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Abstract

The aims of this study were to analyze the incidence and morphology of cyclin D1+ DLBCL and
cases of Richter transformation (RT), and to elucidate possible molecular mechanisms of cyclin
D1 overexpression. Seventy-two cases of de novo DLBCL and 12 cases of RT were included in
this study. Cyclin D1 positivity was found in 10/66 (15%) cases of unselected de novo DLBCL
and in 2/11 (18%) cases of RT. Seven independently identified cases of cyclin D1+ DLBCL,
including one RT, were added to the study. Centroblastic morphology was found in 17/19 (89%)
cases of cyclin D1+, most with a post-germinal center phenotype (CD10-, BCL6+, MUM1+ ). No
alterations in the CCND1 gene indicative for a translocation t(11;14) were identified by FISH.
Analysis of the MYC locus yielded gene copy alterations in five cases and no disruption of the
gene locus in any case, suggesting an alternative mechanism of cyclin D1 deregulation.
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Introduction

The CCND1 gene localized on chromosome 11q13 encodes the cyclin D1 oncogene
product, a major regulator of the G1-S transition of the cell cycle [1,2]. Aberrant expression
of cyclin D1 protein has been implicated in the pathogenesis of several types of human
neoplasms [3-5]. In lymphoid malignancies, cyclin D1 mRNA and protein overexpression is
usually the consequence of the chromosomal translocation t(11;14)(gq13;g32), which
juxtaposes the immunoglobulin heavy chain (/gH) gene on 1432 to the CCNDI gene on
11q13. This translocation is the genetic hallmark of mantle cell lymphoma (MCL) [6], and
can be detected in more than 90% of cases. Of interest, cyclin D1 overexpression can also be
found in about half of the cases of plasma cell myeloma (PCM) [7], a finding correlated with
the presence of the t(11;14) or extra copies of chromosome 11 [7]. Hairy cell leukemia also
shows abnormal expression of cyclin D1. However, in contrast to PCM and MCL, it occurs
in the absence of t(11;14) or other genetic abnormalities of the 11q13 region, pointing
toward a different molecular mechanism of cyclin D1 overexpression [8]. Of note, cyclin D1
is expressed in a cell-type specific fashion, and normal lymphocytes do not express cyclin
D1, but instead cyclin D2 or cyclin D3 [9]. Besides the mentioned lymphoma subtypes,
cyclin D1 is believed to be negative in other B-cell lymphomas [10].

Diffuse large B-cell lymphomas (DLBCLS) constitute a heterogeneous group of aggressive
lymphomas with respect to morphology, clinical presentation and course,
immunophenotype, and gene expression [11]. DLBCLs are generally believed to be cyclin
D1 negative; however, in recent years there have been isolated case reports of DLBCL
expressing cyclin D1 [12,13]. In a recent comprehensive study, Ehinger and colleagues [14]
found cyclin D1 expression in 4.3% of cases in a large cohort of 231 CD5 negative cases of
DLBCL. Interestingly, we recently observed a case of chronic lymphocytic leukemia (CLL)
with clonally related Richter transformation (RT) in the tonsil, exhibiting strong nuclear
cyclin D1 staining in the DLBCL component. Nevertheless, the association of cyclin D1
expression with specific histological subtypes of DLBCL and/or in the setting of RT has not
been studied systematically.

The aims of this study were (1) to analyze the incidence of cyclin D1 overexpression in an
un-selected series of 77 cases of DLBCL of different histological subtypes, including 11
cases of RT, and (2) to perform a comprehensive immunophenotypic analysis (germinal
center B-cell type vs. activated B-cell type) in the cyclin D1 positive cases.

Materials and methods

Lymphoma cases

Seventy-seven cases of unselected DLBCL, including 11 cases of RT and 66 cases of de
novo DLBCL of different histological subtypes (centroblastic, immunoblastic, T-cell/
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histiocyte-rich large B-cell lymphoma) from the files of the Institute of Pathology, Technical
University of Munich (Germany) were included in the study. Seven additional cases of
cyclin D1+ DLBCL, including one case of RT in CLL, were added to the study cohort from
four different institutions (National Cancer Institute, National Insitutes of Health (NIH),
Bethesda, USA; Massachusetts General Hospital, Boston, USA; Institute of Pathology,
University of Tu” bingen, Germany; and Newcastle University, Newcastle Upon Tyne, UK).
All cases were formalin-fixed and paraffin-embedded biopsy specimens. Diagnoses were
confirmed during the diagnostic workup with standard stains (hematoxylin and eosin [H&E],
Giemsa), and with immunohistochemistry with a panel of antibodies to assess lymphoid
phenotype and cell of origin of the DLBCL. All cases were evaluated and classified
according to the guidelines of the World Health Organization: WHO classification of
tumours of hematopoietic and lymphoid tissues[11].

The study was approved by the local ethical committee.

Immunohistochemistry

Staining for cyclin D1 was performed using a monoclonal rabbit antibody (clone SP4; Lab
Vision, Fremont, CA, USA). Three cases of t(11;14) + MCL were used as positive controls.
Nuclear expression in more than 10% of tumor cells was considered positive. Endothelial
cells and histiocytes were used as an internal positive control. To assign a case to germinal
center (GCB) or non-GCB (activated B-cell [ABC] or unclassified) phenotype, the algorithm
proposed by Hans and colleagues [15] was used.

Immunohistochemistry was performed on an automated immunostainer (Ventana Medical
Systems, Tucson, AZ, USA) following the manufacturer’s protocols, with slight
modifications, as previously reported [16].

Immunofluorescence double staining

In selected cases double staining for cyclin D1 expression and CD20 was performed by
immunofluorescence. Sections were washed in phosphate buffered saline (PBS) and blocked
in 5% normal goat serum (NGS) for 30 min in a moist chamber at 37°C. The primary
antibody, anti-cyclin D1 (Dako, Hamburg, Germany), was diluted 1:100 and incubated at
room temperature for 1 h, followed by incubation with a secondary antibody conjugated
with Cy5 (Invitrogen, Karlsruhe, Germany), and diluted 1:100 in PBS with 5% NGS (final
concentration 10 g/mL) at room temperature for 1 h. Subsequently, slides were incubated
with anti-CD20 antibody (DakoCytomation, Hamburg, Germany) diluted 1:100 at room
temperature for 1 h. An appropriate secondary antibody was conjugated with fluorescein
isothiocyanate (FITC; Invitrogen). Sections were rinsed and counterstained with Hoechst
33342 (15 1g/mL), dried, and coverslipped with an antifade solution. Stains were evaluated
using a confocal laser scanning microscope (TCS SP2; Leica, Heidelberg, Germany).

Fluorescence in situ hybridization

The status of CCNDI1 and MYC gene loci was examined in cyclin D1 positive DLBCL
using a bicolor fluorescence /n situ hybridization (FISH)-based detection system with a
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Results

CCND1 or MYCtwo color break-apart probe and a CCND1 locus specific probe (Figure 1).
Additionally, a specific /gH/MYC dual fusion translocation probe was applied.

Normal lymphoid tissue, and mantle cell lymphoma and Burkitt lymphoma samples with
known translocations, were included as controls. Interphase FISH and signal evaluation was
performed as described previously [17]. Briefly, serial 5 xm sections were deparaffinized
with xylene and rehydrated with decreasing concentrations of ethanol. Antigen retrieval was
performed by microwave treatment at 350 W for 40 min in citrate buffer (pH 6.0). DNA was
denatured in 70% formamide/2 x saline-sodium citrate (SSC) at 75°C for 15 min, and after
dehydration with graded ethanol the slides were dried. The probe, a Vysis LSI CCND1
(11g13) dual color break-apart rearrangement probe, Vysis LSI MYC (8q24) dual color
break-apart rearrangement probe, or Vysis LSI /gH/MYC CEP8 tri-color dual fusion
translocation probe (Abbott Molecular, Wiesbaden, Germany), respectively, was denatured
separately for 5 min at 75°C and placed on the slides. The slides were coverslipped, sealed
with rubber cement, and incubated at 37°C overnight in a moist chamber. After in situ
hybridization, slides were washed in 2 x SSC/0.1% NP-40 (pH 7.4) at 73°C for 2 min and
counterstained with diamidino-2-phenylindole (DAPI; Sigma, Hannover, Germany). Slides
were analyzed using a Zeiss Axio Imager (Carl Zeiss Microlmaging GmbH, Go'ttingen,
Germany).

In every case, 100 cells were evaluated for a split of the physiologically co-localized signals,
indicative of the presence of chromosomal translocation involving the CCNDZ1 or MYC gene
loci, or for numerical chromosomal alterations. The cut-offs for all probe sets were
determined on 10 reactive samples (mean * 3 x standard deviation [SD]).

Cyclin D1 protein expression in de novo DLBCL and RT

Of the 66 unselected cases of de novo DLBCL initially studied, 10 (15%) were considered
positive for cyclin D1 expression. In most of these 10 cases, neoplastic cells ("10%) with
weak positivity for cyclin D1 were identified (Figure 2). To confirm the localization of the
cyclin D1 reactivity in the CD20 positive neoplastic cells, immunofluorescence double stains
were performed (Figure 2). In all cases these analyses unequivocally demonstrated the co-
localization of CD20 and cyclin D1 in the tumor cells. Two of 11 cases of RT (18%) were
positive for cyclin D1. These cases showed a strong nuclear positivity for cyclin D1 in the
DLBCL component, whereas the CLL component was negative for cyclin D1. The low and
high grade components were clonally related in the two cases (Figure 1).

Morphology and immunophenotype of cyclin D1+ DLBCL

In order to characterize better the cyclin D1+ DLBCL, in addition to the 10 positive cases
described above, six cases of de novo cyclin D1+ DLBCL from other institutions were
included in the analysis. These six cases also showed cyclin D1 positivity in more than 10%
of the tumor cells. Although an arbitrary cut-off of 10% was used in this study, most cases
showed cyclin D1 expression in above 20% of the cells. The 16 cases of cyclin D1+ DLBCL
included in the study displayed rather homogeneous morphological patterns. Most cases
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revealed centroblastic morphology (14 cases), only one case showed an immunoblastic
morphology, and one other case corresponded to a T-cell/histiocyte-rich large B-cell
lymphoma. Table | summarizes the results of the immunophenotypic studies. CD20 was
positive in all cases. All cases were consistently negative for CD10, BCL6 was positive in 15
of 16 cases (94%), and MUM1 was positive in 13/16 cases (81%). Only one case stained
weakly positive for CD5 (case 16). Proliferation rate, as assessed by MIB1 antibody, yielded
a wide range of positivity. All cases showed a proliferation rate above 40%. The
immunophenotype of most cases (CD10—, MUM1+, and/or BCL6+ ) indicated an activated
B-cell phenotype.

Morphology and immunophenotype of cyclin D1+ RT

In order to characterize better the cases of RT, a third case, from a different institution, was
added to the study cohort. The three cases of RT showed the strongest cyclin D1 positivity,
with two cases expressing cyclin D1 in the majority of tumor cells. All three cases revealed
centroblastic morphology. Table | summarizes the results of the immunophenotypic studies.
Two cases showed expression of CD20 whereas one case was negative; in this case the CLL
component was CD20 positive. The three cases had a very homogeneous immunophenotype,
being consistently negative for CD10 and positive for BCL6 and MUML. In contrast to the
CLL counter- part, the RT cases were CD5 and CD23 negative. All three cases were highly
proliferative (70-90%). The immunophenotype of the RT cases (CD107, MUM1+, and/or
BCL6+ ) was similar to de novo DLBCL, indicating an activated B-cell phenotype.

Fluorescence in situ hybridization

FISH analysis for the translocation t(11;14) (q13;932) was negative in all cases. Copy
number gains in the CCNDZ locus were not detected. One case of RT was tetraploid (case
18). Analysis of the MY C locus yielded three gene copies in four cases (cases 3, 4, 7, and 9),
two of which were associated with trisomy of chromosome 8 (cases 4 and 9). Case 5
harbored four MYC gene copies. Disruption of the gene locus indicative for a genetic
translocation involving MY C was not found in any case.

Discussion

In this study, the incidence of cyclin D1 expression in de novo DLBCL, as well as in the
setting of RT, was investigated. Ten of 66 unselected cases of de novo DLBCL were positive
for cyclin D1 (15%) and two out of 11 RT cases (18%) showed cyclin D1 expression. FISH
analyses demonstrated that the expression of cyclin D1 protein in these tumors was not
associated with the characteristic translocation t(11;14), nor with numerical aberrations of
chromosome 11. FISH analysis of the MY C locus, as an important upstream regulator of
CCND1, did not reveal translocations. However, increased MY C signals resulting from
trisomy 8 were identified in a minority of the cases.

The incidence of cyclin D1 overexpression in DLBCL in our series was more than three
times higher (15% vs. 4%) than that of Ehinger et al., who analyzed 231 cases of de novo
DLBCL [14]. This difference is most probably due to the higher sensitivity of the cyclin D1
antibody clone SP4 used in our study, as compared to the clone P2D11F11 (Novocastra)
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used in a proportion of the cases in the Swedish study. However, another study using the
same antibody [18] found a cyclin D1 positivity in only 2% of DLBCL. Our findings
suggest that overexpression of cyclin D1 in DLBCL is not as infrequent as previously
thought.

As described by Ehinger ef al. [14], we also found a predominantly centroblastic
morphology in cases of cyclin D1+ DLBCL, with rare cases having either an immunoblastic
morphology (one case) or corresponding to T-cell/histiocyte-rich large B-cell subtype (one
case). Interestingly, all cases of cyclin D1 positive DLBCL were negative for CD10, but
most were positive for BCL6, and the majority of cases showed strong expression of
MUML, thus exhibiting a post-germinal center or activated B-cell phenotype. This
observation may be a hint to the mechanism of cyclin D1 overexpression in these cases,
which is clearly different from the mechanism in MCL where cyclin D1 is overexpressed as
a consequence of the t(11;14). Furthermore, MCL is generally believed to originate from a
naive pregerminal center B-cell, whereas cyclin D1+ DLBCL features a post-germinal
center B-cell phenotype.

The cyclin D1 DLBCL described by Ehinger et al. [14] did not harbor a t(11;14); however,
two out of 10 cases displayed CCND1 gene copy number gains and one case showed loss of
genetic material telomeric of the CCND1 gene locus. These findings further confirm the
concept of alternative deregulation mechanisms of CCND1 and/or post-translational
alterations rather than the classical t(11;14) in DLBCL [19]. The importance of recognizing
the existence of cyclin D+1 DLBCL is to avoid a possible misdiagnosis of MCL. MCL is a
neoplasia derived from pregerminal or naive lymphocytes. The classical phenotype of MCL
is CD20+, CD5+, BCL2+ and strong expression of cyclin D1 in the majority of tumor cells,
distinct from our cases. In addition, the expression of BCL6 and/or MUML1 in practically all
the cases of DLBCL is a further argument against MCL. Although both MUM1 and BCL6
can be observed in a minority of classical MCL [20,21], coexpression of both markers is
infrequent. On the other hand, a point to keep in mind to avoid overdiagnosis of cyclin D1+
DLBCL is the expression of cyclin D1+ by reactive histiocytes, which may pose a problem
in DLBCL with a high content of histiocytes.

In summary, the differential diagnosis of the blastoid variant of MCL versus cyclin D1+
DLBCL should be based on morphology, on the immunophenotype of the lymphoid cells,
and on the generally rather weak and heterogeneous positivity of cyclin D1, in only a
proportion of the tumor cells in DLBCL.

Cyclin D1 is a common downstream effector of several growth pathways, among which
MY C plays an important role. MYC s an oncogene that functions both in the stimulation of
cell proliferation and in apoptosis [22]. MYC elicits its oncogenic activity by causing
immortalization [22], and to a lesser extent transformation of cells, in addition to several
other mechanisms. Coordination of MYC with cyclin D1 or its upstream activators not only
accelerates tumor formation, but also may drive tumor progression to a more aggressive
phenotype [22]. Moreover, one previously reported case of cyclin D1 DLBCL contained a
MY Ctranslocation [13]. Therefore, alterations in the AM/YC gene locus, as a possible
mechanism underlying the overexpression of cyclin D1, were investigated in the present
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series. FISH analysis demonstrated in four cases (cases 3, 4, 7, and 9) three MYC gene
copies, two of which were associated with trisomy 8 (cases 4 and 9). The two other cases
showed two signals of the centromere-specific probe for chromosome 8, indicating a true
copy number gain of the MYC gene locus. One case (case 5) harbored four MYC gene
copies. However, disruption of the AYC gene locus indicative of a genetic translocation was
not found. Whether the increase in MYC copy numbers in some of the cases could imply a
gene dosis effect is not clear. Nevertheless, our data suggest that deregulation of MYC
through translocation is not responsible for the expression of cyclin D1 in DLBCL.

Because cyclin D1 is an important regulator of the G1 to S phase progression of the cell
cycle [1,2], we also wanted to see whether the overexpression of cyclin D1 was associated
with a high proliferation rate. Proliferation rate as assessed with the MIB1 antibody showed
a wide range of positivity in both cyclin D1+ DLBCL and cyclin D1- DLBCL, indicating
that expression of cyclin D1 did not influence proliferation in DLBCL. In an attempt to
investigate the mechanism through which cyclin D1 is induced in DLBCL, we analyzed the
mutation status of B-RAFand K-RAS gene loci in five cases by sequencing analysis (data
not shown), as important upstream regulators of CCND1 [23,24]. However, none of the
cases harbored mutations in these genes, in concordance with DLBCL in general. Further
analysis is warranted to elucidate the mechanism(s) of abnormal cyclin D1 expression in
DLBCL.

Of particular interest is one case of RT (case 17), in which the immunophenotype of the
DLBCL component changed significantly during the transformation. All B-cell markers,
including CD20, as well as CD23 and CD5 were lost, whereas cyclin D1 was strongly
expressed in the majority of tumor cells, raising the possibility of a second neoplasm.
Nevertheless, clonal analysis of the /g/H gene demonstrated an identical clone in both
components (Figure 1). Neither the CLL nor the DLBCL component harbored a t(11;14) or
copy number gains of the CCNDZ gene locus. There is no explanation as to why the DLBCL
component in this case or in the other two RT cases showed strong cyclin D1 positivity in
the tumor cells. This finding raises the question of whether the expression of cyclin D1 in
DLBCL might be indicative of tumor progression. As evidenced by the cases of RT, which
showed the strongest positivity in the tumor cells, cyclin D1 overexpression may be
associated with a particular, yet not fully understood mechanism of transformation in B-
CLL. It might be speculated that the mechanism of CCND1 overexpression may be related
to the described CCND1 expression in the proliferation centers of rare cases of B-CLL [25].

In conclusion, we report the abnormal expression of cyclin D1 protein in DLBCL, which is
mainly associated with centroblastic morphology and reveals a postgerminal center or
activated B-cell phenotype (most commonly CD10-, BCL6+, MUM1+ ). The abnormal
expression of cyclin D1 is not associated with t(11;14) or alterations in chromosome 11,
suggesting an alternative mechanism of cyclin D1 deregulation in both de novo DLBCL and
in Richter transformation.
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Figure 1.
Case 17: Richter transformation of B-CLL. (A) Diffuse large B-cell lymphoma with

centroblastic morphology (H&E, original magnification x 400). (B) MUML strong nuclear
positivity in the majority of tumor cells (immunoperoxidase, original magnification x 400).
(C) BCLS6 positivity in the majority of tumor cells (immunoperoxidase, original
magnification x 400). (D) Cyclin D1 expression in the tumor cells. Note that cyclin D1 was
detectable in a majority of cells with weak to moderate intensity (original magnification x
400). (E, F) Interphase FISH analysis with dual color fusion probe for t(11;14)(q13)(gq32).
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Note that neither B-CLL (E) nor transformed DLBCL (F) harbored a t(11;14) chromosomal
translocation involving the CCNDI gene locus. (G) FISH analysis using a dual color break-
apart probe for the MYC gene locus was not indicative for a chromosomal break involving
the MYC gene locus. (H) Fragment length analysis of the CDR3 region of the
immunoglobulin heavy chain gene revealed a monoclonal peak of the same size in B-CLL
(upper panel) and in Richter transformation (lower panel), demonstrating that both tumors
were clonally related.
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Figure 2.
Morphological spectrum and immunophenotype of cyclin D1+ DLBCL. (A) Most cases

featured a centroblastic morphology (H&E, original magnification x 200). (C) One case
presented with immunoblastic morphology (H&E, original magnification x 400). (B, D, F)
In immunohistochemical analysis in most cases nuclear cyclin D1 positivity was weak to
moderate in tumor cells with strong positivity in macrophages and endothelial cells serving
as endogenous control (immunoperoxidase, original magnification of B x 200, D, F x 400,
respectively). (E) In a case of T-cell/histiocyte-rich B-cell lymphoma (H&E, original
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magnification x 400) cyclin D1 reactivity was accentuated to the large B-cells (F,
immunoperoxidase, original magnification x 400). (G, H) Immunofluorescence double
staining unequivocally co-localized nuclear cyclin D1 expression (red) in CD20 positive B-
cells (green membrane) (original magnification x 1000).
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Immunohistochemical analysis of 16 cases of DLBCL (de novo) and three cases of Richter transformation.

| mmunohistochemistry

Case CD20 CD5 mMiB1* BCL2 CD10 MUM1 BCL6 CydinD1* Morphology
De novo
1 + - 50 + + + 20 1B
2 + - 40 + +- - 15 CcB
3 + - 45 - + + 15 CB
4 + - 70 + + + 10 CB
5 + - 80 + + + 20 CB
6 + - 70 - + + 20 CB
7 + - 70 - - + 20 CB
8 + - 75 - - + 20 CB
9 + - 40 + + + 20 CB
10 + - 80 7 + + 30 CB
117 + - 60 +- - + 30 cB
ol o+ - 70 NA + -1+ 20 CB
137 + - 60 NA + + 20 T/HRLBCL
147 + - 80 NA + + 10 cB
157+ - 90 + + + 20 CB
167 +  Weak 50 + + -1+ 20 CB
RT
17 - - 90 NA + + 80 CB
187+ - 70 + + + 70 CB
19 + - 70 + + + 20 CB

*
For cyclin D1 staining and proliferation fraction (MIB1) the percentage of positive cells is given.

#

Cases 11-16 and 18 were not part of the original cohort of 66 cases, but independently identified.

DLBCL, diffuse large B-cell lymphoma; RT, Richter transformation; NA, not available; 1B, immunoblastic; CB, centroblastic; T/HRLBCL:,T-cell/
histiocyte-rich large B-cell lymphoma.

Leuk Lymphoma. Author manuscript; available in PMC 2019 January 08.



	Abstract
	Introduction
	Materials and methods
	Lymphoma cases
	Immunohistochemistry
	Immunofluorescence double staining
	Fluorescence in situ hybridization

	Results
	Cyclin D1 protein expression in de novo DLBCL and RT
	Morphology and immunophenotype of cyclin D1+ DLBCL
	Morphology and immunophenotype of cyclin D1+ RT
	Fluorescence in situ hybridization

	Discussion
	References
	Figure 1.
	Figure 2.
	Table I.

