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Abstract
Chromosomal translocation t(11;14)(q13;q32) is a characteristic molecular marker of mantle cell lymphoma (MCL) and leads to the
fusion of the immunoglobulin heavy chain enhancer-promoter with the cyclin D1 gene. Both aberrant cyclin D1 expression and
underlying chromosomal aberration may be used as molecular targets for monitoring minimal residual disease (MRD). The present
study aims to assess the usefulness of quantitative cyclin D1 gene expression compared to the standardised but more technologically
demanding DNA-based method for immunoglobulin heavy chain (IGH) or t(11;14) clone-specific gene rearrangement quantification
in a cohort of bone marrow (BM) and peripheral blood (PB) samples from patients with MCL. We simultaneously evaluated DNA-
MRD and cyclin D1 expression levels in 234 samples from 57 patients. We observed that both in DNA-MRD positive and negative
BM/PB pairs from the same time points the expression levels of cyclin D1 are lower in PB than in BM (median 19×, BM/PB range
0.41–352). The correlation of cyclin D1 transcript levels with DNA-MRD or with flow cytometry was good only in samples with a
very high infiltration. In DNA-MRD-negative BM samples, we observed a significant heterogeneity of cyclin D1 expression (in the
range of more than three orders of magnitude). This is in contrast to previous reports demonstrating the usefulness of cyclin D1 for
MRDmonitoring that did not use DNA-basedmethod as a reference. In PB, the specificity of cyclin D1 expression was better due to a
lower physiological background. In conclusion, we show that cyclin D1 is unsuitable for MRD monitoring in BM.
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Introduction

Mantle cell lymphoma (MCL) is defined as an aggressive type
of B cell non-Hodgkin’s lymphoma (B-NHL) and represents
6–9% of lymphomas in Western Europe [1]. MCL is more
often diagnosed in males than in females, and the average age
at diagnosis is around the mid-60s. MCL is characterised by a
rapid clinical progression and a poor long-term prognosis. The
median of overall survival is 3–5 years after standard treatment
[2]. The pathogenetic hallmark of MCL is chromosomal trans-
location t(11;14)(q13;q32) leading to overexpression of the cy-
clin D1 protein that is encoded by theCCND1 gene. The cyclin
D1 protein is a crucial cell-cycle regulator of the G1-S transi-
tion, and cyclin D1 overexpression is directly related to tumour
cell proliferation and the pathogenesis of MCL in general [3].

Molecular monitoring of minimal residual disease (MRD)
using real-time quantitative polymerase chain reaction (RQ-
PCR) is an effective tool for detecting very low number of
malignant cells in many haematologic disorders, including
MCL. Quantitative MRD detection using tumour-specific
DNA targets is based on RQ-PCR analysis of the immuno-
globulin (Ig) gene rearrangement or breakpoint fusion region
of chromosomal translocations [4]. Clone-specific immuno-
globulin heavy chain (IGH) gene rearrangements and translo-
cation t(11;14) with the fusion gene BCL1-IGH are two major
molecular markers for the detection and follow-up of MRD in
patients withMCL [5, 6]. This methodology is based on DNA
and has been thoroughly standardised within the EuroMRD
consortium. The only limitation of this method is the time-
consuming optimisation of each patient-specific MRD assay.

Previous studies have demonstrated the usefulness of de-
tecting cyclin D1 mRNA as a tumour-specific RNA target in
MCL [7–9]. The present study compares the results obtained
by monitoring MRD using the standardised DNA-based
method that detects IGH gene rearrangements or t(11;14)
translocations to results obtained by monitoring the expres-
sion levels of cyclin D1 in patients with MCL. We used re-
verse transcription and RQ-PCR with absolute quantification
to detect cyclin D1 mRNA levels in BM and PB samples and
compared the results with MRD levels determined using IGH
gene rearrangements or t(11;14) translocations in the largest
cohort of samples yet evaluated.

Material and methods

Patients and samples

We assessedMRD in a group of patients withMCL using real-
time PCR analyses of IGH gene rearrangements or t(11;14)
translocations [10]. The patients received standardised treat-
ment at four medical institutions (Supplementary Table 1).
Towards this end, we analysed cyclin D1 expression levels

in a total of 234 samples (174 BM; 60 PB) from 57 patients
in whom the DNA-MRD results were available. The samples
were taken during the initial treatment (after 3 cycles, after
6 cycles) or during the maintenance rituximab treatment
(Supplementary Table 1). For the control group, we investi-
gated cyclin D1 expression levels in 34 samples (10 BM; 24
PB) of anaplastic large cell lymphoma (ALCL) patients who
were in complete remission after bone marrow transplanta-
tions (BMT). Informed consent was obtained from all patients.
The study was performed after receiving approval from the
institutional ethical committee and in accordance with the
Helsinki declaration.

Cyclin D1 quantification

Mononuclear cells from BM/PB samples were isolated by
Ficoll-Paque (density 1077 g/ml; GE Healthcare Bio-Sciences,
Uppsala, Sweden) density centrifugation and stored as pellets at
− 80 °C before RNA or DNA extraction. Total RNAwas isolat-
ed using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions. Complementary
DNAwas prepared from 10 μL of total RNA that was incubated
for 5 min at 70 °C to release the possible secondary structure.
The reverse transcription reaction was prepared according to
conditions described previously [11].

Real-time quantitative detection assays were performed using
an iQ5™ real-time PCR detection system (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s instructions and
utilising TaqMan real-time PCR technology. Quantification of
cyclin D1 and β2-microglobulin (β2M) used a set of primers
and specific probes reported previously [11, 12]. β2M was used
as an endogenous reference housekeeping gene to normalise the
effects of variability on RNA quality and quantity and variability
in reverse transcription efficiency in the samples. The reaction
mixture contained 2× concentrated TaqMan Universal PCR
Master Mix II (Thermo-Fisher Scientific, Waltham, MA,
USA), 0.5 μmol/L of each primer, 0.2 μmol/L of the specific
probe, 5 μg bovine serum albumin, 1 μL of cDNA template per
reaction, and ddH2O to a final volume of 25 μL. The reactions
were performed in 96-well PCR plates (Bio-Rad, Hercules, CA,
USA). The samples were amplified by using precycling hold at
50 °C for 2min and at 95 °C for 10min, followed by 50 cycles at
95 °C for 20 s and at 60 °C for 1 min. The samples were
amplified separately from runs utilising the same cDNA, and
every measurement was performed in duplicate. The copy num-
bers of cyclin D1 andβ2M in each sample were calculated using
a standard curve generated from serially diluted plasmids con-
taining cyclin D1 orβ2M cDNA, and the values from duplicates
were averaged. The sensitivity of RQ-PCR was assessed in
terms of the system’s ability to detect 30 copies of cyclin D1
mRNA. The concentrations of cyclin D1 and β2M transcripts
weremeasured in each sample, and the expression level of cyclin
D1 was normalised as the ratio of cyclin D1 and β2M levels.
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DNA-based MRD assessment (BDNA-MRD^)

Genomic DNA was isolated using the QIAamp DNA Blood
Mini from PB or BM or by QIAamp DNA FFPE Tissue Kit
(Qiagen GmbH, Hilden, Germany). The clonality of the IGH
rearrangements and translocation t(11;14)(q13;q32) BCL1/JH
breakpoints in the BCL1-MTC region were tested using mul-
tiplex PCR, as described by the BIOMED2 collaborative
study group [13]. The clonality of the PCR products was
assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Sequencing of the
clonal products was performed with a BigDye® Terminator
v3.1 Cycle Sequencing Kit (Life Technologies, Carlsbad,
California).

Analyses of BCL1-IGH junctional regions, the design of
patient-specific primers, and the construction of dilution series
in polyclonal DNA were performed as described previously
[14, 15]. The dilution series and assays for MRD were pre-
pared from BM or PB in patients with high infiltration or from
lymph nodes or lymph node biopsy samples in patients with
low BM/PB infiltration (Supplementary Table 1). The dilution
curves were adjusted to lymphoma infiltration based on flow
cytometry (FC) or on the histological staining with cyclin D1
antibody in qPCR assays established from lymph nodes, as
described in our previous study (Kalinova, BJH 2015). In case
of simultaneous detection of both IGH and BCL1/IGH target,
the assay with a higher sensitivity and quantitative range was
chosen for DNA-MRD.

Quantitative PCR was performed using patient-specific
primers and germline FAM-labelled probes and reverse
primers [16]. The results were interpreted according to the
EuroMRD guidelines for MRD evaluation in ALL [10].

Flow cytometry

The proportion of MCL cells in the BM or PB diagnostic
samples was assessed via an eight-colour flow cytometry
using the following antibodies: CD4 Pacific Blue, CD20
Pacific Blue, CD45 Pacific Orange, CD8 FITC, SmIgl
FITC, CD56 PE, SmIgk PE, CD5 PerCPCy5.5, CD19 PE-
Cy7, TCRgd PE-Cy7, CD3 APC, CD38 APC H7, and a lym-
phocyte screening tube as published previously [17]. The
MCL infiltration was expressed as the percentage of MCL
cells among the total number of gated mononuclear cells.

Results

Cyclin D1 expression levels in BM/PB samples

We correlated the expression levels of cyclin D1 in 46 paired
samples of BM and PB that were collected at the same time
point of therapy and revealed a strong correlation (R2 = 0.79)

between expression levels of cyclin D1 in BM and PB sam-
ples. However, the levels could be influenced by lymphoma
infiltration. Figure 1 shows the cyclin D1 expression in 46
paired BM/PB samples with available DNA-MRD (which
was regarded as a reference) and in 5 paired BM/PB samples
from patients with ALCL in complete remission (as non-MCL
control). The results show that both in samples with positive
and negative MRD, the cyclin D1 expression levels were on
average 46× lower in PB compared to BM samples (BM/PB
ratio: range 0.41–352, median 19). The expression levels of
cyclin D1 were broadly overlapping between the DNA-MRD-
positive vs. negative groups.

We analysed cyclin D1 expression in BM and PB samples
of ALCL patients in complete remission after BMT and tried
to establish a reliable cut-off value to distinguish between
physiological and abnormal expression levels of cyclin D1
based on non-MCL control group.We detected the expression
levels of cyclin D1 in BM samples at a median level of 3.1 ×
10−4 (range 3.83 × 10−4–1.28 × 10−5) and in PB samples at a
median level of 2.2 × 10−5 (range 3.54 × 10−4–3.53 × 10−6).
Based on these findings, we established a provisional cut-off
(5 × 10–4) for detection of aberrant cyclin D1 expression.

Correlation between cyclin D1 expression
and IGH/t(11;14)-based MRD

To compare data obtained by cyclin D1 expression with the
reference DNA-based method, we analysed 234 samples (174
BM; 60 PB). At first, we assessed the levels of cyclin D1
expression in diagnostic (Dx) samples. In a DNA-based ap-
proach, the diagnostic BM or PB is used for dilution curve
preparation after adjusting to the levels of lymphoma infiltra-
tion and are arbitrarily set as 1. We therefore analysed the
cyclin D1 expression in either BM or PB at Dx against the
lymphoma infiltration assessed by flow (Supplementary
Fig. 1). The normalised values of cyclin D1 expression seem
to roughly correlate with the lymphoma infiltration assessed
by flow in most samples, but there are two exceptions: first, a
patient with no infiltration in BM but with a very high cyclin
D1 expression and, second, a patient with blastoid variant,
very high infiltration in BM, but low cyclin D1 expression.
However, the numbers are limited to draw any conclusions.

Figure 2a displays a correlation of DNA-MRD with cyclin
D1 expression in 158 follow-up BM samples and shows a large
degree of heterogeneity in cyclin D1 expression at lower levels
of IGH/t(11;14) MRD. Correlation between both methods was
only good in samples for which MRD levels in cyclin D1 were
higher than 6 × 10−3; however, even the samples with higher
levels contained three IGH/t(11;14) MRD-negative samples. In
samples with lower levels, there were a large proportion of
IGH/t(11;14) negative/cyclin D1-positive samples, indicating
poor specificity of the cyclin D1 measurements. In IGH/
t(11;14) MRD-negative MCL patients, we detected cyclin D1
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in BM samples at a median level of 7.1 × 10−4 (range 2.4 ×
10−2–1.2 × 10−5). Using the cut-off of 5 × 10–4 for cyclin D1
negativity, 57 of 158 samples (36%) were false-positive com-
pared to standard DNA-based method. Median cyclin D1 ex-
pression in those samples was 1.1 × E-03.

Figure 2b shows the same comparison for 56 PB samples.
In DNA-MRD-negative PB samples, the median level of cy-
clin D1 expression was 3.1 × 10−5 (range 4.4 × 10−4–1.7 ×
10−6). Using the cut-off of 5 × 10–4 for cyclin D1 expression,
there are no cyclin D1 false-positive samples. Thus, the detec-
tion of cyclin D1 in PB seems to be more specific than in BM.

Comparison of IGH/t(11;14)-based MRD
and expression levels of cyclin D1 detected
during individual monitoring of the disease dynamics

We report three model cases for monitoring MRD by cyclin
D1 expression in the follow-up samples obtained during ther-
apy of patients with MCL. The cyclin D1 levels below the
threshold of 5 × 10–4 were defined as negative but are
depicted numerically in Fig. 3.

In the first patient (Fig. 3a), a high MCL infiltration in the
diagnostic BM was detected by flow cytometry. The cyclin
D1 expression level was high at the time of diagnosis in BM
and PB. After 3 cycles of therapy using R-CHOP, MRD levels
decreased in both IGH and cyclin D1. The patient responded
well to the treatment and, after 6 cycles of R-CHOP, reached
complete remission, corresponding with MRD negativity in
IGH. Afterwards, the patient passed through 8 cycles of ritux-
imab maintenance therapy, and since the final restaging, the
MRD levels have always been negative in BM and PB. Cyclin
D1 expression levels were below the suggested sensitivity

threshold and thus were regarded negative after 3 cycles of
R-CHOP therapy.

In the second patient, we detected high levels of both
DNA-MRD and cyclin D1 that corresponded with massive
infiltration in BM and PB during R-CHOP therapy and led
to progression of the disease (Fig. 3B).

In the third patient, we observed low expression of cyclin
D1 (approximately 10−3) and very low and negative IGH
MRD levels in two follow-up samples taken during 6 cycles
of R-CHOP therapy (Fig. 3c). After this result, we detected a
massive increase of IGHMRD andmore than one log increase
in cyclin D1 expression, accompanied by rapid disease pro-
gression and a clinical relapse of MCL. Due to the low fre-
quency of follow-up examinations, wewere not able to predict
an impending relapse.

Discussion

The present paper presents the first study to monitor and com-
pare MRD IGH/t(11;14) and cyclin D1 expression levels in
patients withMCL and the largest study so far evaluating cyclin
D1 expression in MCL specimens. Molecular monitoring of
MRD by RQ-PCR of clone-specific immunoreceptor gene re-
arrangements and/or specific chromosomal translocations with
various fusion genes is an essential part of treatment protocols
for some haematological malignancies. MRD assessment en-
ables monitoring of the disease dynamics and comparison of
the efficiencies of new treatment modalities and facilitates eval-
uation of individual patients’ responses to therapy. MRD mon-
itoring is also pertinent to autologous stem cell transplantation
(ASCT) [6, 18, 19]. The present study endeavours to reveal the

Fig. 1 Correlation between cyclin
D1 expression (logarithmic scale)
in bone marrow (BM) and
peripheral blood (PB) paired
samples from patients with
mantle cell lymphoma (MCL)
and from patients with anaplastic
large cell lymphoma (ALCL) who
were in complete remission after
bone marrow transplantations.
DNA-MRD positive samples:
any positivity in BM or PB
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correlation betweenMRD IGH/t(11;14) and levels of cyclin D1
expression in patients with MCL. Optimisation of the patient-
specific RQ-PCR system to enable standardised MRD moni-
toring using clonal rearrangement of the immunoreceptor genes
and/or chromosomal translocations is labourious, expensive
and time-consuming. Therefore, cyclin D1 expression could

complement MRD monitoring methods in patients with
MCL. A previous study in this laboratory as well as other
published reports [7–9] have shown that monitoring cyclin
D1 expression may be a useful molecular tool for assessing
MRD [7]. However, at the times of publication, the monitoring
of IGH/t(11;14) at DNA level had not been sufficiently

Fig. 2 Correlation between cyclin D1 expression and IGH/t(11;14)-based MRD (logarithmic scale) in the follow-up samples. a BM, n = 158. b PB, n =
55. Cyclin D1 expression levels below the suggested threshold (5 × 10–4) were defined as negative. IGH, immunoglobulin heavy chain
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standardised and, thus, was not available for use as a reference.
Therefore, these studies did not evaluate an adequate number of
MRD low-positive samples but rather examined mostly diag-
nostic or relapse specimens. The current study explores the role
of cyclin D1 expression in a specific cohort of patients who
were treated according to current treatment protocols. Themain
goal was not to compare the patients’ clinical outcomes as
previous studies but to enable comparison with the
standardised method based on DNA.

We evaluated cyclin D1 expression levels and endeavoured
to determine a cut-off for aberrant expression of cyclin D1 in
BM and PB samples. We detected very low levels of cyclin
D1 expression in BM (median 3 × 10−4) and PB (median 2 ×
10−5) samples in a control group of patients with ALCL who
were in complete remission and thus represented physiologi-
cal controls. However, we observed a substantially broader
range of cyclin D1 expression in samples taken during the
treatment of MCL patients who were MRD-negative using
the standardised IGH/t(11;14) DNA-based method. A possi-
ble explanation for this discrepancy may lie in the existence of
a small residual neoplastic cell population with very high cy-
clin D1 expression, which would provide higher sensitivity
than the DNA-based method, as suggested by the patient’s
MRD kinetics depicted in Fig. 3C. However, this is unlikely

because it would imply that extremely low numbers of resid-
ual MCL cells would raise the cyclin D1 expression several
logs higher, as the limit of detection of DNA-PCR is 10−5 in
general. Alternatively, BM regeneration after rituximab thera-
py may change the BM microenviroment, leading to an in-
crease in cyclin D1 expression that has, so far, remained
unrecognised in the physiological cell population. It remains
unclear whether there is a biological link between the signif-
icant heterogeneity of cyclin D1 expression in BM and one or
more of the effects of rituximab therapy.

In conclusion, we demonstrate that the expression of cyclin
D1 in bone marrow correlates with IGH/t(11;14) only at very
high levels of MRD (above 6 × 10–3). In contrast to previous
reports that rely mostly on samples with high tumour loads or
on differential lymphoma diagnostics [7–9], we cannot rec-
ommend routine cyclin D1 testing for detecting MRD in BM
with sufficient specificity. Our data demonstrate the signifi-
cant heterogeneity of cyclin D1 expression in the cohort of
non-quantifiable and IGH/t(11;14)MRD-negative samples. In
contrast, peripheral blood seems to be a suitable material for
MRD monitoring via cyclin D1 testing, because the physio-
logical background of cyclin D1 is low. PB has recently dem-
onstrated its prognostic application in MCL [18]. Given the
relative simplicity and cost-effectiveness of cyclin D1 testing,

Fig. 3 a–c Levels of IGH/t(11;14)-based MRD and cyclin D1 expression
during the courses of treatment in three selected patients. The vertical axis
shows levels of specific molecular targets. The horizontal axis shows the
time between the follow-up and the initial diagnosis in days. Cyclin D1

expression levels below the suggested threshold (5 × 10–4) were defined
as negative, but are depicted numerically. CR, complete remission; IGH,
immunoglobulin heavy chain
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this approach may be relevant for non-invasive MRD moni-
toring in patients with MCL. However, the lower stability of
RNA, possibility of contamination, and the lack of
standardisation, together with the availability of standardised
DNA-based approach and emerging new MRD technologies
as multicolour flow cytometry or next-generation sequencing,
are strong arguments against using cyclin D1 expression for
MRD monitoring.
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