27 protein.38 The aberrant increased p27 expres-
sion in H/RS cells might be due to p27 inactivation
because of binding to D-type cyclins.38,60,61 In this
respect, concomitant high p27/cyclin D3 expression
in a subset of DLBCL and Burkitt’s lymphomas with
high growth fraction was associated with p27–
cyclin D3 nuclear colocalization in lymphoma cells
as detected by confocal laser microscopy.38 It was
suggested that p27 might be sequestered in cyclin
D3/CDK4 complexes and, in this context, p27 might
be protected from CDK2-mediated degradation.38

Although individual cases in the present study
showed concomitant increased p27/cyclin D3 or
D2/Ki67 expression, confocal laser microscopy
studies are required to gain further insight into the
relations between p27 and D-type cyclins in H/RS
cells.

We additionally observed that combined p27/p53
increased expression status was significantly
correlated with higher levels of cyclin A and
cyclin B1 expression. This can be paralleled to
previous observations that combined aberrations
of the p27/p53/Rb/p16 expression status are
associated with increased expression of prolifera-
tion-associated proteins in diffuse large B-cell
lymphomas.17,39,40 Our findings suggest that

the combined impairment of the p27 and p53
tumor suppressor pathways exerts a cooperative
effect resulting in enhanced proliferation of H/RS
cells.
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