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Abstract
Primary effusion lymphoma (PEL) is associated with Kaposi sarcoma herpesvirus (KSHV) but its pathogenesis
is poorly understood. Many KSHV-associated products can deregulate cellular pathways commonly targeted
in cancer. However, KSHV infection alone is insufficient for malignant transformation. PEL also lacks the
chromosomal translocations seen in other lymphoma subtypes. We investigated 28 PELs and ten PEL cell lines by
1 Mb resolution array comparative genomic hybridization (CGH) and found frequent gains of 1q21–41 (47%),
4q28.3-35 (29%), 7q (58%), 8q (63%), 11 (32%), 12 (61%), 17q (29%), 19p (34%), and 20q (34%), and
losses of 4q (32%), 11q25 (29%), and 14q32 (63%). Recurrent focal amplification was seen at several regions on
chromosomes 7, 8, and 12. High-resolution chromosome-specific tile-path array CGH confirmed these findings,
and identified selectin-P ligand (SELPLG) and coronin-1C (CORO1C) as the targets of a cryptic amplification at
12q24.11. Interphase FISH and quantitative PCR showed SELPLG/CORO1C amplification (>4 extra copies) and
low levels of copy number gain (1–4 extra copies) in 23% of PELs, respectively. Immunohistochemistry revealed
strong expression of both SELPLG and coronin-1C in the majority of PELs, irrespective of their gene dosage.
SELPLG is critical for cell migration and chemotaxis, while CORO1C regulates actin-dependent processes, thus
important for cell motility. Their overexpression in PEL is expected to play an important role in its pathogenesis.
Copyright  2010 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Kaposi sarcoma herpesvirus (KSHV) is directly asso-
ciated with Kaposi sarcoma and several lymphopro-
liferative disorders (LPDs) including primary effusion
lymphoma (PEL)/extra-cavitary PEL (EC-PEL or solid
PEL), multicentric Castleman disease (MCD) and ger-
minotropic LPD [1,2]. Among these different LPDs,
PEL is the most common and best characterized. PEL
and EC-PEL are both very aggressive lymphomas [3]
and are indistinguishable in their morphological and
immunophenotypic features; they are thus considered
to be different anatomical manifestations of the same

disease [1,4]. The tumour cells usually express CD45,
lack expression of B-cell markers and immunoglobulin,
but are commonly positive for CD138 and other plasma
cell antigens and are co-infected by Epstein–Barr virus
(EBV) [1]. Southern blot analyses of the rearranged
immunoglobulin genes show that most PELs are mon-
oclonal [5].

Over the last decade, there has been a steady
advance in our understanding of the oncogenic activ-
ities of a number of KSHV-encoded products. In
PEL, KSHV is at latency in the vast majority of
tumour cells [6]. In general, it is believed that the
viral products produced in latency are most directly
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involved in malignant transformation [6]. Among the
latently expressed genes, LANA-1, viral cyclin, viral
FLICE inhibitory protein, and LANA-2 are consis-
tently expressed in most KSHV-infected lymphoma
cells [7–12]. These viral oncogenic proteins have been
shown to deregulate a number of cellular pathways
commonly targeted in human cancer and are capable
of cooperating with cellular oncoproteins in malig-
nant transformation [1,2]. Despite this, KSHV infection
alone is clearly insufficient for malignant transforma-
tion as the incidence of KSHV-associated lymphoma in
populations with high KSHV seroprevalence is remark-
ably low. In addition, EBV is unlikely to play a major
role in PEL development since the lymphoma cells do
not express the EBV-transforming antigens LMP2 and
EBNA2 [13–15]. The acquisition of genetic abnormali-
ties is therefore likely to play a critical role in the devel-
opment of KSHV-associated lymphoma. Conventional
cytogenetic analysis of a small number of cases of PEL
showed complex karyotypes, with recurrent trisomies
7, 8, and 12 but no recurrent structural abnormali-
ties [16–18]. Chromosomal translocations seen in other
non-Hodgkin lymphomas, such as those involving the
CCND1, BCL2, BCL6, and MYC loci, are consistently
absent in PEL [5,19]. In the present study, we investi-
gated the genomic profiles of 28 PELs and ten PEL cell
lines using 1 Mb resolution array comparative genomic
hybridization (CGH) and further characterized recur-
rent genomic amplifications by high-resolution tile-
path array CGH, interphase FISH, quantitative PCR,
immunohistochemistry, and western blot.

Materials and methods

Patients and cell lines
A total of 37 cases of PEL, including nine EC-
PELs, and 14 PEL cell lines were investigated. The
histological and immunophenotypic features of 17
PELs have been described previously [4,20]. The
diagnosis of PEL was established according to the
criteria of the recent WHO classification [21]. High-
molecular-weight DNA samples from 28 primary cases
including four EC-PELs, and ten PEL cell lines were
used for CGH and quantitative PCR. All DNA samples
used for array CGH and quantitative PCR contained
at least 70% of tumour cells. Formalin-fixed, paraffin-
embedded (FFPE) cell clots from ten PELs and nine
PEL cell lines, and FFPE tissues from eight EC-PELs
were used for FISH and immunohistochemistry. The
use of archival tissues for research was approved by
the ethics committees of the institutions involved.

DNA amplification and quality assessment
The quality of the DNA samples was assessed by PCR
and only those with successful amplification greater
than 300 bp were subjected to array CGH [22]. In
four primary cases, the quantity of available DNA was

insufficient and these DNA samples were amplified
using the Genomeplex WGA kit (Rubicon Genomics,
Ann Arbour, USA) prior to array CGH [22].

Array CGH
Genomic profiles were obtained using in-house 1 Mb
resolution genomic arrays as described previously [22].
The primary data were analysed using Microsoft Excel
and genomic changes involving two or more consecu-
tive clones were identified by an integrated approach
combining visual inspection, assessment by a hidden
Markov model, and statistical analysis with the mean
±3 SDs (log2 value ±0.19) from normal male/female
hybridization used as the threshold [22,23].

A high-resolution tile-path array (91–118 kb) con-
taining 1515, 1358, 1417, and 720 analysable BAC/
PAC clones in duplicate for chromosomes 7, 8, 12,
and 14, respectively, was constructed. CGH using this
tile-path array was similarly performed. All array CGH
results are provided in the Supporting information.

Interphase FISH
BAC clones RP11-266G20 (SELPLG/CORO1C, 12q
24.11) and RP11-804C24 (IL21, 4q27) were labelled
with Spectrum Orange by nick translation (Abbott Lab-
oratories, Maidenhead, UK), validated on metaphase
spreads. The labelled probes together with CEP12 or
CEP4 (Abbott Laboratories), and an MDM2/ CEN12
probe (ZytoVision, Bremerhaven, Germany) were used
for interphase FISH on FFPE cell clots or tissue
sections [23]. Each of the FISH probes was investi-
gated in eight to ten reactive tonsils and the value of
the mean ±3 SDs was used as the threshold to diag-
nose copy number changes [24]. Gain of one to four
extra copies was recorded as low-level copy number
gain, while gain of more than four extra copies was
considered as amplification.

Quantitative PCR (qPCR)
The SELPLG and CORO1C gene dosage was deter-
mined by qPCR, with the MGAT2 gene (14q21.3) as
a reference control, which showed no copy number
changes by array CGH (Supporting information, Sup-
plementary methods). qPCR for each of these genes
was carried out in triplicates using iQ SYBR Green
supermix (Bio-Rad, Hemel Hempstead, UK) on an iCy-
cler iQ system (Bio-Rad) [25]. The �CT value was
calculated by subtracting the CT value of target genes
from that of MGAT2.

Immunohistochemistry and western blot
Antibodies to SELPLG, coronin-1C [26,27], MDM2,
and CD123, a marker for plasmacytoid dendritic cells
[28], and the protocols for immunohistochemistry and
western blot are described in detail in the Supporting
information, Supplementary methods. The immunos-
taining was scored according to the percentage of pos-
itivity (<30%, 30–70%, >70% cells) and the intensity
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Figure 1. Genomic profiles of PEL by 1 Mb array CGH. Alterations that cannot be distinguished from normal copy number variation are
indicated by a black line.

of immunostaining (weak, moderate, strong). Cases
were considered positive if 30% or more of the tumour
cells were stained.

Results

1 Mb genomic profile of primary PEL and PEL cell
lines
1 Mb array CGH was successfully performed in 28
PELs including four EC-PEL, and ten PEL cell lines.
With the exception that gain of 11q12–13 and 13q was
more frequent in EC-PEL (3/4 and 2/4, respectively)
than in PEL (3/23 and 1/23, respectively) (p = 0.022
and p = 0.045, respectively), there were no other
apparent differences in the pattern and frequency
of genomic imbalances between PEL and EC-PEL.
Thus, the genomic profiles of PEL and EC-PEL were
combined together (Figure 1). There was a strong
similarity in the genomic imbalances between primary
cases and cell lines, although gain of 4q was more
frequent in cell lines than in primary cases (7/10
and 4/28, respectively; p = 0.002; Tables 1 and 2,
Figure 1). Given this high degree of similarity, the
major recurrent genomic imbalances in primary cases
and cell lines were analysed together.

Overall, 26/28 primary cases and 10/10 cell lines
showed extensive genomic imbalances (Supporting

information, Supplementary Figure 1). There were no
matched normal DNA samples available to exclude
the possibility of normal copy number variation
(CNV). Nonetheless, CNV was rarely seen at the
level of 1 Mb resolution using the threshold defined
in this study and only one alteration at 9p11.2 in a
cell line was potentially a CNV (http://cnv.chop.edu;
http://projects.tcag.ca/variation) [29]. Although the
genomic alterations involved every chromosome, there
was no deletion of 17p13 (TP53 ) or 13q14 (RB ).
The most frequent genomic imbalances were gains of
1q21–41(18/38 = 47%), 4q28.3–35 (11/38 = 29%),
7q (22/38 = 58%), 8q (24/38 = 63%), 11 (12/38 =
32%), 12 (23/38 = 61%), 17q (11/38 = 29%), 19p
(13/38 = 34%), and 20q (13/38 = 34%), and dele-
tions of 4q (12/38 = 32%), 11q25 (11/38 = 29%), and
14q32 (24/38 = 63%). In the majority of cases, these
recurrent genomic imbalances involved gain of one to
three extra copies or deletion of only one copy of the
respective chromosomal regions. Nonetheless, within
these recurrent chromosomal gains or deletions, sev-
eral loci showed amplification (≥ four extra copies)
or homozygous deletion, thus allowing mapping of the
minimal common region (MCR) affected and the iden-
tification of potential target genes.

Of the five samples showing deletion at 4q26–28.2,
RP11-364P2 was ‘retained’ in four cases, despite being
within this deleted region (Figure 2). In addition, this
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Table 1. Chromosomal gains and losses in PEL primary cases identified by 1 Mb array CGH analysis
Chromosomal changes∗

Case No Diagnosis EBV infection Gains Losses

1 PEL − 5p15–q14.2, 8q22.2–24.3, 12p13–q13.13 7p21.3, 14q32.2–32.33, 22q11
2 PEL + 1q21–25, 1q32, 2q32–37, 4p, 7q11.23,

7q32–36, 8p22–q24, 11p–q21, 12p13,
12q15–21.31, 12q23–24, 19p, 19q13, 20,
22q13

2p25, 3q25, 4q22–23, 5q14.3–22, 6p24–22,
9q22, 10q24–25, 11q24–25, 13q34, 14q32.
33, 15q26, 17p12

3 PEL + 1q21, 2p24.1–13, 3q26–29, 4q31–35, 8p23,
8q, 12p13, 12q12–15, 12q24 (.11–.31)

1p31.1, 1p21, 1p13–12, 1q31, 14q12–21.2,
14q31, 14q32.33, 16q21

4 PEL + 1p31.3, 2p16.1–13, 2q32.2, 2q35–36, 7q21–
32, 7q36, 10q24.2–25.3, 10p15–q22.2, 15q
15–25.1, 16p11.2, 18q11.2–21.2, 20q13, 21q

1p12–11, 1q24–25, 2q31.1, 3q13, 5q15,
6p22.1–21.31, 6q16, 7p21, 8p23, 8q24.2–.3,
9p24–22, 9q34, 10q22.3–23.2, 10q26,
11q13.1–.2, 11q14.1, 11q25, 13q21–31,
13q32–34, 14q23.2, 14q32, 16q12, 18q21.
3–23

5 PEL + 1q21–24, 8, 12, 17q, 20 14q32.33, 18q21–23
6 PEL − 12 11q25, 13q34, 14q32.33
7 PEL + 1q25.3–44, 3q26–29, 6q13, 8q13–21.3,

11p14.1–12, 11q13.5–24.2, 12q23.3, 21q
21.2

1p36–32.3, 5p15, 5q35, 6p21, 7p22, 12q24

8 PEL + 4q31–35, 8q, 13q31 1p11, 2q37.3, 4p16, 4q26–28, 7p21.1, 12q
24.31, 14q32

9 PEL − 3q, 7, 8q21.3–24, 9p11–q34, 12p13–q15 1q44, 2q37.3, 14q31.3–32, 15q21.2
10 PEL − 8p23.2–q24, 11q21–24, 12p11–q24 1p36.3, 4q27–31.2, 6p22.1–21.31, 7q36.3,

9q34.3, 10q24.3, 11q25, 14q32.33
11 PEL − 7, 8q, 12p13–q24.11, 12q24.3 1p31.1, 14q32.33
12 PEL + 1q21–23, 1q31–32, 6p22 2q24.2, 2q33–35, 4q22, 5q31, 6p25–23,

8p23–21, 9q21–32, 11p15.1–14.1, 11p11.
2, 11q25, 12q24.33, 14q31.3–32.33, 15q11–
22, 15q26, 18q23, 20q13.3

13 PEL − 1q21–32, 3q26–29, 4q13–22.1, 7p22–q36.1,
17q23–25.2, 19p13

1p35, 1p11, 4q22, 5q21, 11q25, 14q32

14 PEL + 7q11.23–36, 8q24, 11p 1p13, 1q12, 4q35
15 PEL + 4q34–35, 5p15–13.3, 7, 11p15 1p36.11, 1p31.1, 1p21, 5q21–31, 13q32–34,

18p
16 PEL + 1q21–32, 2p15–13, 3p26, 3q, 4q31–35, 7q,

8p11–q24, 12q23, 20q
1p, 1q43–44, 2p25–16, 2q37, 3p22–12,
4p16, 10p15, 11p15–q13, 11q25, 14q32.
2–32.33, 17p13–21, 17q25.3, 18p, 18q23,
19p13.2, 19q13.4, 20q13.3

17 PEL − 7, 8, 12, 19, 20q13 4p16, 14q24.2–31.1, 14q32.33, 20p13
18 PEL − 2p, 6p21, 7, 8, 10q26.3, 12p13–q14, 17,19 2q37, 10p15, 11q22, 14q12–13.2, 14q32
19 PEL − 1q21–31, 7p22–q11.21, 7q21–35, 19p13, 20 1q32–44, 4q35, 9, 13q14
20 PEL + 12p13, 12q23–24.2, 15q 2p13.1–11.2, 7p22–21.3, 7q36.3, 9p11–q12,

14q32.33
21 PEL + 3p25, 3p21, 3q21–29, 6p21.3, 7, 8q24.3,

11p15–q21, 12q21.2, 18q12, 19p13.1, 19q
13.2–13.4, 20q, 21q

3p26, 11p14.1, 11q22, 11q25, 16q12, 20p

22 PEL − 1q21–23, 7p–q11.2, 7q22.1, 8q24.3, 9q34,
10q22, 10q23–26, 11p15.5, 11q12–13.2,
12p13, 12q13, 16p13–11.2, 16q24, 17q21.3,
17q25, 19, 20p11-q, 22q

1q25.3–31, 4p15.3-q

23 PEL − None None
24 PEL + None None
25 Extra-cavitary PEL + 13q14–33, 15q21.2 1p36–34, 1q21–23, 1q32.1, 4p16, 6p21,

11p15.5, 11q12.3–13, 11q23.3–24, 14q23–
24, 14q32, 19p13, 19q13, 22q

26 Extra-cavitary PEL + 4p16, 8q24.3, 9q34, 11q12–13, 16q22, 17q25 None
27 Extra-cavitary PEL + 1q21–23, 2q11.1–21, 3q13.31–13.33, 5p15–

14, 5q35, 6q21, 7q11.23–21.1, 11q13.
2–14.1, 12q13.1, 13q, 14q24.3, 17q21.3–25,
20

4q32–35

28 Extra-cavitary PEL + 1q21–22, 3q25, 11q12–13 None
∗Chromosome regions in bold denote amplification or homozygous deletion.
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Table 2. Chromosomal gains and losses in PEL cell lines identified by 1 Mb array CGH analysis
Chromosomal changes∗

Cell line EBV infection Gains Losses

BC1 + 1q21–41, 2q33–37, 7, 8q21–24, 9p24–22,
12p13–q21, 15q15–26

14q32.33

BC3 − 1q21, 7, 12q13–24, 19p13 1q43–44, 2q32.1, 4q22, 6q27, 13q14–34, 16q21
BC2 + 1q21–23.1, 1q24.1–42.13, 1q43–44, 2p25.1–15,

4q31–35, 6p25, 12p13–q13.2, 12q24, 14q12,
17q21.32–25, 19p13.2–q13.2, 20q13.2–13.3,
21q, 22q

1p, 1q23.3, 1q42.3, 2q12–14.3, 2q32.1, 2q36.2,
3, 5q23.3, 6q25.3, 9p24–q31.1, 9q32, 10p,
10q23.3–24.1, 11, 13q, 16

JCS1 + 1q21–43, 4p16, 4q28–35, 7p22.3, 7q11.23,
7q22–36, 8q13–24, 9q34, 14q31, 16p13.3–q13,
17, 18q23, 19, 20q13.1, 21q, 22q

1q44, 6q25–27, 10q21–26, 11p15–11.2, 11q14–
25, 14q31.3–32.33, 16q21

BCP1 − 1q21–41, 2p24.1–q22, 2q23.3–37, 3p26–25,
4p16–15, 4q28.3–31.22, 4q32–35, 7, 8p11–q24,
15q22–24, 17q23–25, 19p13

2p25, 2q23.1, 6p25–24, 8p23–12, 9p11–q21.
32, 10q21.3, 11q24–25, 14p11–21, 14q32.33,
15q25–26, 18

BBG1 + 1q21–44, 2p25–11.2, 4p16, 5p15.2–14,
5p13–12, 7, 8p11.2–q24, 11p15.5–15.4, 11q13,
13q14–34, 15q14–26, 16q24, 17q23–25,
19p13–11, 19q11–13.32, 20q, 22q

3p26, 3q29, 14q11–12, 14q31.2, 14q32.33

CRO-AP2 + 1p23–32.2, 4q28–35, 5p15.2–14.3, 7q11.23–
35, 8q23–24.2, 12, 22q11.2–13.2

1p13.2–11, 2p12–q11, 2q37, 4p16, 6p22–21,
6q25.3–27, 8p23, 11p15, 11p11.2, 11q12–13,
11q23.3–25, 13q34, 14q11.2, 14q24.3, 14q32,
22q13.3

CRO-AP3 − 2p25.3, 2p24, 2p14–12, 2q13, 2q31–37,
3p11–22, 4p16, 4q23–25, 4q28–35, 8q13–21.13,
8q22–24, 12p13–q12, 12q13.2–24.31, 14q21.2,
20

1p22–21, 2q36, 2q37.3, 3p14–12, 3q27–29,
4q26–28.1, 5q21.3–23, 7p15, 8q21.3, 10q21,
10q26, 11q14.3–22.3, 14q32.33, 17q25, 18q21–
23

CRO-AP5 + 4q28–35, 5p, 7q21–36, 8q13–24, 11q25,
12q13–15

4q23–24, 4q26–28.1, 14q23.3–31, 14q32.32–
32.33

CRO-AP6 − 4q28–35, 7q21–34, 12p13–q13, 13q13–32.1,
14q13–23, 16q13–23, 17, 19, 22q

5q35, 9q21.3, 13q33–34

∗Chromosome regions in bold denote amplification or homozygous deletion.

BAC clone was gained notably in one case (Figure 2,
case 3) and moderately in four further cases (Figure 2,
case 18). A search of this region revealed IL21 and
CCNA2 as potential targets of the gain.

Of the 22 samples showing gain of 7q, one showed
approximately six copies at 7q11.23–21.11 spanning a
region of 8.24 Mb. Potential target genes in the region
showing the highest amplification included CD36
(thrombospondin receptor) and hepatocyte growth
receptor (Supporting information, Supplementary
Figure 2) [30]. Among the 24 cases showing gain of 8q,
two showed a moderate amplification at 8q24, where
the MYC gene is located (Supporting information, Sup-
plementary Figure 3).

The most remarkable amplifications were those seen
on chromosome 12, which involved three regions
(Figure 3). The first amplification involved a region of
14.7 Mb at 12q13.2–15 and was seen in one primary
case (No 3). A low level of gain of this region, often as
part of the gain of chromosome 12 or 12q, was found in
11 additional cases. The second amplification involved
a minimal common region of 170 kb at 12q21.2 and
was seen in two primary cases (No 2 and 21). A low
level of gain of this region as a part of the gain of
chromosome 12 or 12q was seen in nine further cases.
The third amplification involved a minimal common
region of 3.28 Mb at 12q23.3–24.11 and was seen in
five primary cases (No 2, 3, 7, 16, and 20).

Deletion at 14q32 was the most frequent loss
(24/38 = 63%) in PEL, involving only the BAC clone
RP11-417P24 in 12 cases. Hemizygous deletion of
a 2.8 Mb region centromeric to the IGH locus at
14q32.31 was seen in 11/38 cases and interestingly,
this region contained a cluster of 39 microRNAs (Sup-
porting information, Supplementary Figure 4).

Characterization of chromosome 7, 8, 12, and 14
abnormalities by high-resolution tile-path array
CGH

Chromosome-specific tile-path array CGH was per-
formed in 16 primary cases and seven PEL cell lines.
For chromosomes 7, 8, and 14, tile-path array CGH
essentially confirmed the findings by 1 Mb array CGH
and did not show any cryptic amplifications or dele-
tions undetected by 1 Mb array CGH. Nevertheless,
tile-path array CGH allowed further mapping of the
MCR of amplification on chromosome 12.

Of the 23 cases investigated by tile-path array
CGH, one each showed amplification at 12q13.2–15
and 12q21.2, and four cases displayed amplification
at 12q23.3–24.11 by 1 Mb array CGH. Tile-path
array CGH confirmed each of these findings by 1 Mb
array CGH. For the amplifications at 12q13.2–15
and 12q21.2, tile-path array CGH did not show any
cryptic amplification undetected by 1 Mb array CGH.
Within the amplification at 12q13.2–15, there were a
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Figure 2. Examples of chromosome 4 abnormalities identified by 1 Mb array CGH and interphase FISH. PEL cell lines CRO-AP5 and
CRO-AP3 and cases 10 and 8 show deletion at 4q26–28.2. The BAC clone RP11-364P2 containing IL21 within the deletion was ‘retained’
in the first three cases. Interphase FISH in CRO-AP5 shows that the majority of tumour cells have one copy of the IL21 locus (indicated
by arrowheads), but a subpopulation of tumour cells gain at least one extra copy of the IL21 locus (arrow). Gain of this BAC clone is also
notable in cases 3 and 18 without the 4q26–28.2 deletion and interphase FISH confirms the gain of one to three extra copies of the IL21
locus in a subset of tumour cells in these cases. Case 16 shows no copy number changes of RP11-364P2 by 1 Mb array CGH, but FISH
shows the gain of four extra copies of the locus.

number of genes including MDM2, IL22, IL23A, IL26,
STAT2, STAT6, and CDK4, potentially important for
tumourigenesis. Within the amplification at 12q21.2,
there were no obvious oncogenes.

For the amplification at 12q23.3–24.11, tile-path
array CGH identified a cryptic amplification in two
primary cases, which was not seen by 1 Mb array
CGH (Figure 3). In one case (No 1), RP11-457O10,
spanning a region of 181 kb at 12q24.11, was exclu-
sively amplified to ∼13 copies, while in the other
case (No 15) this BAC clone together with RP11-
63B6 was amplified to ∼24 copies. Of the other
four cases showing 12q23.3–24.11 amplification, tile-
path array CGH showed that RP11-457O10 was
almost invariably at the peak of the amplification.

Together, these findings indicated that RP11-457O10
represented the MCR of amplification at 12q24.11.
There were only two genes within this MCR and
they were selectin-P ligand (SELPLG) and coronin-1C
(CORO1C ) [31]. SELPLG encodes a protein critical
for cell migration and chemotaxis, and was shown to
be highly expressed in PEL by expression microar-
ray studies [32,33]. CORO1C belongs to the coro-
nin gene family, which regulates actin-dependent pro-
cesses such as cell motility and vesicle trafficking,
and its expression is critical for the motility and
invasion of the malignant cells of diffuse glioblas-
tomas [26,34]. In light of the above findings, our
subsequent investigations focused on SELPLG and
CORO1C.
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Figure 3. Chromosome 12 abnormalities identified by 1 Mb resolution and high-resolution tile-path array CGH. 1 Mb resolution array
CGH shows three amplified regions: a 14.7 Mb region at 12q13.2–15 (R1); a 170 kb region at 12q21.2 (R2); and a 3.28 Mb region at
12q23.3–24.11 (R3). High-resolution tile-path array confirms the findings by 1 Mb array CGH in each case and reveals cryptic amplification
at 12q24.11 in cases 1 and 15, which is undetected by 1 Mb array CGH. In case 1, RP11-457O10, spanning a region of 181 kb at 12q24.11,
is exclusively amplified to approximately 13 copies, while in case 15, this BAC clone together with RP11-63B6 is amplified to approximately
24 copies. RP11-457O10 is also invariably at the peak of the amplification in other cases. There are two genes of particular interest,
namely SELPLG and CORO1C, in the region of RP11-457O10.
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Figure 4.
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Characterization of abnormalities by FISH, qPCR,
and immunohistochemistry
Among several BAC clones tested, only RP11-266G20,
which overlaps with RP11-457O10 but does not con-
tain the SELPLG and CORO1C genes, gave specific
and adequate FISH signals. Interphase FISH with the
labelled RP11-266G20 and CEP12 was successfully
performed on cell clots of 26 PELs including four
showing amplification (three cases) or low-level gain
(one case) of the SELPLG/CORO1C locus by array
CGH (Figure 4). Interphase FISH confirmed the alter-
ations identified by array CGH and in total identified
SELPLG/CORO1C amplification in 6 PELs (23%),
low-level copy number gain in six PELs (23%), and
loss of one copy in one PEL (4%).

To further ascertain the above interphase FISH
findings, we separately measured the copy number
of SELPLG and CORO1C by qPCR in 35 cases
of PEL including 13 that showed no change, seven
that displayed low copy number gain, and six that
showed SELPLG/CORO1C gene amplification by tile-
path array CGH and/or interphase FISH, and nine fur-
ther cases without array CGH or FISH data. There
was an excellent correlation between the SELPLG
and CORO1C qPCR results (R = 0.875, p = 0.0001)
(Figure 5). qPCR confirmed each of the six cases show-
ing SELPLG/CORO1C gene amplification by tile-path
array CGH and/or interphase FISH. Based on the mean
±3 SDs of the cases showing low copy number of gain
as the threshold value for diagnosis of gene ampli-
fication, two cases (one from the group showing no
change and the other from the group without array
CGH or FISH data) showed �CT values above this
threshold, compatible with those of cases showing the
gene amplification (Figure 5). Thus, these two cases
should be regarded as those with the gene amplifica-
tion. Accordingly, eight of the 35 cases (23%) investi-
gated showed evidence of SELPLG and CORO1C gene
amplification.

To determine the impact of SELPLG gene dosage
changes on its protein expression, we performed
immunohistochemistry. Most of the PELs (24/26 =
92%) showed uniform moderate to strong SELPLG
staining in more than 70% of lymphoma cells (Figure
4), while the remaining cases, including the case show-
ing hemizygous SELPLG/CORO1C deletion by FISH,
were negative. Overall, there was no apparent differ-
ence in the staining intensity or percentage of positive
cells among cases with various SELPLG gene dosages.

Similar to SELPLG, the majority of PELs (15/21 =
71%) showed strong to moderate coronin-1C staining
in more than 70% of lymphoma cells (Figure 4). There
was no apparent difference in the staining intensity or
percentage of positive cells among cases with various
CORO1C gene dosages. Interestingly, reactive tonsils
showed no apparent SELPLG and coronin-1C staining
in B cells. However, SELPLG was highly expressed in
germinal centre macrophages and interfollicular T-cells
while coronin-1C was highly expressed in plasmacy-
toid dendritic cells and moderately in germinal centre
macrophages and follicular dendritic cells (Figure 4).

Since immunohistochemistry is not a perfect quanti-
tative method and is greatly affected by tissue process-
ing and fixation conditions, we further investigated the
correlation between the SEPLG/CORO1C gene dosage
and their protein expression by qPCR and western blot
(Figure 5D). Among the seven PEL cell lines inves-
tigated, BC3 showed both the highest SELPLG gene
dosage and the highest protein expression. ISI1, BCP1,
and BBG1 showed a moderate increase of the SELPLG
gene dosage and a high level of protein expression.
Nonetheless, HBL6 and BCBL1 showed no change
of the SELPLG gene dosage, but displayed moderate
protein expression. In contrast, BC3 showed the high-
est CORO1C gene dosage, but displayed only moder-
ate protein expression, much less than that of BCP1,
which showed a moderately increased gene dosage.
ISI1 showed no change of the CORO1C gene dosage,
but expressed a high level of the protein.

Interphase FISH with MDM2/CEP12 probes was
performed in 27 PELs including four showing copy
number changes at this genomic locus (amplification
in one case; low copy gain in three cases) by array
CGH (Figure 3). Interphase FISH confirmed the array
CGH-identified MDM2 copy number changes in these
cases and in total, identified MDM2 amplification in
two PELs (7%) and low levels of copy number gain in
15 PELs (56%).

MDM2 immunohistochemistry was performed in 25
cases including two and 13 cases showing MDM2
amplification and low-level copy number gain, respec-
tively. Five cases showed strong to moderate staining
in more than 70% cells; four cases displayed weak
staining in more than 70% cells; and three further
cases showed weak staining in 30–70% cells. The
remaining 13 cases were negative. There was no appar-
ent correlation between MDM2 gene dosage changes
and the results of immunohistochemistry, although the

Figure 4. Investigation of SELPLG/CORO1C, MDM2 abnormalities by interphase FISH and immunohistochemistry. (A) Upper panel: examples
of interphase FISH showing PEL with no copy number change, low-level copy number gain (one to four extra copies), and amplification at the
SELPLG/CORO1C locus. The probe for SELPLG/CORO1C is labelled with SpectrumOrange; the CEP12 probe is labelled with SpectrumGreen.
Corresponding results of SELPLG and CORO1C immunohistochemistry are shown below. Lower panels: expression pattern of SELPLG and
coronin-1C in a reactive tonsil. SELPLG is highly expressed in germinal centre macrophages and interfollicular T cells, while coronin-1C
is highly expressed in a subset of interfollicular cells, consistent with the distribution of plasmacytoid dendritic cells, and moderately
expressed in germinal centre macrophages and follicular dendritic cells. CD123 staining highlights plasmacytoid dendritic cells. GC =
germinal centre. (B) Examples of interphase FISH showing PEL with no copy number change, low-level copy number gain (one to four
extra copies), and amplification at the MDM2 locus. MDM2 is labelled with SpectrumGreen, while CEP12 is labelled with SpectrumOrange.
Corresponding results of MDM2 immunohistochemistry are shown below.
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Figure 5. Investigation of SELPLG and CORO1C amplification by qPCR and western blot analysis. (A) Example of qPCR for SELPLG and
CORO1C with the MAGT2 gene (α-1,6-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase) being used as a reference control.
MAGT2 resides at 14q21.3, which showed no copy number changes by 1 Mb and tile-path array CGH. (B) qPCR confirms all six cases
showing SELPLG/CORO1C gene amplification by tile-path array CGH and/or interphase FISH. In addition, qPCR identifies two further cases
(one from the group showing no change and one from the group without array CGH or FISH data) which show �CT values above the
threshold (mean ±3 SDs) (based on the cases showing low copy number of gain) for diagnosis of SELPLG (1.81) and CORO1C (2.31) gene
amplification. (C) Correlation between the SELPLG and CORO1C qPCR results. (D) Correlation between SELPLG/CORO1C gene dosages and
their protein expression. BC3 shows the highest SELPLG gene dosage by qPCR and the greatest protein expression by western blot, followed
by ISI1, BCP1, and BBG1, which display a moderate increase in gene dosage and also a high level of protein expression. Nonetheless,
HBL6 and BCBL1 show no evidence of increased SELPLG gene dosage, but display moderate protein expression. BC3 also shows the
highest CORO1C gene dosage, but only moderate protein expression. BCP1 displays both a moderately increased CORO1C gene dosage
and moderately increased protein expression. However, ISI1 shows no increase in gene dosage, but expresses a high level of the protein.
Low CNG = low copy number gain; Amp = amplification.

two cases with MDM2 amplification showed uniform
MDM2 staining, of strong intensity in one case and
weak intensity in the other.

Interphase FISH with IL21/ CEP4 probes was per-
formed in 23 PELs including two (CRO-AP3 and
CRO-AP5) showing ‘retention’ of the IL21 locus
within the 4q26–28.2 deletion, one case (No 3) with
an apparent gain, and another case with a moder-
ate gain of this locus (Figure 2). Of the two cases
with 4q26–28.2 deletion, one case showed two copies,

and hence ‘retention’, of the IL21 locus by interphase
FISH, while the other case showed one copy in the
majority of cells but gain of one to three extra copies
in a subset of the tumour cells. In the two cases with
variable gain of the IL21 locus but without 4q26–28.2
deletion, gain of one to three extra copies of the IL21
locus was seen in a subset of the tumour cells. In
total, interphase FISH clearly demonstrated gain (one
to four extra copies) of the IL21 locus in the major-
ity of tumour cells in 6/23 (26%) cases. Gain of one
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to three extra copies of the IL21 locus was also seen
in a subset (8–12%) of the tumour cells, above the
threshold value, in a further three cases.

Discussion

Our present study revealed numerous genomic gains/
amplifications and losses in the vast majority of PELs.
Despite such extensive alterations, several genomic
regions frequently affected in other aggressive B-cell
lymphomas are largely spared in PEL and several
strands of evidence raise the possibility of poten-
tial cooperation between cellular genetic events and
KSHV-associated oncogenic products in the develop-
ment of PEL. For example, the TP53 (17p13) and
RB (13q14) loci were not deleted and the MYC locus
(8q24), although frequently involved as part of 8q gain,
was rarely amplified. These findings are in keeping
with previous observations of a lack of TP53 mutation
and MYC amplification/gene rearrangement in PEL
[5,19,35,36]. Nonetheless, the products of these cellu-
lar genes are deregulated at the protein level by KSHV
LANA-1 and their deregulation is critical for the devel-
opment of KSHV-associated malignancies [37–39].
LANA-1 directly interacts with p53 and MDM2, inac-
tivating the transcriptional activity of p53 and its abil-
ity to induce apoptosis, thus promoting cell survival
and chromosomal instability [37,38,40]. Reactivation
of the p53 pathway by MDM2 inhibitor induces mas-
sive apoptosis of PEL cells [38]. Moreover, LANA-1
also binds to and inactivates Rb, thereby releasing the
transcription factor E2F and promoting cell cycle pro-
gression [39]. Finally, LANA-1 binds to and inhibits
glycogen synthase kinase (GSK)-3β, preventing GSK-
3β-medicated c-Myc phosphorylation and consequently
increasing c-Myc stability [41]. The deregulation of
p53, Rb, and Myc at the protein level by LANA-1
potentially explains the absence of their genetic abnor-
malities in PEL.

The most frequent copy number alterations were
gains/amplifications at 1q21–41(47%), 4q28.3–35
(29%), 7q (58%), 8q (63%), 11 (32%), 12 (61%),
17q (29%), 19p (34%), and 20q (34%), and dele-
tion of 4q (32%), 11q25, (29%) and 14q32 (63%).
Among the gains/amplifications, those found on chro-
mosome 12 were the most remarkable. By high-
resolution tile-path array CGH, we identified a sin-
gle BAC clone (RP11-457O10), spanning a 181 kb
region at 12q24.11, as the MCR of the amplification.
There were two genes, namely SELPLG and CORO1C,
in this MCR. Subsequent interphase FISH and qPCR
demonstrated amplification and low levels of gain of
the SELPLG/CORO1C locus in 23% of PELs. Irre-
spective of the gene copy number, immunohistochem-
istry demonstrated strong homogeneous SELPLG and
coronin-1C staining in the majority of PELs. Since
immunohistochemistry is not a perfect quantitative
method and also depends critically on tissue processing

and fixation conditions, it may not be sensitive enough
to detect differences in protein expression between
cases with various gene dosages. By qPCR and western
blot, we demonstrated a general correlation between the
SELPLG gene dosage and its protein expression, but
not between the CORO1C gene dosage and its protein
expression. Some PEL cell lines showed no change in
the SELPLG and CORO1C gene dosages but displayed
high levels of their protein expression. This finding
strongly indicates that there are other mechanisms
which up-regulate the expression of these proteins [42].
Interestingly, SELPLG was not expressed in other non-
Hodgkin lymphomas [32,33] or in cell lines derived
from DLBCL (DB and SUDHL6) and Burkitt lym-
phoma (RAMOS and BJAB), although it was expressed
in KSHV-negative AIDS-associated DLBCL [43]. In
addition, there is no apparent expression of these pro-
teins in B cells of reactive tonsils. Together, these
findings indicate aberrant SELPLG and coronin-1C
expression in PEL.

SELPLG encodes a membrane-associated glycopro-
tein that binds to not only P-selectin, but also E- and
L-selectin. Among normal haematopoietic cells,
SELPLG is highly expressed in myeloid, dendritic, and
T cells [44]. SELPLG is involved in the tethering and
rolling of leukocytes on activated endothelial cells, and
is thus important for the recruitment of leukocytes to
sites of inflammation. The role of SELPLG expression
in lymphoma pathogenesis remains unknown. Nonethe-
less, in a murine lymphoma metastasis model, SELPLG
expression was critical for lymphoma cell coloniza-
tion and tumour formation in the liver and spleen
[45]. In addition, SELPLG also functions as a sig-
nal transduction receptor. For example, engagement of
SELPLG triggers intracellular signal events leading to
the redistribution of F-actin-based cytoskeleton and up-
regulation of CSF-1 transcription [46,47].

CORO1C belongs to the coronin gene family, which
regulates actin-dependent processes such as cell motil-
ity and vesicle trafficking [34]. In a number of solid
tumours, coronin-1C expression is associated with
invasion and metastasis [26,34]. The role of coronin-
1C in normal and malignant lymphoid cells is currently
unknown. Nonetheless, it has been shown that coronin-
1A regulates F-actin formation and also plays a role in
lymphocyte homeostasis and survival [48]. By compar-
ative analysis of the gene and protein expression pro-
files of the effusion and solid lymphomas derived from
the same PEL cell line in a mouse model, coronin-1A
was identified to be highly expressed in the solid lym-
phoma [49]. In view of these findings, both SELPLG
and CORO1C expression may play an important role
in PEL pathogenesis, mostly likely by promoting the
lymphoma cells to colonize and grow in body cavities
and extranodal sites.

The amplification at 12q15–21.2 contains a number
of genes including MDM2, STAT2, STAT6, and CDK4,
potentially important for PEL pathogenesis. However,
only one PEL showed the amplification and tile-path
array CGH did not reveal any cryptic amplification
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within this genomic region in other cases. Additional
investigation by interphase FISH and immunohisto-
chemistry showed MDM2 amplification in a small pro-
portion of PELs (7%) and strong to moderate MDM2
staining in a higher proportion of cases (20%). These
findings suggest a role for MDM2 overexpression in
PEL pathogenesis.

Among the five cases with 4q26–28.2 deletion,
the BAC clone RP11-364P2 within the deletion was
‘retained’ in four (either truly retained or appeared
to be ‘retained’ due to the presence of extra copies
in a subset of tumour cells) and this clone was also
targeted for a moderate gain in 26% of cases. Sev-
eral genes in this genomic region, including GPCR103,
CYCLIN-A2, IL21, and basic FGF2, are potentially
relevant in lymphoma pathogenesis. Among them,
IL21 and FGF2 are particularly interesting. IL21
acts as a powerful growth factor for B cells and
also induces the production of IL-10 [50], which
is a potent autocrine growth factor for PEL cells
[51]. FGF is a strong pro-angiogenic cytokine, well
known for its role in tumour growth and angiogen-
esis in a wide spectrum of human cancers includ-
ing leukaemia and lymphoma [52]. Both IL21 and
FGF can be secreted and can potentially exert their
oncogenic effect through autocrine and paracrine
stimulations.

In summary, we have shown extensive genomic
gains/amplifications and losses in PEL and have identi-
fied SELPLG and CORO1C as the targets of amplifica-
tion at 12q24.11. It remains to be investigated whether
these cellular genetic changes are also common to other
KSHV-associated-LPDs and how these genetic alter-
ations cooperate with the KSHV-associated oncogenic
products in lymphomagenesis.
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