
Abstract. Background: The data that the p16INK4A gene is
frequently inactivated in Burkitt lymphoma (BL) and that this
event often accompanies the inactivation of p14ARF in several
tumours prompted us to examine the genetic and methylation
status of both genes in BL and B-lymphoblastoid cell lines
(LCLs). Materials and Methods: The existence of gene
deletion, mutation and promoter methylation was investigated
by single-strand conformational polymorphism, direct
sequencing and methylation-specific PCR (MSP) analysis,
respectively. Results: Sequencing of each exon of both tumour
suppressor genes revealed p16INK4A mutation only in 3 out of
11 BL, but 1 of them also affected the p14ARF gene. MSP
analysis of promoters showed p16INK4A to be methylated and
p14ARF not to be methylated in each Epstein-Barr virus-
positive BL cell line. Primary B-cells and de novo established
LCLs had no genetic changes or methylated promoter of either
gene. LCLs achieving the stage of immortalization usually
showed methylation of both p16INK4A and p14ARF promoters.
Conclusion: Our results suggest that, in contrast to p16INK4A,
inactivation of p14ARF by either genetic change or promoter
methylation has no importance in the development of BL cell
lines, while its methylation has a central role in the
immortalization of LCLs.

The Epstein-Barr virus (EBV) plays a role in the

etiopathogenesis of Burkitt lymphoma (BL), B-cell non-

Hodgkin’s and Hodgkin’s lymphomas, nasopharyngeal

carcinoma and various other tumours (1).

There are at least two types of non-productive infection

which the EBV can establish in human B-cells. The actively

proliferating lymphoblastoid cell lines (LCLs) are derived

from resting B-cells of human peripheral blood transformed

by the EBV. In EBV latency type III, which is characteristic

of LCLs, all of the EBV latency proteins (EBNA1, 2, 3A,

3B, 3C, LP and LMP1, 2A, 2B) and EBER RNA molecules

are expressed (2). These LCLs, transformed by the EBV,

have been widely used for various purposes, such as to

provide DNA to analyse genetic changes during

tumorigenesis. A second type of non-productive EBV

infection in human B-cell lines, distinct from LCLs, has

derived from EBV-positive BL, a B-cell malignancy. The

tumour biopsy cells and early passage of BL cell lines are

clearly EBER- and EBNA1-positive, corresponding to the

virus latency type I, but do not express detectable levels of

the other latent proteins (3). The continuous passage of the

BL cell lines was often accompanied by a broadening of

viral gene expression, some of them becoming EBNA2,

LMP-positive or expressing all EBNAs and LMP (4, 5).

BL cell lines of both endemic or sporadic types derived

from EBV-positive subjects show chromosomal

translocations t(8,14), t(2,8) or t(8,22). Therefore, the

molecular hallmark of BL is the activation of the c-myc
oncogene through reciprocal translocation that juxtaposes

c-myc to an immunoglobulin chain locus. Although most

EBV-transformed LCLs show normal diploid karyotype,

they occasionally have clonally abnormal karyotype, such as

aneuploidy, after an average 160 population doubling levels

(PDLs) (2, 6). Okubo et al. found that chromosomal

rearrangements and induction of strong telomerase activity

are two events that take place in parallel with the process

of immortalization of EBV-infected LCLs (6).

Inactivation of tumour suppressor genes and their

pathways has been widely studied in BL. The human

INK4A/ARF locus, localized on chromosome 9p21, uniquely

encodes two distinct tumour suppressors by using separate
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promoters. The two distinct proteins encoded by the

INK4A/ARF locus share the common second exon, but in

alternative reading frames. The cyclin-dependent kinase

inhibitor p16INK4A is composed of three coding exons (7).

The "alternative reading frame" (ARF) product, p14ARF, is

encoded by the slightly smaller ‚ transcript that comprises

exons 1‚, 2 and 3 (8). The p16INK4A gene is inactivated by

mutations, deletions, or gene methylation in many tumours

and cell lines, such as BLs (9). Mutations and deletions of the

INK4A/ARF locus affect p16INK4A exclusively or together with

p14ARF (10). p14ARF expression is under the control of its

own promoter that can be silenced by methylation of CpG

islands independently of p16INK4A methylation (11). Although

some discrepancies exist concerning the frequency with which

these genes are deleted, mutated or promoters are

methylated, loss of p16INK4A/p14ARF function either

genetically or epigenetically appears to be important in the

development of BLs and, perhaps, LCLs (9, 12-17).

Recently, Sugimoto et al. have proved that in LCLs the

EBV only transforms the resting B-cells, the

immortalization step following after an average of 160 PDLs

when they survived the cellular crisis (6, 18). They clearly

divided the EBV-LCLs into two distinct groups, pre-

immortal and post-immortal cell lines, and proposed a

staging in studying the etiopathology of tumorigenesis in B-

cell origin tumours transformed by the EBV.

In the present study, we examined different EBV-

positive and -negative tumorigenic cell lines with BL

origin, and LCLs following staging suggested by Sugimoto

et al. (18). We studied genetic and promoter methylation

changes affecting the INK4A/ARF locus in order to

determine the frequency of these alterations in both

tumour suppressor genes, and to show whether or not

these changes are characteristic of a definite stage of

tumorigenesis.

In this paper, we show the central role of p16INK4A

inactivation by methylation in BL cell lines and the

importance and frequency of promoter methylation of both

p16INK4A and p14ARF tumour suppressor genes in LCLs

leading to immortalization. We demonstrate that most

LCLs, having undergone 160 PDLs with continuous passage,

had fully or partially methylated p16INK4A and p14ARF

promoters in contrast to the freshly established,

transformed, but mortal LCLs with low PDLs.

Materials and Methods

Viruses. EBV strains were purified from each examined EBV-

positive BL cell line treated with 20 ng/ml tetra phorbol acetate

(TPA) for 6 days. Following centrifugation at 690 xg for 15 min,

the virus was pelleted by ultracentrifugation at 113,000 xg for 60

min. The pellets were resuspended in RPMI 1640 supplemented

with 20% heat-inactivated foetal bovine serum (FBS) and

antibiotics, and stored at –70ÆC.

Cell lines. For all experiments, EBV-negative BL cell lines, BL 41

(19) and Ramos (20); EBV-positive BL cell lines, AG 876 (21),

Akata (22), Akuba (23), Daudi (24), Jijoye (25), Mutu III clone 99

(4), Namalwa (26), Rael (20) and Raji (27); earlier established

LCLs, CB-M1-Ral-STO (28), Cherry (29), IARC 171, JY (30) and

LCL-721 (31); and freshly established LCLMutu, LCLAkuba,

LCLJijoye and LCLRael were used. BL cell lines and LCLs were

maintained in RPMI 1640 medium supplemented with 10% FBS

and penicillin-streptomycin.

De novo immortalization of primary B-cells. Human primary B-cells

were isolated from peripheral blood, as described previously (32).

Briefly, buffy coat were subjected to centrifugation over Ficoll

plaque gradients (Sigma, St. Louis, Missouri, USA) then the CD-19-

positive B-cells were separated with pan-B Dynabeads M450 (Dynal,

Oslo, Norway). Cells were kept in cell culture flasks in a humidified

incubator at 37ÆC and 5% CO2 for 16-20 h. After release from the

beads, the cells were cultured at a density of 2x106 cells/ml in RPMI

1640 supplemented with 15% FBS and antibiotics. To establish

LCLs, the freshly isolated B-lymphocytes were incubated in 96-well

microculture plates with an average of 105 cells per well at 37ÆC 16 h

prior to infection. Cells were infected with EBV strains isolated from

different BL cell lines at a low multiplicity of infection and the cells

were fed weekly. After 4 to 6 weeks, growing clones were picked up

and transferred to culture flasks.

Polymerase chain reaction (PCR)–single strand conformation
polymorphism (SSCP) analysis. DNA of cell lines was isolated using a

QIAGEN (Valencia, CA, USA) blood kit. The p16INK4A and p14ARF

genes were analysed for deletions by PCR-SSCP analyses. Primers for

p16INK4A exons 1, 2, 3 and p14ARF exon 1 were designated to amplify

each exon of the tumour suppressor genes (33). After PCR had been

performed, products were visualized under UV illumination (33). For

SSCP analysis, PCR products were heat-denatured, then treated with

formamide. Samples were applied to a neutral 7.5% polyacrylamide

gel and run at 300 V for 4 h at 4ÆC. After electrophoresis, the

fragments were stained by silver nitrate.

Sequencing of exons of p14ARF and p16INK4A. The sequences of

p16INK4A exons 1, 2, 3 and p14ARF exon 1 were analysed in all BL

cell lines and LCLs which did not have either p16INK4A or p14ARF

methylated promoter by direct sequencing using an ABI Prism Big

Dye Terminator Ready Reaction Kit (Applied Biosystem, Foster

City, CA, USA), following the instruction manual. The PCR

products were purified by DyeEx Spin Kit (QIAGEN) and run in

an ABI Prism 310 Automatic Sequencer.

Methylation analysis of p16INK4A and p14ARF. Promoter

hypermethylation of the p16INK4A and p14ARF genes was

determined by methylation-specific PCR (MSP), as described by

Herman et al. (34). First, genomic DNA was modified with sodium

bisulphite. The modified DNA was purified on Wizard DNA

Clean-Up Columns (Promega, Madison, WI, USA), ethanol

precipitated and resuspended in water. While this treatment

changes the unmethylated but not the methylated cytosines into

uracil residues, specific primers can distinguish these alterations

and PCR amplifies only the adequate sequences. The conditions

used for the methylated and unmethylated reaction, in addition to

the sequences of oligonucleotide primers used for amplification of

p16INK4A promoter/exon 1· and p14ARF promoter/exon 1‚, have

been reported previously (33).
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Results

De novo established LCLs. We managed to establish 4 LCLs

(LCLMutu, LCLAkuba, LCLJijoye and LCLRael,) from normal

resting B-cells by in vitro infection with EBV originated

from Mutu, Akuba, Jijoye and Rael cell lines. The various

LCLs containing different isolates of EBV were designated

so as to indicate the BL cell line from which the EBV was

derived (Table I). The transformed LCLs were passaged

only a few times. From cultures which had grown and

reached cell number 107, DNA was prepared and analysed

by further experiments.

Deletions of p16INK4A and p14ARF genes. In accordance

with previous studies, SSCP bands revealed no

homozygous or heterozygous deletions in each exon of the

p16INK4A and p14ARF genes in any EBV-negative or 

-positive BL cell lines (data not shown). In addition, none

of the LCLs, including cells having achieved 160 PDLs

and de novo established LCLs, had deletion at exons of

the INK4A/ARF locus.

Mutations in p16INK4A and p14ARF genes. Although PCR-

SSCP analysis is suitable for detecting single base

mismatches in addition to deletion, the sensitivity of this

method is inversely proportional to the size of the amplified

product. We determined the nucleotide sequences of each

exon of the INK4A/ARF locus in 9 EBV-positive and 2

EBV-negative BL lines by direct DNA sequencing. As a

result, we found 1 point mutation in exon 2 affecting both

tumour suppressor genes and 2 mutations in exon 1 of

p16INK4A (Table II). In Namalwa, a G→T transition was

detected at codon 98 resulting in an Val to Leu amino acid

substitution. Because p16INK4A and p14ARF share exon 2

with different open reading frames, the missense mutation

identified in codon 98 of p16INK4A resulted in a different,

but also missense, mutation at codon 120 of p14ARF.

Mutation in exon 1 of p16INK4A was detected in Mutu at

Nagy et al: Methylation of p16INK4A/p14ARF in LCLs
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Figure 1. Representative results of MSP for the p16INK4+ (A) and p14ARF (B) genes in two BL cell lines. Lanes U and M correspond to the unmethylated
and methylated promoters, respectively.

Table I. Methylation status of p16INK4A and p14ARF promoters in BL and LCLs.

p16INK4A p14ARF p16INK4A p14ARF

EBV-negative BL LCLs (above 160 PDLs)

1. BL-41 M U 1. CB-M1-Ral-STO M/U U

2. Ramos M/U M/U 2. Cherry M M/U

3. IARC 171 M M

EBV-positive BL 4. JY M M

1. AG 876 M U 5. LCL-721 M M

2. Akata M U

3. Akuba M U De novo established LCLs

4. Daudi M U 1. LCLMutu U U

5. Jijoye M/U U 2. LCLAkuba U U

6. Mutu III. clone 99 M U 3. LCLJijoye U U

7. Namalwa M/U U 4. LCLRael U U

8. Rael M U

9. Raji M U Primary B-cells U U

Abbreviations: M, methylated; U, unmethylated; M/U, partially methylated



codon 27 (GGG→TGG) resulting in an amino acid change

from Gly to Trp. Daudi had a nonsense mutation of GAG

to TAG at codon 18. In each case, heterozygous mutations

were demonstrated by overlapping peaks of the sequence

chromatograms. No mutations were detected in exon 3 and

p14ARF exon 1 in any BL cell lines. None of the freshly

established LCLs or primary B-cells showed sequence

alteration of the examined tumour suppressor genes.
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Figure 2. Methylation-specific PCR analysis of the p16INK4A (A) and p14ARF (B) promoters in LCLs having surpassed 160 PDLs, freshly established
LCL, and primary B-cells. Samples are identical to those listed in Table I. The methylation pattern of LCLMUTU represents all freshly established LCLs.
Gel photos correspond to methylated and unmethylated reactions, respectively. LCLs, Cherry, IARC 171, JY, LCL-721 for p16INK4A and IARC 171,
JY, LCL-721 for p14ARF are methylated; CB-M1-Ral-STO for p16INK4A and Cherry for p14ARF are partially methylated.



Methylation status of the p16INK4A and p14ARF genes. The

MSP technique was used to analyse hypermethylation of the

p16INK4A and p14ARF promoters in 11 EBV-positive or 

-negative BL cell lines, 9 LCLs, including LCLs having

surpassed 160 PDLs and freshly established ones, and

normal B-lymphocytes as a negative control. The results of

the MSP analysis of these gene promoters are summarized

in Table I. We found the p16INK4A promoter to be

completely or partially methylated in all BL lines (Figure

1A). These BL cells that carried p16INK4A inactivation

included both EBV-positive and -negative cultures. Partial

methylation of the p14ARF promoter was detected only in

Ramos, while the other BL cell lines were unmethylated for

this region (Figure 1B). Both promoters were methylated in

4 of the 5 LCLs having surpassed 160 PDLs, but only the

p16INK4A promoter in 1 "old" LCL. The status of both genes

was normal in all de novo established LCLs, and there was

no detectable methylation of the p16INK4A and p14ARF genes

in normal B-cells. The results of analyses for p16INK4A and

p14ARF promoters in LCLs and primary B-cells are shown

in Figure 2.

Discussion

Tumorigenesis of human B-lymphoblastoid cell lines is a

multistep process. Immortalization of LCLs occurring at a

later stage of lymphomagenesis involve the inactivation of

tumour suppressors in addition to chromosomal

abnormality, change of telomerase activity, oncogene

expression spectrum or signalling (6, 35). LCLs transformed

by EBV undergo immortalization after only an average of

160 PDLs and EBV transformation does not necessarily

mean immortalization (36). Development of strong

telomerase activity guarantees a stable proliferation of

LCLs, however, this telomerase activity is essential but not

sufficient for the capability of infinitive proliferation of

EBV-transformed B-lymphoblastoid cell lines (36).

Karyotype analysis proved that chromosomal rearrangement

is also an essential step for LCLs to become immortalized

(6, 36). It has been showed that chromosomal abnormalities

and strong telomerase activity are two parallel events in the

process of immortalization of LCLs (6). Furthermore,

development of immortalized phenotypes of BL and LCLs

involves multiple genetic and epigenetic changes of tumour

suppressor genes that lead to unlimited cell proliferation

(35). Inactivation of the p16INK4A and p14ARF genes, either

genetically or epigenetically, leads to the silencing of these

genes, but the role of the latter in lymphomagenesis remains

unclear. Therefore, we decided to study the involvement 

of these genes in the development of BL lines and 

LCLs. Following the staging of EBV-positive human 

B-lymphoblastoid cell lines, we studied resting B-cells, de
novo transformed B-lymphocytes (pre-immortal LCLs), and

post-immortal LCLs in addition to tumorigenic EBV-positive

and -negative BL cell lines to investigate the role of genetic

changes and promoter methylation of p16INK4A and p14ARF

tumour suppressor genes in the immortalization of B-cells.

Regarding genetic alterations, our experiments

demonstrated neither deletions nor homozygous mutations

of the p16INK4A gene in BL cell lines, LCLs, de novo
immortalized B-lymphocytes, and primary B-cells.

Moreover, we did not find such alterations in any exons of

the p14ARF gene in the investigated cells. Although SSCP

analysis did not reveal any deletion of p16INK4A and p14ARF

in the BL lines and LCLs, sequencing of exons showed 3 out

of 11 BL lines carrying heterozygous mutation of the

examined tumour suppressor genes (Table II). We could

not detect any mutations in exons of both p14ARF and

p16INK4A tumour suppressors in resting B-cells and freshly

established LCLs. Consistent with previous studies, our

results indicate that inactivation of the p16INK4A and p14ARF

genes by structural alterations is infrequent in BL, and is

not an important mechanism for silencing of these genes in

this tumour type. In this respect, BL differs from many

other lymphomas, in which these events are important to

develop a tumorigenic phenotype (12-14).

Cancer is an epigenetic change as it is considered a

genetic disease. In addition to alteration of genes by genetic

mutations, epigenetic changes are responsible for increasing

the risk of tumour development. The main epigenetic

Nagy et al: Methylation of p16INK4A/p14ARF in LCLs
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Table II. Mutation of p16INK4A and p14ARF genes in BL.

Cell line p16INK4A p14ARF

Exon Codon Codon change Amino acid change Exon Codon Codon change Amino acid change

Namalwa 2 98 GTG→TTG Val→Leu 2 120 CGT→CTT Arg→Leu

Mutu 1 27 GGG→TGG Gly→Trp

Daudi 1 18 GAG→TAG Glu→Stop



modification in human tumours is the methylation of CpG

islands associated with gene regulatory regions, especially of

tumour suppressor genes (37). The pattern and content of

this methylation is tissue-specific and not every tumour

suppressor gene is methylated in each tumour type.

Methylation of the p16INK4A and p14ARF genes has been

associated with down-regulation of their expression in

several tumour types, such as lymphomas (37, 38), causing

dramatic consequences that affect the cellular pathways:

promote cell cycle, escape senescence and start proliferation.

Therefore, we studied whether these changes occur in BL

lines and in different stages of LCL development.

We found at least partial methylation of the p16INK4A

promoter in all BL cell lines. This frequent p16INK4A

inactivation in this type of tumour is consistent with the

results of Klangby et al. (9). However, their observation

that p16INK4A methylation is rare in LCLs corresponds only

to our LCLs at earlier stage. Although, none of the de novo
infected lymphocytes or primary B-cells and only the

minority of LCLs at low PDLs showed hypermethylation of

the p16INK4A promoter, it was always (even if partially)

methylated in all LCLs having achieved 160 PDLs in our

experiments. These results, considering that methylation is

associated with silencing of this gene, suggest that

inactivation of p16INK4A has a central role in tumorigenesis

of BLs and LCLs, and loss of p16INK4A function may

provide a growth advantage and lead to immortalization of

B-cells.

All EBV-positive BL cell lines had unmethylated p14ARF

promoter. This promoter in the primary B-cells and freshly

established LCLs was also not inactivated by this

mechanism. After transformation of B-cells with EBV

propagated in different cell lines (Table I), LCLs were

continuously cultured by passage in culture flasks to reach

160 PDLs. The noncloned LCLs, which survived the cellular

crisis and overcame immortalization, showed different

methylation status also of the p14ARF promoter compared

to the LCLs in the pre-immortalized stage of tumorigenesis.

The methylation of this promoter was detected in each

examined LCL having surpassed 160 PDLs except CB-M1-

Ral-STO. These data suggest that inactivation of the p14ARF

by hypermethylation may be a requirement for

immortalization of LCLs, but this is not a BL-associated

phenomenon.

Tumour suppressor gene inactivation by aberrant

methylation is not a black and white marker, but also a

qualitative one. Consistent with these findings, we found

p16INK4A and p14ARF to be partially methylated in some

cases (Table I). However, partial methylation may also

correlate with silencing of the p16INK4A and p14ARF genes

at an intermediate level (9, 39).

The presence of EBV latency proteins may contribute

to transformation and unlimited growth of B-cells through

protection from apoptosis in tumorigenesis (1). However,

the examined BL cell lines carrying methylated p16INK4A

promoter were either EBV-negative or EBV-positive; the

only BL cell line which had methylated p14ARF promoter

was the EBV-free Ramos. Thus, the direct role of EBV

latency proteins in the methylation of p16INK4A and

p14ARF promoter is still unclear. On the other hand, the

majority of the examined BL cell lines and LCLs show

latency type III reflecting the broad expression pattern of

the virus proteins, and the latency type I Akata and Rael

cells have also expanded latency protein expression.

Probably, the presence of transformation-associated EBV

proteins and EBER RNAs may provide a growth

advantage to BL and LCL cells despite the expression of

p14ARF. Moreover, the viral proteins may play a role in

tumour development and enhance the chance of cells to

accumulate genetic changes required for tumour

progression and immortalization.

In summary, our results suggest that evolution of EBV-

transformed LCLs is a multistep process involving the

inactivation of tumour suppressor genes, resulting in loss

of cellular growth control. The genetic alterations of

p16INK4A and p14ARF are exclusive in BL and LCLs.

Investigation of promoter methylation status revealed

diverse patterns of p16INK4A and p14ARF genes in BL lines

and LCLs. p16INK4A promoter methylation occurs with

100% frequency in BL and "old" LCLs. In contrast, all of

the freshly established LCLs and human primary B-cells

were unmethylated in this region. Previous studies did not

report the methylation status of the p14ARF promoter.

Although we could not find the p14ARF promoter to be

methylated in any of our EBV-positive BL cell lines, MSP

showed this change in the majority of LCLs above 160

PDLs. The inactivation of the p16INK4A tumour suppressor

gene in BL cell lines and both p16INK4A and p14ARF genes

in LCLs by epigenetic machinery may be an important

hallmark of these cells corresponding to immortalization.
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