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A b s t r a c t

We analyzed protein expression of cyclin D1, cyclin
D2, and cyclin D3 using high-resolution enzymatic
amplification staining and flow cytometry in the
neoplastic cells from 80 patients with CD5+ B-cell
lymphoproliferative disorders. The D cyclins were
expressed differentially in chronic lymphocytic leukemia
(CLL), prolymphocytic leukemia (PLL), and mantle cell
lymphoma (MCL) with strong staining of cyclin D1 and
D2 in MCL, strong staining of cyclin D1 but weak
staining of cyclin D2 in 4 of 5 PLLs, and low-level
staining for both cyclins in most CLLs. No correlation
between cyclin D1 and D2 and growth rates or CD38
expression was observed. However, cyclin D1 levels
were significantly higher in ZAP-70+ CLL cases,
although no association between ZAP-70 and cyclin D2
was detected. The results indicate that flow cytometric
analysis of D cyclins may help in classification of
CD5+ B-cell lymphoproliferative disorders.

Chronic lymphocytic leukemia (CLL), prolymphocytic
leukemia (PLL), and mantle cell lymphoma (MCL) are relat-
ed clonal CD5+ B-cell lymphoproliferative disorders with
overlapping clinical, morphologic, and phenotypic features.1-

17 Although criteria for differentiating these tumors and iden-
tifying prognostic features exist,1-8 classification by current
methods is difficult owing to subjectivity in the morphologic
evaluation, variability within the diagnostic categories, incon-
sistencies in the expected antigen expression profile, and
insensitivity of the analytic methods.5,8-12

The most reliable method to distinguish between PLL and
CLL remains morphologic evaluation of peripheral blood
smears.1 However, the morphologic definition of a prolympho-
cyte is subjective and dependent on the quality of the stained
material, limiting diagnostic precision.1 The detection of cyclin
D1 protein in immunohistochemically stained tissue sections
has been suggested to be a sensitive and specific method to dis-
criminate MCL from PLL and CLL because most MCL cases
will have detectable nuclear expression of the protein.18-21

Nevertheless, in some MCL cases, the protein is not identified
and occasional CLL and PLL tumors show detectable protein
by immunohistochemical staining.22-26 Furthermore, the cyclin
D1 immunostain is technically difficult to perform and often
weak with only a subpopulation of cells positive, and the stain-
ing is assessed subjectively.18-21,24,27

Recently, Kaplan et al28 adapted a highly sensitive signal-
amplifying staining method, enzymatic amplification staining
(EAS), to detect cyclin D1, cyclin D2, and cyclin D3 in lym-
phocytes by flow cytometry. All 3 D cyclins are key cell cycle
regulatory molecules involved in oncogenesis. Their impor-
tance in the pathogenesis of lymphoproliferative disorders is
highlighted by the occurrence of translocations targeting these
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proteins for overexpression in B-cell lymphomas.29-31

Previous analyses of cyclin D1 expression in low-grade B-cell
lymphoproliferative disorders by flow cytometry have utilized
used an antibody that cross-reacts with cyclin D2.32-34

Moreover, a comprehensive analysis of the expression of all 3
D cyclins in the malignant cells from patients diagnosed with
CLL, PLL, and MCL has not been performed. Therefore, we
evaluated the expression of cyclin D1, cyclin D2, and cyclin
D3 using EAS and flow cytometry in 80 CD5+ B-cell lym-
phoproliferative disorders. The results indicate that high-reso-
lution flow cytometric evaluation of the D cyclins discrimi-
nates between the CD5+ B-cell lymphoproliferative disorders
and might impart prognostic information in CLL. The find-
ings also might have significant biologic implications.

Materials and Methods

Cases

The flow cytometry laboratory, University Hospitals of
Cleveland, Cleveland, OH, identified 80 cases of CD5+ B-cell
lymphoproliferative disorders. For diagnosis, all 5 MCL cases
had tissue biopsy specimens with the characteristic phenotype
and showed typical cyclin D1 nuclear immunoreactivity.
Specimens included 2 lymph node biopsies, 1 tonsillectomy
specimen, 1 gastrointestinal biopsy specimen, and 1 bone
marrow biopsy specimen. For CLL, the diagnosis was based
on peripheral blood morphologic features and phenotype
according to the Matutes criteria.1,35,36 The diagnosis of PLL
was established by the presence of a predominant population
of cells with prolymphocytic morphologic features in the
peripheral blood.1 Two patients also had lymph node biopsies,
and 1 had a bone marrow biopsy supportive of the diagnosis.
Of the 80 cases, 66 were classified as CLL, 5 as PLL, and 5 as
MCL; 3 were deemed atypical CLL based on the atypical
morphologic features and/or phenotype; and 1 transformed
from CLL to PLL.

Tumor Cell Growth

To establish the rate of tumor cell growth in the subset of
cases (15 CLL and 3 PLL) with available clinical data, we
used a best-fit exponential growth curve (Excel software,
Microsoft, Redmond, WA) based on the change in lymphocyte
count over time, assuming early-phase gompertzian growth.37

Growth rates were determined only if a minimum of 3 sepa-
rate lymphocyte counts were obtained during a period of a
least 2 months and the cyclin D flow cytometric analysis was
performed during the same period. The relative growth rate
was estimated by using the exponential growth rate constant
(r) from the following equation:

Pt = Po
rt

where Po is the initial lymphocyte count, Pt the final lympho-
cyte count, t the time (in months), and r the relative rate of
tumor growth (per month).

Cells

Peripheral blood samples were obtained from healthy
volunteers, and peripheral blood, bone marrow, and lymph
node samples from patient’s with CD5+ low-grade B-cell
malignant neoplasms were obtained from the clinical flow
cytometry laboratory, University Hospitals of Cleveland, with
institutional review board approval. Mononuclear cells were
isolated in all cases by Ficoll-Hypaque discontinuous gradient
centrifugation.

Antibodies

A fluorescein-conjugated murine monoclonal antibody
specific for cyclin D1, clone DCS-6, was obtained from BD
Bioscience, San Diego, CA, along with fluorescein-conjugat-
ed isotype-matched control immunoglobulin. A murine mon-
oclonal antibody to cyclin D2, clone DCS-3.1, was obtained
from Abcam, Cambridge, MA. A fluorescein-conjugated
murine monoclonal antibody to cyclin D3, clone G107-565,
was obtained from BD Bioscience, along with a fluorescein-
conjugated isotype-matched control immunoglobulin. The
antibodies to cyclin D1, cyclin D2, and cyclin D3 are specific
and do not bind other D cyclins.

Flow Cytometry

We analyzed 84 specimens from 80 patients, including 72
peripheral blood specimens, 9 bone marrow specimens, 2
lymph nodes, and 1 tonsillectomy specimen. All tissue speci-
mens were from patients with MCL. Three patients had spec-
imens evaluated from multiple sources. All cells were ana-
lyzed within 48 hours of venipuncture or surgical removal.

Cell staining by EAS was performed as described previ-
ously.28 Briefly, cells were fixed and permeabilized and
stained with 20 µL of the fluorescein-conjugated anti–cyclin
D1 or isotype control as recommended by the manufacturer,
15 µg/mL of anti–cyclin D2 or isotype control, or 20 µL of flu-
orescein-conjugated anti–cyclin D3 or isotype control. Cells
were incubated in a reaction volume of 50 µL for 10 minutes
at room temperature.

EAS was performed subsequently using FlowAmp
Systems kits (Cleveland, OH) as follows: After washing, a
secondary horseradish peroxidase–conjugated mouse mono-
clonal antibody to fluorescein isothiocyanate was added for
cyclin D1 and D3, and a secondary polyclonal horseradish
peroxidase–conjugated goat antimouse immunoglobulin was
added for the cyclin D2–stained cases per manufacturer’s rec-
ommendations. After incubation, cells were washed and
amplification was performed with the addition of 50 µg/µL of
fluorescein isothiocyanate–tyramide in amplification medium
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(FlowAmp Systems) and 0.01% peroxide (Sigma, St Louis,
MO). Cells were washed in diluent, and fluorescence data
were acquired on a FACScan (BD Biosciences) and analyzed
with CellQuest software (BD Biosciences).

The mean fluorescence index (MFI) was obtained for
each D cyclin on the tumor cells. The MFI is defined as the
ratio of the mean fluorescence intensity for the specific mon-
oclonal antibody compared with the mean fluorescence
intensity for the isotype-matched control that was performed
in all cases. The MFI for cyclin D1, D2, and D3 on unstim-
ulated, quiescent lymphocytes was determined using 8 nor-
mal control samples. Linearity was established previously
for EAS using antibody-coated beads.38 We assessed repro-
ducibility of the staining by analyzing multiple frozen sam-
ples from the same case.

Flow cytometric data on the specimens also were
obtained in the clinical flow cytometry laboratory using
directly labeled antibodies as detailed elsewhere.39 Analysis
was performed on a BD FACSCalibur flow cytometer (BD
Biosciences) using CellQuest software. Quantitation of CD38
on the CLL cells was performed based on the percentage of
positive cells over background fluorescence using an allophy-
cocyanin-conjugated antibody to CD38. Previous data from
our laboratory established a cutoff of 24.5% for CD38+ CLL
cases.39 All CLL cases were analyzed for CD38 expression.

ZAP-70 staining (21 CLL cases) was performed using an
Alexa-488 directly conjugated murine monoclonal antibody
to ZAP-70 (Caltag Laboratories, Burlingame, CA). For ZAP-
70 staining, we added 50 µL of whole blood to 2 tubes con-
taining CD5-phycoerythrin, CD45–peridinin chlorophyll pro-
tein, and CD19-allophycocyanin and incubated the tubes for
15 minutes at room temperature. Cells were permeabilized
using Fix and Perm (Caltag). The ZAP-70–specific Alexa-488
conjugated antibody and an Alexa-488 conjugated isotype
control were added along with Caltag “Reagent B” during the
permeabilization step and incubated for 20 minutes. Cells
were washed and resuspended in 200 µL of phosphate-
buffered saline with 1% paraformaldehyde before analysis. A
normal peripheral blood sample was processed in parallel for
each sample analyzed. The staining characteristics were con-
firmed using internal T cells as control samples and verified
using the normal peripheral blood sample. CLL cells were
identified by gating on the CD5+ and CD19+ cells, and the
specific reactivity for ZAP-70 over the isotype control was
determined. Cases were considered ZAP-70+ if the staining
was greater than 20% over control.

Statistics

Comparison of D cyclin levels between disease cate-
gories and normal lymphocytes and comparison between D
cyclin levels and growth rate, CD38, and ZAP-70 expression
was performed using the Student t test (Excel software).

Results

Patterns of D Cyclin Expression in Low-Grade B-Cell
Lymphoproliferative Disorders

We analyzed CD5+ B-cell lymphoproliferative disorders
for the expression of cyclin D1, cyclin D2, and cyclin D3
using EAS and flow cytometry. Our study included 66 cases
of CLL, 5 cases of PLL, and 5 cases of MCL. Typical staining
patterns are shown in ❚Figure 1❚. In most cases, MCL, PLL,
and CLL could be distinguished based on their relative expres-
sion of cyclin D1 and D2 with MCL characterized by strong
staining for cyclin D1 and D2, PLL characterized by strong
staining for cyclin D1 and weak staining for cyclin D2, and
CLL characterized by weak staining for cyclin D1 and D2.
Cyclin D3 staining was weak in all 3 neoplasms.

Because cyclin D1 and D2 seemed to give the best dis-
crimination between cases, we plotted the MFI of cyclin D1
vs cyclin D2 for the majority of our cases ❚Figure 2❚. An MFI
of 15 for cyclin D1 and cyclin D2 was used to separate the
cases into 4 groups. The resulting graph allowed us, in a gen-
eral way, to categorize these 3 disorders with some exceptions.
For example, PLL cases could be distinguished readily from
MCL by their lower cyclin D2 expression and most CLL cases
based on the strong expression of cyclin D1 (lower right quad-
rant). One PLL case had a cyclin D2–predominant pattern.

The majority of CLL cases (73.5%) showed low cyclin
D2 and D1 expression (lower left quadrant). However, CLL
cells from some cases (13.2%) approximated the D cyclin pat-
tern observed in the PLL cases. All 5 MCL cases showed
strong expression of cyclin D1 and D2. MCL could be dis-
criminated from CLL in most cases, although overlap
occurred such that 4 cases (5.9%) classified as CLL by stan-
dard methods, showed cyclin D1 and D2 reactivity similar to
MCL (upper right quadrant). Five CLL cases (7.4%) and 1
PLL case showed strong expression of cyclin D2 with low lev-
els of cyclin D1 (upper left quadrant). These cases were not
otherwise distinguishable from their counterparts. It is inter-
esting that 1 CLL case analyzed 16 months before PLL trans-
formation showed a MCL-like cyclin D1 and D2 pattern. This
case was not analyzed after transformation.

We compared the expression of the D cyclins in the lym-
phoproliferative disorders with that observed in normal
peripheral blood lymphocytes ❚Figure 3❚. Previously, we had
not observed differences in the level of the D cyclins
expressed in peripheral blood B and T cells.28 There is vari-
ability in the expression of cyclin D1 in normal lymphoid
cells. Nevertheless, for CLL, the expression of cyclin D1 was
significantly weaker (MFI ± SD, 10.4 ±  8.5 vs 44.3 ± 21.4; P
< .0001) and the expression of cyclin D2 somewhat stronger
(MFI ± SD, 9.1 ± 6.4 vs 3.1 ± 1.2; P = .01) than that in nor-
mal lymphoid cells. In MCL, cyclin D2 protein, as detected by
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EAS and flow cytometry, was strikingly overexpressed com-
pared with normal peripheral blood lymphocytes (MFI ± SD,
25 ± 7.3 vs 3.1 ± 1.2; P < .0001). However, cyclin D1 expres-
sion was not significantly different from nonmalignant lym-
phoid cells (MFI ± SD, 28.6 ± 9.0 vs 44.3 ± 21.4; P = .68). The
PLL cases exhibited expression of cyclin D1 (MFI ± SD, 33 ±
14.8 vs 44.3 ± 21.4; P = .18) and D2 (MFI ± SD, 6.6 ± 3.5 vs
3.1 ± 1.2; P = .05) similar to normal peripheral blood lympho-
cytes, although cyclin D2 was at the level of statistical signifi-
cance. No significant difference in expression of cyclin D3 was
noted between any of the neoplasms and benign lymphocytes.

Correlation of Cyclin D1 and D2 With Cell Proliferation

We wondered whether the rate of cell proliferation influ-
enced the expression level of the D cyclins and affected our
ability to categorize the neoplasms based on their relative D

cyclin expression patterns. Therefore, we examined the in vivo
growth rate of the lymphoproliferative disorders by review of
the clinical laboratory data. We were able to establish the
growth rate in 15 cases of CLL and 3 of PLL. Growth rate
analysis of the CLL and PLL cases is illustrated in ❚Figure

4A❚. The exponential growth rate of the tumors segregated
into 2 groups based on a rate of growth greater or less than 0.1.
All PLL cases showed a fast growth rate, as expected.
However, roughly 40% of the CLL cases also showed a rate of
growth greater than 0.1. We next compared the growth rate of
the disorders with their relative expression of cyclin D1 and
D2 ❚Figure 4B❚, ❚Figure 4C❚, and ❚Figure 4D❚. However, nei-
ther the levels of expression of cyclin D1 (P = .09) and cyclin
D2 (P = .63) nor combined cyclin D1 and D2 levels (P = .13)
correlated with the in vivo growth rate, regardless of whether
CLL and PLL cases or only the CLL cases were analyzed.
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❚Figure 1❚ Flow cytometric histograms of D cyclins in CD5+ B-cell lymphoproliferative disorders. Representative flow cytometric
histograms of chronic lymphocytic leukemia (CLL), prolymphocytic leukemia (PLL), and mantle cell lymphoma (MCL) cells
stained with cyclin D1, cyclin D2, and cyclin D3 using enzymatic amplification and flow cytometry. CLL cells typically showed
low-level staining for cyclin D1 and D2, PLL cells showed strong staining for cyclin D1 and weak staining for cyclin D2, and MCL
cells showed strong staining for cyclin D1 and D2. Cyclin D3 staining was weak in all 3 disorders.
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Correlation Between Cyclin D1 and D2 and CD38 and
ZAP-70 in CLL Cells

We next evaluated whether the expression levels of cyclin
D1 and D2 were related to the expression of CD38 and ZAP-
70 on CLL cells because their expression identifies patients
with a more aggressive course of disease. We found no asso-
ciation between the expression of cyclin D1 (P = .81) and D2
(P = .57) with CD38 (data not shown). However, in a subset
of 21 cases for which ZAP-70 data were available, the mean
± SD level of cyclin D1 expression was significantly greater
in the ZAP-70+ (14.3 ± 5.8) than in the ZAP-70– cases (6.9 ±
3.5); P = .002 ❚Figure 5❚. No association was observed with
ZAP-70 expression and cyclin D2 expression: ZAP-70+, MFI
± SD, 13.9 ± 9.1 vs 11.4 ± 8.0 in the ZAP-70– cases; P = .45.

Discussion

Our findings indicate that MCL, PLL, and CLL can be
distinguished by their D cyclin expression patterns as
detected by flow cytometry. Strong staining for cyclin D1

and D2 was observed in all 5 MCL cases examined, strong
staining for cyclin D1 but weak staining of cyclin D2 was
present in the cells from 4 of 5 cases of PLL, and low-level
staining for both cyclins was noted in most cases (73.5%) of
CLL. The distinction between these neoplasms is sometimes
difficult owing to overlapping clinical and phenotypic fea-
tures and the reliance on subjective staining criteria.1

Although the study is somewhat limited by the small number
of PLL and MCL cases evaluated, an objective flow cyto-
metric analysis of cyclin D1 and D2, as shown here, may
help distinguish these neoplasms. Analysis of additional
cases could help further clarify the significance of the D
cyclin expression patterns observed.

It should be noted that not all cases fell neatly into the
diagnostic groups based on the level of cyclin D1 and D2
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❚Figure 2❚ Cyclin D1 and D2 distinguish between CD5+ B-cell
lymphoproliferative disorders. The mean fluorescence index
(MFI) of cyclin D1 vs cyclin D2 for 79 CD5+ B-cell
lymphoproliferative disorders analyzed by enzymatic
amplification staining and flow cytometry: 5 mantle cell
lymphomas (MCLs; yellow squares), 5 prolymphocytic
leukemias (PLLs; red triangles), 68 chronic lymphocytic
leukemias (CLLs; blue diamonds), and 1 CLL that transformed
to PLL (green triangle) were analyzed. Three atypical CLLs
were included with the standard CLL cases. One CLL case
was omitted because only cyclin D1 was analyzed. Quadrants
are based on an MFI cutoff of 15. Note that the CLL cases
cluster in the lower left quadrant, MCL cases in the upper
right quadrant and PLL cases in the lower right quadrant.

❚Figure 3❚ D cyclin levels in the CD5+ lymphoproliferative
disorders in comparison with normal lymphocytes. Comparison
of cyclin D1 (black bar), cyclin D2 (white bar), and cyclin D3 (gray
bar) levels in chronic lymphocytic leukemia (CLL), mantle cell
lymphoma (MCL), and prolymphocytic leukemia (PLL) with that
observed in normal peripheral blood lymphocytes. Compared
with normal lymphocytes (mean fluorescence index [MFI] ±
SD, 44.3 ± 21.4), cyclin D1 levels were reduced in CLL cells
(MFI ± SD, 10.4 ± 8.5; P < .0001) but not significantly different
in MCL (MFI ± SD, 28.6 ± 9.0; P = .68) and PLL (MFI ± SD, 33
± 14.8; P = .18) cells. Cyclin D2 levels were increased modestly
in CLL cells (MFI ± SD, 9.1 ± 6.4; P = .01), significantly
increased in MCL cells (MFI ± SD, 25 ± 7.3; P < .0001), and not
appreciably different in PLL cells (MFI ± SD, 6.6 ± 3.5; P = .05)
compared with normal lymphocytes (MFI ± SD, 3.1 ± 1.2).
Cyclin D3 levels were not significantly different from resting
lymphocytes in all 3 disorders. Previously we have shown that
cyclin levels are comparable in T- and B-lymphoid cells.
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expression. Most notably, variation was present within the
CLL cases, particularly with regard to cyclin D1 levels. Some
cases demonstrated a D cyclin staining pattern that approxi-
mated that observed in the PLL cases (13.2%) with strong
cyclin D1 staining and weak cyclin D2 staining. Fewer CLL
cases (5.9%) demonstrated the strong cyclin D1 and D2 stain-
ing pattern observed in MCL cases. The variation in cyclin
levels did not seem to be accounted for by differences in the
in vivo cell growth based on an analysis of a subset of tumors.
We had limited clinical data on the patients because the spec-
imens were accrued from multiple outpatient sources and pri-
vate clinicians offices. Consequently, the clinical outcome of
the patients diagnosed with CLL with cyclin D1 and cyclin D2
levels in the MCL and PLL ranges could not be ascertained. It
is not known whether these patients diagnosed with CLL will
demonstrate a more aggressive clinical course. It is interesting
that Ravandi-Kashani et al40 noted that patients with CLL

cells with increased cyclin D1 expression, as determined by
radioimmunoassay analysis, had a worse outcome.

We also noted that the cells from 5 CLL cases (7.4%) and
1 of PLL displayed a cyclin D2–predominant staining pattern.
In addition, we identified 3 cases in which cyclin D3 staining
was increased. In all 3 cases, only a subpopulation of cells
showed cyclin D3 expression. These cases were thought to be
CLLs, although all 3 had atypical phenotypic features. It is
reasonable to speculate on the significance of the samples that
did not conform to the pattern observed in the other cases. One
plausible explanation for the observed differences in the sam-
ples is that the D cyclin expression profile identifies distinct
pathogenetic subgroups of tumors.

No correlation was noted between the expression of
cyclin D1 and D2 and CD38 expression, and although an
association between cyclin D2 and ZAP-70 was not
observed, the expression of cyclin D1 was significantly
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❚Figure 4❚ Cyclin D1 and cyclin D2 levels do not correlate with in vivo growth rate. The growth rate of 15 chronic lymphocytic
leukemia (CLL) cases (blue diamonds) and 3 prolymphocytic leukemia (PLL) cases (orange triangles) using best-fit exponential
growth curves as described in the “Materials and Methods” section was determined. A, The cases segregated roughly into 2
groups based on an exponential growth rate greater or less than 0.1 with means of 0.24 and 0.03, respectively. Note that 40%
of the CLL cases exhibited a fast growth rate. Growth rates were compared with the level of expression of cyclin D1 (B), cyclin
D2 (C), and combined levels of cyclin D1 and D2 (D). No correlation of the cyclin D1 (P = .09), D2 (P = .63), or combined (P =
.13) levels with in vitro growth rate was observed, regardless whether all cases or only the CLL cases were examined.
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stronger in the ZAP-70+ cases. This latter finding is intrigu-
ing and raises the possibility of a link between cell cycling
and enhanced signaling through the B-cell receptor complex
by ZAP-70 in CLL cells.41,42 In B cells, cross-linking of the
B-cell receptor results in activation of SYK, leading to the
formation of a membrane signaling complex incorporating
phosphatidylinositol-3 (PI3) kinase.43 This pathway is known
to up-regulate cyclin D2 in murine B cells.44 It is unclear why
cyclin D2 levels in CLL cells do not significantly differ from
those of benign lymphocytes.

PI3-kinase also initiates a cascade of events, including
activation of Akt-1.45 Akt-1 has been identified as an upstream
modulator of cyclin D1 by decreasing cyclin D1 proteolytic
degradation via phosphorylation and inactivation of glycogen
synthase kinase-3 (GSK-3).46,47 Chen et al41,42 have shown
that ZAP-70 augments the activation of SYK in CLL cells.
Therefore, it is conceivable that in CLL cells overexpressing
ZAP-70, amplified PI3-kinase signaling ensues, leading to a
relative increase in cyclin D1 compared with the ZAP-70–
cases. It is interesting that Akt-1 is dysregulated in CLL
cells.48 Nevertheless, in most CLL cases, we noticed reduced
expression of cyclin D1 compared with that observed in nor-
mal lymphocytes, suggesting additional mechanisms must be
active in controlling cyclin D1 protein levels. Indeed, cyclin
D1 also is regulated by the Wnt-1 signaling cascade, a path-
way operative in CLL cells.49,50 Control of cyclin D1 expres-
sion also might occur by other means in nonneoplastic T cells
and B cells.

Previous studies have indicated that cyclin D1 is overex-
pressed in MCL. Although the qualitative expression of cyclin

D1 has been examined extensively using immunohistochemi-
cal analysis, most quantitative studies of cyclin D1 expression
in MCL, however, have been based on RNA levels with fewer
analyses of the amount of protein produced. Sola et al51 noted
that cyclin D1 protein expression was not correlated quantita-
tively with cyclin D1 messenger RNA levels in MCL and CLL
cells. Two studies used flow cytometry to determine the
expression of cyclin D1 protein in malignant lymphocytes and
identified overexpression of cyclin D1 protein in MCL lym-
phoma cells.32,33 However, the analysis was carried out using
the monoclonal antibody, 5D4, which is known to cross-react
with cyclin D2.34 We identified significant overexpression of
cyclin D2 rather cyclin D1 in our cases, which may explain
their findings.

Several analyses of cyclin D1 protein expression by
Western blot, immunoblots, and radioimmunoassays also have
identified overexpression of the cyclin D1 protein in MCL
compared with that in normal lymphocytes.19,40,52 The reason
for the discrepancy between these results and ours is unclear
but could relate to a number of factors. Our flow cytometric
assay involves fixation of the cells before cellular permeabi-
lization and staining, whereas the other methods require cell
lysis, which may lead to enhanced proteolytic degradation of
cyclin D1. The detection methods may be affected differen-
tially by cyclin D1’s subcellular localization or complexed
proteins. Finally, there are differences in the sensitivity of the
analyses. Of note, we previously validated the specificity of
our staining method for cyclin D1.28 Moreover, we have
shown that the amplified fluorescence signal produced with
EAS maintains linearity.38
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❚Figure 5❚ Cyclin D1 levels correlate with ZAP-70 expression in chronic lymphocytic leukemia (CLL). ZAP-70 expression was
determined in 21 cases and compared with cyclin D1 (A) and D2 (B) levels. Cyclin D2 levels were similar in the ZAP-70+ (mean
fluorescence index [MFI] ± SD, 13.9 ± 9.1) and ZAP-70– (MFI ± SD, 11.4 ± 8.0) cases; P = .45. However, cyclin D1 levels were
significantly higher in the ZAP-70+ (MFI ± SD, 14.3 ± 5.8) than the ZAP-70– (MFI ± SD, 6.9 ± 3.5) cases; P = .002.
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We did not identify a relationship between D cyclin expres-
sion and cell proliferation similar to that observed in studies
involving other tumors.53,54 The failure to identify a link
between cell proliferation and cyclin D1 or cyclin D2 levels
may be explained by their intracellular distribution because
nuclear expression of the protein is necessary for cell cycle con-
trol. We have shown that cyclin D1 shuttles from the cytoplasm
to the nucleus in peripheral blood lymphocytes without a
noticeable change in protein level on stimulation and prolifera-
tion.28 The subcellular localization of the protein is controlled
by a number of factors, including its interaction with p21 and
p27 and phosphorylation of the molecule via the GSK-3β.47,55-

57 It has been suggested that the consequence of the molecular
translocation (t(11;14)) in MCL is accumulation of the protein
in the nucleus rather than true cellular overexpression of the
protein, perhaps due to some of these molecular interactions.51

Our results would be consistent with that premise.
There was significant overexpression of cyclin D2 protein

in MCL cells in our cases. Before this analysis, only a limited
set of studies have examined cyclin D2 expression, via mes-
sage levels, in primary MCL tumors.58,59 We found cyclin D2
protein also was overexpressed in CLL cases, although only to
a relatively small amount compared with MCL. PLL cases did
not show overexpression of cyclin D2. The role of cyclin D2
in distinguishing the unique biology of MCL from CLL and
PLL is not known. Cyclin D2 has importance in B-cell lym-
phoma behavior because elevated cyclin D2 message levels
are a risk factor for patients with diffuse large B-cell lym-
phoma and cyclin D2 messenger RNA is up-regulated on B-
lymphocyte transformation by the Epstein-Barr virus.60,61

We evaluated the protein expression of the 3 D cyclins in
CLL and the related CD5+ B-cell lymphoproliferative disor-
ders, PLL and MCL, by flow cytometry. Previous studies have
left an incomplete picture of D cyclin expression in these dis-
orders, likely owing to the difficulty in analyzing these pro-
teins and the inconsistent correlation between protein and
message levels. We could distinguish the 3 disorders, with
some exceptions, by their relative expression of cyclin D1 and
D2. In addition, cyclin D1 levels were significantly higher in
ZAP-70+ CLL cases. Therefore, the analysis of the D cyclins
by flow cytometry might help in the classification of these
tumors and could have the added benefit of identifying high-
risk subgroups. These studies underscore the power and use-
fulness of high-sensitivity flow cytometric analysis in lym-
phoproliferative disorders.
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