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We have used a continuous fluorescence monitoring
method to assess cyclin D1 mRNA expression in a
variety of hematological and non-hematological pro-
cesses. We examined 14 cell lines, 11 reactive lym-
phoid tissues, and 57 primary hematopoietic neo-
plasms including mantle cell lymphoma (MCL) (n �
10), chronic lymphocytic leukemia/small lympho-
cytic lymphoma (CLL/SLL) (n � 11), acute lympho-
blastic leukemia/lymphoma (n � 15), follicular lym-
phoma (n � 6), peripheral T-cell lymphoma (PTCL)
(n � 3), anaplastic large cell lymphoma (n � 3), hairy
cell leukemia (n � 3), Burkitt lymphoma (n � 1),
Burkitt-like lymphoma (n � 4), and plasmacytoma
(n � 1) for the expression of cyclin D1 mRNA using
fluorescently labeled sequence-specific hybridization
probes. Fluorescence (F) was plotted against cycle (C)
number over 45 cycles. The log-linear portion of the F
versus C graph identified a fractional cycle number
for threshold fluorescence. A �-globin mRNA tran-
script with equivalent amplification efficiency to that
of cyclin D1 was used for assessment of RNA integrity
and normalization. In general, the MCLs demon-
strated substantially higher levels of cyclin D1 mRNA
than the other lymphoproliferative processes. Mod-
erately high levels of cyclin D1 mRNA were detected
in one PTCL. On average, the CLL/SLL cases showed
cyclin D1 mRNA levels two to three orders of mag-
nitude lower than observed in the MCLs. Cell lines
derived from non-hematopoietic neoplasms such as
fibrosarcoma, small cell carcinoma, and neuroblas-
toma showed comparable or higher levels of cyclin
D1 mRNA than the MCLs. Our results indicate that
quantitative real-time reverse transcription (RT)
polymerase chain reaction is a simple , rapid, and
accurate technique for assessing cyclin D1 expres-
sion, and while it is not specific , it can reliably be

used in the distinction of MCL from CLL/SLL. (J
Mol Diagn 2002, 4:90–96)

Mantle cell lymphoma (MCL) is a distinct clinicopatho-
logic entity that is characterized by the presence of the
t(11;14)(q13;q32) chromosomal translocation.1–3 The
t(11;14) results in juxtaposition of the bcl-1 locus in close
proximity to the immunoglobulin heavy chain enhancer,
resulting in deregulation and overexpression of cyclin D1,
an important regulator of G1/S progression in the cell
cycle.4,5

MCL shares some histological and immunophenotypic
features with chronic lymphocytic leukemia/small lym-
phocytic lymphoma (CLL/SLL) and other low-grade B-
cell lymphomas. Because MCL is a clinically aggressive
neoplasm, its distinction from CLL/SLL and other low-
grade B-cell lymphomas is important. In this regard, the
detection of the t(11;14) has served as a good discrimi-
nator of MCL from other entities exhibiting similar his-
topathological features. The translocation can be de-
tected in 90 to 95% of MCLs by fluorescence in situ
hybridization,6 70 to 80% by conventional cytogenetics,7

60 to 70% by Southern blot hybridization,8 and 30 to 40%
using polymerase chain reaction (bcl-1, major transloca-
tion cluster/immunoglobulin joining).9,10 On the other
hand, cyclin D1 protein expression is demonstrable in
approximately 70% of cases of MCL by immunohisto-
chemical methods.11–13

While highly characteristic of MCL, elevated cyclin D1
protein has been demonstrated in other lymphoprolifera-
tive processes such as hairy cell leukemia,11,14,15 plasma
cell dyscrasias,11,12 rare cases of B-cell CLL/SLL,11,12

and epithelial malignancies.16 Elevated cyclin D1 mRNA
expression has been demonstrated by Northern blot17,18

and in situ hybridization analyses in MCLs.19 Similarly,
RNA expression studies have also shown elevated levels
of cyclin D1 transcripts in the majority of MCLs and in a
minority of other lymphoproliferative disorders by con-
ventional end-point reverse trancription-polymerase
chain reaction (RT-PCR)-based analyses.13,20 Such end-
point PCR-based methods suffer the drawback of includ-
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ing the non-quantitative plateau phase of the amplifica-
tion in the final determination of relative cyclin D1
expression levels. Furthermore, these methods are labor
intensive, and may yield variable results. The purpose of
this study, therefore, was to apply continuous fluorescence
PCR monitoring, which reliably determines the onset of the
exponential phase of PCR, for quantification of cyclin D1
mRNA levels. Using this methodology, we also sought to
determine the sensitivity and specificity of cyclin D1 mRNA
overexpression for the diagnosis of MCL.

Materials and Methods

Sample Selection

Archived snap-frozen tissue samples of a total of 57
cases of lymphoproliferative disorders including mantle
cell lymphoma (n � 10), CLL/SLL (n � 11), follicular
lymphoma (n � 6), peripheral T-cell lymphoma (n � 3),
anaplastic large cell lymphoma (n � 3), acute lympho-
blastic leukemia/lymphoma (n � 15), hairy cell leukemia
(n � 3), Burkitt lymphoma (n � 1), Burkitt-like lymphoma
(n � 4), and plasmacytoma (n � 1) were selected for
study. Reactive follicular hyperplasia (n � 5) and healthy
peripheral blood lymphocytes (n � 6) were also exam-
ined. All clinical samples were classified according to the
Revised European American Lymphoma (REAL) classifi-
cation,3 and demonstrated the characteristic histological
and immunophenotypic profiles of the diagnosis ren-
dered. Fourteen cell lines (10 hematopoietic, 4 non-he-
matopoietic) were also evaluated for cyclin D1 mRNA
expression (Table 1).

Immunohistochemical Studies

Immunohistochemistry for cyclin D1 was performed on
formalin-fixed, paraffin-embedded tissue sections of all

tissue samples, but not on cell lines. Antigen retrieval was
performed using microwave heat pretreatment.21 An avi-
din-biotin peroxidase method was performed using an
automated immunostainer (Ventana Medical System,
Tuscon, AZ). We used a commercially available antibody
against cyclin D1 (Neomarkers, Union City, CA).

RNA Extraction and Reverse Transcription

Total RNA was extracted from archived fluid and tissue
samples taken from patients from the University of Utah
Health Sciences Center, Salt Lake City, Utah, and from
the Sunnybrook and Women’s College Health Sciences
Center, Toronto, Ontario, Canada. RNA was extracted
using Trizol (Gibco BRL, Life Technologies, Rockville, MD)
or the RNeasy Mini RNA extraction kit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. Reverse
transcription was performed using Moloney murine leuke-
mia virus (MMLV) reverse transcriptase (Gibco BRL, Life
Technologies, Rockville, MD) and random hexamers (Pro-
mega, Madison, WI) in the presence of RNase inhibitor
(Amersham-Pharmacia, Piscataway, NJ). cDNA quantity
was assessed using absorbance at 260 nm.

Primer and Probe Design

The primers and probes used for the cyclin D1 (GenBank
Accession no. Z23022) and �-globin (GenBank Acces-
sion no. AF181989) RT-PCR are summarized in Table 2,
and were designed using Primer Designer software ver-
sion 4.0 (Sci-Ed Software, Durham, NC).

Fluorescence RT-PCR

Quantitative PCR was performed using sequence-spe-
cific hybridization probes for cyclin D1 and �-globin

Table 1. Cyclin D1 mRNA Expression Normalized to �-Globin and Relative to Follicular Hyperplasia: Cell Lines

Sample Diagnosis
Cyclin D1 mRNA
overexpression

Cyclin D1
normalized quantity*

Granta Mantle cell lymphoma � 15.35
NCEB Mantle cell lymphoma � 0.82
SUPB-15 B-cell ALL � 0.30
K-562 Chronic myelogenous leukemia � 0.52
Molt-4 Precursor T-cell ALL � 0.31
REH Precursor B-cell ALL � 0.25
697 Precursor B-cell ALL � 0.20
NB-4 Acute promyelocytic leukemia � 1.56
Kasumi-1 Acute myeloid leukemia � 0.20
Karpas 299 t(2;5) positive T-cell lymphoma � 0.22
SW1271 Small cell carcinoma � 59.30
HT1080 Fibrosarcoma � 290.02
PA-1 Ovary teratocarcinoma � 390.72
SK-N-SH Neuroblastoma � 18.77

Samples with a normalized cyclin D1 expression level greater than 1.00 were defined as overexpressing cyclin D1 MRNA.

*Cyclin D1 normalized quantity �
E^�[CT(Test cyclin D1) � CT(Follicular hyperplasia cyclin D1)]
E^�[CT(Test �-globin) � CT(Follicular hyperplasia �-globin)]

CT � crossing threshold.
�, positive.
�, negative.
E � efficiency of reaction.
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mRNA transcripts. Rapid cycle amplification was per-
formed using a thermal cycler integrated with a fluorim-
eter (Lightcycler, Roche Molecular Biochemicals, India-
napolis, IN). Fifty ng of template cDNA were amplified in
a 10 �l reaction containing 1X PCR buffer (50 mmol/L Tris
[pH 8.3], 3.0 mmol/L MgCl2, and 500 �g/ml bovine serum
albumin), deoxynucleotide triphosphates at 200 mmol/L
each, and 0.4 units Promega Taq polymerase (Madison,
WI) with 11 ng/�l of TaqStart antibody (ClonTech, Palo
Alto, CA). The primers specific for cyclin D1 were used at
a concentration of 0.5 �mol/L per reaction, while the
�-globin primers were used at 0.2 �mol/L per reaction
(Table 2). Reactions also included a fluorescein isothio-
cyanate (FITC)-labeled probe and a LightCycler Red
(LCRed) 640-labeled probe specific for cyclin D1, and a
FITC-labeled probe and a LCRed705 labeled-probe spe-
cific for �-globin. FITC-labeled probes were used at a 0.1
�mol/L concentration, while the LCRed- labeled probes
were used at 0.2 �mol/L (Table 2). The reaction mixture
was subjected to rapid PCR amplification consisting of
denaturation at 95°C for 0 seconds, annealing at 55°C for
10 seconds, and extension at 72°C for 10 seconds. The
fluorescence readings were plotted against the cycle
number over 45 cycles. The log-linear portion of this
graph was used to determine a fractional cycle number
for threshold fluorescence (Figure 1).

Quantitative Fluorescence PCR

The second derivative maximum function included in the
LightCycler software was used to determine the fractional
cycle numbers used for quantification.22

Determination of Relative Cyclin D1 Transcript
Quantity

The exponential phase of a PCR amplification is de-
scribed by the equation Tn � T0En, where Tn is the
amount of target sequence at a particular cycle number
(n), T0 is the initial target quantity, E represents the effi-
ciency of the amplification reaction and n is cycle num-
ber. The log-linear equivalent of the above equation: log
Tn � logT0 � n*logE, permits determination of E from the
standard curves. Efficiency was calculated from LightCy-
cler software plots using log E � �1/slope.22 Our relative
quantification assay using �-globin as an external stan-

dard was configured such that the PCR amplifications for
both cyclin D1 (E � 2 � 0.1) and �-globin (E � 2 � 0.1)
yielded very similar amplification efficiencies (data not
shown). Quantification of mRNA was accomplished by
analysis of fluorescence curves and determination of
crossing threshold (the cycle at which the fluorescent
signal rises above background) for each sample. Sam-
ples with a higher pre-amplification target concentration
show an earlier cycle threshold (Figure 2). The difference
in cycle threshold obtained for samples with high levels of

Table 2. Oligonucleotide Primer and Probe Sequences for Fluorescent Cyclin D1 and �-Globin PCR

Primers and probes Sequence
GenBank

accession no. Bases

�-Globin
�G-55 5�-GAGAAGTCTGCCGTTACTGC-3� AF181989 55–74
�G-268c 5�-GGTGAGCCAGGCCATACTA-3� AF181989 249–268
�G-151-F 5�-CAGAGGTTCTTTGAGTCCTTTGGGGATCTG-fluorescein-3� AF181989 151–180
�G-181-705 5�-LCRed705-TCCACTCCTGATGCTGTTAT-phosphate-3� AF181989 181–200

Cyclin D1
D1-1109 5�-CCTCCTCTCCGGAGCATTT-3� Z23022 1109–1127
D1-1315c 5�-CTGTAGCACAACCCTCCTCC-3� Z23022 1296–1315
D1-1140-F 5�-GGAAAGCTTCATTCTCCTTGTTGTTGGTTG-fluorescein-3� Z23022 1140–1169
D1-1171-640 5�-LCRed640-TTTTTCCTTTGCTCTTTCCC-phosphate-3� Z23022 1171–1190

Figure 1. Real-time PCR for determination of cyclin D1 and �-globin cycle
thresholds. Fluorescence versus cycle number graphs obtained using the
hybridization probe format. Real-time RT-PCR was performed using se-
quence-specific hybridization probes for quantification of cyclin D1 and
�-globin transcripts. In these assays, samples containing abundant pre-am-
plification amounts of a particular target show an early rise in fluorescence.
A: Shows an earlier onset (cycle 24) of amplification of cyclin D1 in the
Granta-519 cell line (solid black line), as compared to the peripheral
B-lymphocyte mRNA which exhibits a log-linear cycle threshold at cycle 35
(dashed black line). B: Shows the cycle thresholds obtained using primer/
probes specific for �-globin. The reactive peripheral B-lymphocyte sample
shows an earlier cycle threshold, indicating a greater initial concentration of
cDNA. The dotted line represents the no template (H2O) control.
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cyclin D1 mRNA and those samples with normal levels of
cyclin D1 mRNA is used to calculate a relative quantity of
cyclin D1 mRNA. This value is normalized to a �-globin
transcript to adjust for differences in the amount of mRNA
present in the sample. The cyclin D1 quantity relative to
�-globin andnormalized to the cyclin D1 quantity of fol-
licular hyperplasia was calculated using the following
equation:

Normalized cyclin D1 quantity

�
E^�[CT(Test cyclin D1) � CT(Follicular hyperplasia cyclin D1)]
E^ � �CT(Test �-globin) � CT(Follicular hyperplasia �-globin)�

�CT�crossing threshold)

E � efficiency

The cut-off value for overexpression of cyclin D1 was
defined as greater than the highest normalized transcript
level for cyclin D1 obtained for reactive follicular hyper-
plasia.

Analytical Sensitivity

cDNA extracted from the Granta-519 cell line was serially
diluted into cDNA obtained from peripheral blood lym-
phocytes. The samples were analyzed using our fluores-
cent RT-PCR method and the normalized quantities of
cyclin D1 mRNA were calculated (Figure 3).

Statistical Analyses

The statistical tool included in the Microsoft Excel pro-
gram (Microsoft, Redwood, WA) was used for the deter-
mination of p-values (paired two-tailed Students’ t-test)
for the normalized quantities of cyclin D1 in the MCLs in
comparison to the CLL/SLLs, and the mean values of
normalized quantities of cyclin D1 transcripts.

Results

Immunohistochemical Studies

Immunohistochemical reactivity for cyclin D1 was dem-
onstrated in 8 of 10 MCLs. These immunohistochemically
positive samples corresponded to those identified by
RT-PCR analysis for cyclin D1 mRNA. No reactivity for
cyclin D1 was demonstrable in all other (n � 57) biopsy
samples (data not shown).

Quantitative Fluorescence RT-PCR

The hybridization probe assay results are summarized in
Tables 1 and 3. The cyclin D1 mRNA expression level
normalized to �-globin and relative to the highest cyclin
D1 quantity obtained for a follicular hyperplasia sample
was determined as described in the methods section.
Samples with a normalized cyclin D1 quantity greater
than 1.00 were defined as overexpressing cyclin D1
mRNA. By this criterion, cyclin D1 mRNA overexpression
was detected in 8 of 10 MCLs, 1 of 6 T-cell lymphomas,
1 acute promyelocytic leukemia derived cell line (NB-4),
and all 4 of 4 non-hematopoietic cell lines. All CLL/SLL
cases (n � 11) showed relatively low levels of cyclin D1
transcript expression (generally two to three orders of
magnitude less than MCL). Using our method, none of
the cases of hairy-cell leukemia (0 of 3) showed elevated
cyclin D1 transcript levels (Table 3).

Figure 2. Determination of cyclin D1 mRNA expression level normalized to
�-globin and relative to follicular hyperplasia. Schematic representation of
the cycle shifts using cyclin D1 and �-globin primer/probes. Quantification of
mRNA expression is accomplished by analysis of the fluorescence curves
from each sample. Samples with a higher pre-amplification target concentra-
tion show an earlier cycle threshold. The difference in cycle threshold
obtained for samples with high levels of cyclin D1 mRNA and those samples
with normal levels of cyclin D1 mRNA is used to calculate a relative quantity
of cyclin D1 mRNA transcripts. �-globin is used to normalize for the amount
of mRNA present in the sample. The differences in cycle threshold were used
to calculate the normalized cyclin D1 mRNA expression level as indicated in
the text. 	C � cycle threshold difference.

Figure 3. Dilutional analysis for cyclin D1 mRNA quantification using se-
quence-specific hybridization probes. A: cDNA from the mantle cell lym-
phoma cell line, Granta-519, was diluted into cDNA obtained from peripheral
B-lymphocytes in log dilutions. When Granta-519 cDNA was diluted in
peripheral blood lymphocyte-derived cDNA in a 1:10 ratio, it was still pos-
sible to demonstrate an earlier fractional cycle for the 10% Granta-519 sample
when compared to 100% peripheral blood lymphocyte cDNA. H2O, no
template control. B: Standard curve generated using dilutions of Granta-519.
The error bars represent the crossing threshold standard deviation (SD) of
three replicates for each dilution (100% Granta: SD � 0.22; 10% Granta:
SD � 0.12; 1% Granta: SD � 0.54; and 0.1% Granta: SD � 0.78).
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Analytical Sensitivity

Dilutional analysis using Granta-519 cell line cDNA di-
luted into cDNA obtained from peripheral blood lympho-
cytes (PBL) revealed that cyclin D1 mRNA expression
was higher in a 10% dilution of the Granta-519 cell line
cDNA, when compared to the cyclin D1 expression in
100% PBL cDNA (Figure 3). This suggests that cyclin D1
mRNA overexpression may only be distinguished when
the sample analyzed contains at least 10% cyclin D1
overexpressing tumor cells. The within run standard de-
viation (three replicates each) for the fractional threshold
cycles for the cyclin D1 quantitative PCR using the
Granta-519 cell line at 100%, 50%, and 10% dilutions into
cDNA derived from unstimulated peripheral blood lym-
phocyte-derived mRNA were 0.22, 0.15, and 0.12, re-
spectively.

Statistical Analyses

Cyclin D1 mRNA overexpression clearly distinguished
MCL from CLL/SLL (p � 0.07) (paired two-tailed Stu-
dent’s t-tests), but was less discriminatory in the other
lymphoproliferative disorders (Figure 4).

Discussion

Several methods have been described for the quantita-
tive analysis of nucleic acid sequences. In general, these
methods have been based on end-point or competitive
PCR analyses measuring band intensities in ethidium
bromide stained gels or hybridization-based approaches
using radioisotopic labeling and densitometry.23–26

Higuchi et al27,28 introduced fluorescence monitoring
at each cycle for quantitative PCR analysis using
ethidium bromide to monitor DNA synthesis. Since then,
real-time PCR has gained increasing application in mo-
lecular diagnostics. Fluorescence real-time PCR is ad-
vantageous over traditional end-point methods in that it
permits product quantification in a “kinetic” fashion. Con-
ventional methods, on the other hand, require multiple
amplification reactions in several tubes, which are labor
intensive and could lead to inaccurate results.

The hybridization probe chemistry used in our current
study is advantageous when compared to assays using
non-specific double-stranded DNA binding dyes be-
cause the labeled probes serve as an additional param-
eter for verification of the identity of the product amplified
by PCR. This is particularly important for cyclin D1 as the
gene shares substantial sequence homology to cyclins
D2 and D320 which could skew the results of such quan-
titative assessments for cyclin D1 using non-specific
dsDNA binding dyes (eg, SYBR Green I). In this study,
we sought to address cyclin D1 mRNA expression levels
using a real-time fluorescence probe-based PCR method
as opposed to conventional methods, which are “end-
point” assays. We configured our assay so that both the

Table 3. Cyclin D1 mRNA Expression Normalized to �-globin and Relative to Follicular Hyperplasia: Biopsy Samples

Diagnosis
Number of
samples

% of samples showing
cyclin D1 mRNA
overexpression

Range of relative
normalized cyclin

D1 quantity

Mantle cell lymphoma 10 80% 0.611–62.25
Chronic lymphocytic leukemia/small lymphocytic lymphoma 11 0% 0.00064–0.395
Hairy cell leukemia 3 0% 0.0063–0.0105
Follicular lymphoma (grades I & II) 6 0% 0.066–0.702
Anaplastic large cell lymphoma 3 0% 0.014–0.0415
Peripheral T-cell lymphoma 3 33% 0.110–6.63
Other non-Hodgkin’s lymphomas 6 0% 0.0091–0.165
Precursor acute lymphoblastic leukemia/lymphoma 15 0% 9.02E-07–0.078
Reactive follicular hyperplasia 5 0% 0.0204–1.00
Reactive peripheral blood lymphocytes 6 0% 9.64E-05–0.00012

Samples with a normalized cyclin D1 expression level greater than 1.00 were defined as over-expressing cyclin D1 mRNA.
Other Non-Hodgkin’s lymphomas included Burkitt (n � 1), Burkitt-like lymphoma (n � 4), and plasmacytoma (n � 1).

Figure 4. Comparison of normalized cyclin D1 mRNA expression levels in
mantle cell lymphoma and other non-Hodgkin’s lymphomas, leukemias, and
cell lines derived from hematopoietic and non-hematopoietic neoplasms.
The difference in cycle threshold between the cyclin D1 and �-globin
reactions was calculated and then normalized against the cycle threshold
difference for reactive hyperplasia. Samples with a normalized cyclin D1
quantity greater than 1.00 (dashed line) were defined as overexpressing
cyclin D1 mRNA. The horizontal black bars indicate the median expres-
sion level for each sample type.
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test and reference genes had comparable amplification
efficiencies, thus allowing us to perform quantification of
the cyclin D1 mRNA relative to �-globin. Our studies
reveal that while cyclin D1 mRNA overexpression distin-
guishes MCL from CLL/SLL, it may be of less utility in
discriminating MCL from rare peripheral T-cell lympho-
mas (PTCLs). We also show that the mean level of cyclin
D1 expression in MCL is two to three orders of magnitude
greater than in CLL/SLL. For the purpose of distinguish-
ing MCL from CLL/SLL by cyclin D1 quantification, our
results are comparable to those of previous studies that
use end-point PCR-based assays.13

The ability to objectively quantify cyclin D1 expression
levels facilitates comparisons with “normal” cellular pop-
ulations, and the definition of a threshold for increased
expression of specific mRNA species. Thus we were able
to define a threshold of cyclin D1 expression in reactive
follicular hyperplasia above which cyclin D1 overex-
pression was scorable (Tables 1 and 3). Hence by our
criteria, cyclin D1 overexpression mRNA was detected
in 9 of 12 (75%) MCLs and derived cell lines, 1 acute
promyelocytic leukemia derived cell line (NB-4), and 1
of 7 (14%) T-cell lymphomas (Figure 4). Thus, for the
ancillary diagnosis of MCL, real-time cyclin D1 mRNA
quantification represents an improvement on the de-
tection rates for the t(11;14) by PCR (40%), or immu-
nohistochemical detection of cyclin D1 expression
(70% of MCLs) as demonstrated in the study. We be-
lieve that the detection rates of our quantitative RT-PCR
assay for MCL could be further improved by microdis-
section,29,30 as partial involvement of a lymph node or
extra-nodal organs could dilute the detection of cyclin
D1 overexpression in the MCL. Conversely, in indepen-
dent experiments not included in this study, we noted
that higher levels of cyclin D1 transcripts were de-
tected in the two reactive tonsils in which tonsillar
epithelium was present. This result is consistent with
the fact that basal epithelial cells in particular are
known to constitutively express cyclin D1.31

In conclusion, the wide dynamic range of real-time
PCR enables simultaneous quantitative analysis of
samples with highly different starting concentrations.
Our studies show that cyclin D1 mRNA is expressed in
a wide range of hematological and non-hematological
disorders. We have also shown that quantitative fluo-
rescence RT-PCR for cyclin D1 can be useful in the
diagnosis of mantle cell lymphoma. The detection of
cyclin D1 mRNA overexpression in the absence of
cyclin D1 protein expression in rare cases of PTCL in
this study and reported in some cases of hairy cell
leukemia14 suggests that there may be differential
post-transcriptional regulation of cyclin D1 expression
levels in different cells and tissues.
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