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Epstein-Barr virus (EBY) antigens in tumor tissue define associations of virus with human malig

nancies and provide clues as to mechanisms of viral oncogenesis. In Burkitt's lymphoma, EBY

markers are absent from 85%of sporadic cases and 4% of endemic (African) cases, raising questions

as to the exact role of EBY in the disease. Standard screening criteria may be insufficient to

determine the EBY status of all tumors. One of 9 tumors from American patients expressed EBY

nuclear antigen 1 (EBNA1) and contained standard episomal EBY DNA, making this series consis

tent with the 15% EBY association traditionally ascribed to sporadic Burkitt's lymphoma. Surpris

ingly, 3 tumors without detectable EBNAI contained partial EBY genomes. Identification of defec

tive, integrated viral DNA in sometumors indicates greater involvementof virus in sporadic Burkitt's

lymphoma than previously documented and suggests a process of viral DNA rearrangement and

loss during malignant progression most consistent with an initiating role for EBY in tumorigenesis.

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus

associated with Burkitt's lymphoma (BL), nasopharyngeal car

cinoma, Hodgkin's disease, and tumors in immunodeficient

patients [I]. Acceptance of EBV as oncogenic is confounded

by the < 100% association of the virus with tumors of similar

histopathologic features, a discrepancy most apparent in

lymphoid malignancies such as BL [2] and Hodgkin's disease

[3]. Because ofrecent observations ofloss ofEBV DNA from

cultured BL cell lines [4], we questioned whether a similar

process may occur during in vivo lymphomagenesis. We sought

to detect EBV DNA fragments in EBV nuclear antigen I

(EBNAI)-negative sporadic BL tissue that lacks viral epi

somes; such findings could provide clinical evidence for a

broader association of EBV with tumors that is reminiscent of

a "hit-and-run" mechanism for viral oncogenesis [5].

Materials and Methods

Clinical samples. Frozen biopsy material from 9 American

patients with BL seen between August 1981 and November 1992

was made available by the tumor bank at St. Jude Children's

Research Hospital. Samples, obtained at diagnosis, consisted of 7
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lymph node biopsies, 1 bone marrow biopsy, and cells derived

from a malignant pleural effusion. Karyotypic analysis revealed

the chromosomal translocation t(8; 14)(q24;q32) in all 9 cases.

Patients were human immunodeficiency virus-negative and in

cluded 6 boys and 3 girls with an age range of 5 ~ 18 years.

Control cells consisted of cultured BL cell lines Raji (containing

50-60 EBYepisomes) [6], P3HR-l clones 5 and 16 (EBV WZhet

DNA-positive and -negative, respectively; provided by G. Miller,

Yale University, New Haven, CT) [7], Akata [8], and EBV-in

fected Iymphoblastoid cell lines B95-8 [9] and 184 [10].

Immunofluorescence and immunoblotting for viral antigens.

Frozen sections of tumors fixed in 1:I methanol and acetone were

examined by indirect immunofluorescence by standard procedures

[II, 12] for the EBV latent protein EBNAI and lytic protein

BZLFI (first leftward open-reading frame [ORF] of the BamHI Z

fragment ofEBV DNA). EBNAI expression was determined using

pooled monoclonal antibodies 3E4 and 4D3 [13] and a well-char

acterized polyclonal human serum (IT) containing antibodies to

latent EBV proteins [14]. The monoclonal antibody BZ.l (gift of

L. S. Young, University of Birmingham, UK) [12] was used to

detect BZLFI.

For immunoblotting, cells were lysed in SDS-PAGE sample

buffer containing 10% ,B-mercaptoethanol. Samples were soni

cated, electrophoresed on SDS-polyacrylamide gels (8.5% for

EBNAI; 10% for BZLF1), and transferred to polyvinylidene fluo

ride membranes (Millipore, Bedford, MA) using a semidry elec

troblotter (Bio-Rad, Richmond, CA). To detect EBNAl, blots

blocked in 5% milk were incubated for 12 h with protein A ~

purified antibody from EBV-positive human serum and probed

with 1 /-lCi of 125I-labeled protein A (NEN, Boston) for 30 min.

For BZLFI detection, antibody BZ.I was used at I: 1000 dilution,

and binding was detected by chemiluminescence per manufactur

er's recommendation (ECL kit; Amersham, Little Chalfont, UK).

Southern analysis ofEBV DNA. Total cellular DNA from tu

mors and control BL cell lines was digested with the BamHI re

striction endonuclease, loaded at 10 fJ,g of DNA per well, and

separated by electrophoresis in 0.8% agarose gels, then transferred

by the Southern method to nylon membranes for hybridization
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Figure 1. EBV DNA configurationin sporadic Burkitt's lymphoma (BL) tissue. A, Autoradiographfrom DNA blot of BamHI-digested tumor

DNA successively probed for unique DNA sequences located at right (Rt) or left (Lt) end of EBV genome. Single high-molecular-weight
bands of equal size (tumor 7 and BL-derived Raji cell control) indicate joined ends in their episomal configurationcharacteristicof EBV DNA
in monoclonal tumors [17]. Hybridization signals were not detected from remaining 8 tumors (2 are shown here), even on gross overexposure
of autoradiographs (not shown). B, Southern blots of tumor DNA hybridized to probes specific for sequences internal to EBV termini. BamHI
Wand Z probes detected standard 3.0- and 1.8-kb fragments, respectively, in tumor 8, tumor 7, and control B95-8 virus. Tumor 9 contained

abnormal-sized fragments (arrows) consistent with recombination. DNA from tumors I, 3, and 5 is representative of 6 tumors that did not
hybridize to any probe. Molecular weight markers (kb) are at left.

[15]. 32P_Iabeled probes were derived from cloned EBV fragments

spanning representative segments throughout the length ofthe viral

genome (BamHI C, W, Y, H, M, S, Z, R, K; EcoRI C, Dhet)

(random primed DNA labeling kit; Boehringer Mannheim, India

napolis) [16]. The molecular configuration of EBV termini was

determined by the method of Raab-Traub and Flynn [17], using

riboprobes to regions of unique DNA (XhoIa and the BamHI J

portion of £CoRI I) flanking EBV's terminal repeats. T7 RNA

polymerase (Promega, Madison, WI) was used to incorporate 32p

into RNA templates of EBV DNA restriction fragments cloned

into pGEM2 vector [18]. The integrated optical density of bands

was quantitated with an image analysis system (Visage 110; Bio

Image Products, Ann Arbor, MI).

Detection of EBV DNA rearrangements by polymerase chain

reaction (peR) analysis. PCR amplification was done on 10, 100,

and 800 ng of total cellular DNA with Taq polymerase for 25-35

cycles on a DNA Thermal Cycler (Perkin-Elmer Cetus, Norwalk,

CT) as described [19]. Primers were selected that framed the junc

tion of rearranged DNA in WZhet EBV (5'-GCACATTAG

CAATGCCTGTG-3' and 5'-GTCCAGCGCGTTTACGTAAG-3';

base coordinates 1381 and 1649, respectively) [20] or were specific

to regions within the BZLFI ORF (5' -AGTGGTTTCCTTG-

TACGTCG-3' and 5'-TCCCAGTCTCAGACATAACC-3'; base

coordinates 750 and 954, respectively) [20]. PCR products electro

phoresed in a 3% NuSieve/l % Seakem agarose gel (FMC Biopro

ducts, Rockland, ME) were hybridized after Southern transfer to

32P_Iabeled probes specific for sequences internal to the primers.

Results

Molecular corifiguration ofEBV DNA in sporadic BL tumor

tissue. The structure ofEBV termini has been used to provide

evidence for clonality of EBV neoplasms, to indicate viral

integration, and to suggest the state of viral activation in cells:

replicating (linear configuration) versus latent (circular forms)

[17]. Restriction endonuclease digestion of EBV DNA with

BamBI preserves the terminal repeat sequences, which vary in

number with each virus isolate, but cleaves flanking unique

DNA. In EBV's episomal configuration, fused terminal se

quences provide a band of higher molecular weight than single

unjoined ends of the linear EBV genome. Clonal expansion of

one cell carrying a single virus can be distinguished from an
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oligoclonal or polyclonal lymphoproliferative process involv

ing mixed populations of EBY genomes, each with distinct

numbers of terminal repeats, by the detection of single versus

multiple high-molecular-weight episomal bands.

With this approach, tumor DNA was examined for EBY

episomes characteristic of virus-associated lymphomas. When

Southern blots of BamHI-digested cellular DNA were hybrid

ized to riboprobes specific to the left and right termini of EBY,

only one (no. 7) of9 tumor DNAs contained EBY (figure lA).

As with the Raji cell control [17], single and intense high

molecular-weight bands of equal size indicated tumor clonality

and presence of multiple copies of a uniform EBY episome. In

contrast to this result, preliminary PCR screening for sequences

specific to the BamHI Z fragment of EBY DNA showed virus

in 4 of 9 tumor DNAs: 3 lymph node biopsies (nos. 7-9) and

1 pleural effusion (no. 1) (data not shown).

Because integrated fragments of viral DNA have been de

tected in the absence of the complete viral genome after in

vitro B cell infection [21], we probed blots for EBY sequences

internal to viral termini. With probes specific for EBY DNA

fragments BamHI Wand Z (figures IB and 2), intense hybrid

ization signals were obtained with DNA from tumor 7, consis

tent with its multiple episomal copy number. However, in 2

additional tumors (nos. 8 and 9), low-intensity bands « 1 ge

nome equivalent/cell) were detected: one had appropriately

sized restriction fragments, while the second revealed bands

of abnormal size (arrows, figure IB), suggesting intragenomic

rearrangements or recombination of Wand Z fragments with

cellular DNA.

Hybridizations with probes spanning much of the EBY ge

nome are summarized in figure 2. The tumor with episomal

EBY DNA (no. 7) contained normal-sized restriction frag

ments, consistent with the presence of the standard EBY ge

nome. Analysis of tumor 8 also indicated presence of the stan

dard viral genome except for DNA deletions at each terminus.

Absence of the BamHI C fragment at the left end and evidence

for an abnormally sized 10-kb EcoRl C fragment on the right

end are consistent with integration of EBY into cellular DNA

at those sites (figure 2). A third tumor (no. 9) contained not

only the abnormal BamHI Wand Z fragments (figure IB) but

also a single 7.5-kb band when hybridized to the EcoRI C

probe, which normally spans 5 BamHI fragments in the B95

8 prototype virus (see restriction map, figure 2). Last, the tumor

DNA derived from pleural effusion (no. 1), identified as EBY

positive by PCR screening, did not hybridize in Southern blot

analyses.

Defective EB V genome that disrupts latency. Rearrange

ments ofEBY DNA, called heterogeneous (het) DNA [23, 24],

are found in a defective viral genome known to activate

the EBY lytic replication cycle [25-27]. The intragenomic

rearrangement results in the constitutive expression of the

BZLFI protein [28], a transcriptional transactivator [29, 30]

that has also been shown to bind the cellular tumor suppressor

protein, p53 [31]. To determine if abnormally sized Wand Z

EBY DNA fragments shown here were juxtaposed with inver

sion of the BZLFI ORF typical of WZhet [20, 24], we used

PCR primers to flank the aberrant junction of the two DNA

fragments, separated by 55 kb in standard EBY. Of the 9

tumors, 2 (nos. I and 9) contained rearranged WZhet DNA as

evidenced by PCR products that hybridized to both Z- and W

specific oligonucleotide probes (figure 3). WZhet DNA se

quences were not detected in the remaining 7 patient samples

Eco RI

Nhet

Dhet

A

E H C

\ II I
GB

B

III I I
E eZ R K

I I I I I I I I I I I I II I
C wwwwWWWWWWWYH

I J A

I I I

Bam HI

Eco RI Bam HI BamHI BamHI Bam HI BamHI Bam HI BamHI BamHI Bam HI Eco RI Eco RI

I C W Y H M S Z R K C Dhet

Tumor #7 + + + + + + + + + + + +

Tumor #8 - - + + + + + + + + +* -

Tumor #9 - - +* - - - - +* - - +* -

Figure 2. Integrity ofEBV genome in 3 sporadic Burkitt's lymphomas: hybridization patterns of tumor DNA (below) in relation to restriction

map of standard EBV genome [22] (above). Tumor 7 contained standard EBV episomes; tumor 8 carried EBV DNA deleted for end sequences

that is consistent with integration; tumor 9 had rearranged, deleted viral DNA. -l-, present; -, not detected; * abnormal-molecular-weight band

compared to standard EBV restriction fragment.
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Figure 3. Defective (WZhet) EBVDNA
in sporadic Burkitt's lymphomas. Poly
merase chainreaction amplification strat
egy based on organization of 16-kb cen
tral palindrome of WZhet EBV DNA
(top) [32] yielded 268-bp products from
tumors 9 and I. On Southem blotanalysis
(bottom), eachcontained abnormally jux
taposed Wand Z sequences (see restric
tion map [figure 2] for organization of
prototype genome) when hybridized to
32P_Iabeled W- andZ-specific oligonucle
otides. P3HR-I cellular clone 5 contains
WZhet DNA plus nontransforming EBV
strain; P3HR-I cellularclone 16 contains
only nontransforming EBV without
WZhet DNA.

268 bp

PaHR1

clone 5

W probe

#9

II

II

#1

M S c'd'd Z W W W Z d d'c' S M
I I II IIW_1-.... <r~ .... ....

.... .... .... .. .... .... .... ....

Z probe

PaHR1

clone 16

,,'}YI/
;;;;;;;

;;;;;

probe z w z w z w z w

(not shown) or in the negative control, P3HR-l cellular clone

16 (figure 3).

Expression of viral proteins. Of 9 tumors, only the

specimen that contained EBV episomes expressed EBNAI

when examined by immunofluorescent staining and immu

noblot techniques (figure 4A, B). Notably, tumor 8, which

retained the EBNA1-encoding BamHI K DNA fragment but

lacked terminal sequences that regulate latent gene expres

sion [33] (figures 1 and 2), did not express EBNAl. The

lytic protein BZLFI was not detected in any of the 4 tumors

with EBV DNA, including those containing WZhet DNA

(figure 4C).

Discussion

Primary B lymphocytes immortalized by EBV harbor multiple

episomal copies of the EBV genome and express six nuclear

antigens and three membrane proteins, most of which have

been shown to be critical for growth transformation [33]. By

contrast, only EBNAI (which appears to have no intrinsic

growth-enhancing potential but is required for episome mainte

nance) [34, 35] is expressed in virus-associated BL tumors

[36]. Thus, viral genes critical to growth transformation and

proliferation of primary B cells (and perhaps to initial steps of

the oncogenic process) appear nonessential for maintenance of

the malignant phenotype.

Our findings now suggest that the viral genome itself may

be dispensable at some stage of tumor development. We de-

tected EBV DNA evidence in 3 of 8 sporadic BL tumors that

would otherwise be classified as virus-negative by standard

criteria. Presence of EBV DNA in clinical samples without

detectable viral antigen expression (to include EBNAl) has

not been previously reported [37]. That viral sequences we

identified might represent infiltration of the tumor mass with

EBV-infected lymphocytes or denote secondary infection of a

subset ofEBV-negative tumor cells seems unlikely. Circulating

B cells carry prototype EBV genomes, heterogeneous primarily

with respect to number of terminal repeats. Detection solely

of integrated or rearranged WZhet viral sequences is inconsis

tent with either polyclonal lymphoid infiltration or de novo

infection of the tumor mass with a mixed virion population

and may reflect susceptibility ofEBV DNA to recombinogenic

processes underlying chromosomal translocations and cellular

genomic instability.

Although observed in vitro [21, 38-41], integration ofEBV

into cellular DNA has been assumed to occur rarely in natural

disease states [42,43]. Our examination of sporadic BL lacking

EBV episomes removed the technical difficulty of detecting a

single integrated sequence against the background of a high

episomal copy number and suggests an approach to a system

atic search for EBV integration. Indeed, selection of cell lines

specifically for low episomal copy number facilitated the dem

onstration of coexistent integrated EBV [44]. With increasing

evidence to suggest that cellular recombination machinery is

usurped for essential needs of the virus [45, 46], EBV integra-
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Figure 4. Lack of viral antigen expression in tumors with integrated, rearranged EBV DNA. Granular pattern of immunofluorescent staining

characteristic of EBV nuclear antigen I (EBNAI) was detected with monoclonal antibody in tumor containing EBV episomes (A, tumor 7),

not in tissue that retained the EBNA I-encoding BamHI fragment as integrated DNA (tumor 8). Similarly, immunoblots probed with antibodies

to EBNAI (B) or BZLFI (C) did not show proteins in tumors bearing incomplete EBV genomes (1, 8, 9). Double EBNAI band (B, tumor

7) may represent partially degraded protein. IB4 and B95-8 are EBV-infected cell controls. Akata (-) is latently infected Burkitt's lymphoma

cell line induced into lytic cycle (+) by treatment with anti-human immunoglobulin as described [8].

tion and intragenomic rearrangement [43, 47], as found in these

tumors, may be patterned mechanistically after comparable cel

lular processes [48, 49].

The presence of WZhet EBV DNA without the prototype

genome has not been previously observed in vitro [24, 25]

or in vivo [19,50,51]. Components ofWZhet DNA, visible

on Southern blot, were confirmed by separate PCR tech

niques that amplified sequences in the BZLFI ORF as well

as across abnormally juxtaposed Wand Z fragments. Pre

sumably dependent on standard EBV for replication [52],

the defective genome would not be maintained in cells lack

ing helper virus unless integrated, which the abnormally

sized DNA bands (tumor 9, figure 1B) imply has occurred.

Detection of the defective genome unaccompanied by stan

dard EBV implies it is both infectious [52] and intrinsically

pathogenic. Alternatively, intracellular generation of WZhet

may have induced the loss of the parental virus, an interpreta

tion consistent with the experimental reduction of EBV epi

somal copy number by transfection of the BZLFI gene into

latently infected cells [53]. Although we could not demon-
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strate BZLF1 protein in the tumors examined, expression

may have preceded integration.

The less-than-complete association of EBV with BL has

made the virus's contribution to this disease unclear. Either

factors other than EBV are responsible for tumorigenesis or,

as our findings now suggest, EBV DNA may in some instances

be lost after tumor initiation. Unlike other human DNA viruses,

for which support for "hit-and-run" mechanisms of viral onco

genesis rests largely on negative evidence [5], EBV has both

well-known oncogenic potential and an irregular association

with tumors of common histologic type. Viral DNA footprints

in a subset of BL tumors expands the scope of EBV participa

tion in this disease and implies that EBV DNA recombination

and loss, previously observed in cultured lymphocytes, may

also operate in human disease processes.

Acknowledgments

We thank Fred Behm (Department of Pathology, S1. Jude Chil

dren's Research Hospital) for tumor material, Clayton Naeve for

synthetic oligonucleotides, and Pam Shirley for technical assis

tance.

References

1. Young LS. Epstein-Barr virus: general features. In: Webster RG, Granoff

A, eds. Encyclopedia of virology. San Diego: Academic Press,

1994:404-10.

2. Pagano JS, Huang CH, Levine P. Absence of Epstein-Barr viral DNA in

American Burkitt's lymphoma. N Engl J Med 1973;289:1395-9.

3. Weiss LM, Movahed LA, Warnke RA, Sklar J. Detection of Epstein-Barr

viral genomes in Reed-Sternberg cells of Hodgkin's disease. N Engl J

Med 1989;320:502-6.

4. Shimizu N, Tanabe-Tochikura A, Kuroiwa Y, Takada K. Isolation of

Epstein-Barr virus (EBV)-negative cell clones from the EBV-positive

Burkitt's lymphoma (BL) line Akata: malignant phenotypes ofBL cells

are dependent on EBV. J Viroll994;68:6069-73.

5. Galloway DA, McDougall JK. The oncogenic potential of herpes simplex

viruses: evidence for a 'hit-and-run' mechanism. Nature 1983; 302:

21-4.

6. Pulvertaft RJV. Cytology ofBurkitt's tumour (African lymphoma). Lancet

1964; 1:238-40.

7. Rabson M, Heston L, Miller G. Identification of a rare Epstein-Barr virus

variant which enhances early antigen expression in Raji cells. Proc Natl

Acad Sci USA 1983;80:2762-6.

8. Takada K. Cross-linking of cell surface immunoglobulins induces Epstein

Barr virus in Burkitt lymphoma lines. Int J Cancer 1984;33:27-32.

9. Miller G, Robinson J, Heston L, Lipman M. Differences between labora

tory strains of Epstein-Barr virus based on immortalization, abortive

infection, and interference. Proc Natl Acad Sci USA 1974;71:

4006-10.

10. King W, Thomas-Powell AL, Raab-Traub N, Hawke M, KieffE. Epstein

Barr virus RNA: V. Viral RNA in a restringent!y infected, growth

transformed cell line. J Virol 1980:36:506-18.

II. Reedrnan BM, Klein G. Cellular localization of an Epstein-Barr virus

(EBV)-associated complement-fixing antigen in producer and non-pro

ducer Iymphoblastoid cell lines. Int J Cancer 1973; II :599-620.

12. Young LS, Lau R, Rowe M, et al. Differentiation-associated expression

of the Epstein-Barr virus BZLFI transactivator protein in oral hairy

leukoplakia. J Viroll991;65:2868-74.

13. Wrightham MN, Stewart JP, Janjua NJ, et al. Antigenic and sequence

variation in the C-terminal unique domain of the Epstein-Barr virus

nuclear antigen EBNA-1. Virology 1995;208:521-30.

14. Sample C, Parker B. Biochemical characterization of Epstein-Barr virus

nuclear antigen 3A and 3C proteins. Virology 1994;205:534-9.

15. Maniatis T, Fritsch EF, Sarnbrook J. Molecular cloning: a laboratory man

ual. 2nd ed. Vol 2. Cold Spring Harbor, NY: Cold Spring Harbor

Laboratory, 1989:9.31-58.

16. Feinberg AP, Vogelstein BA. A technique for radiolabeling DNA restric

tion endonuclease fragments to high specific activity. Anal Biochem

1983; 132:6-13.

17. Raab-Traub N, Flynn K. The structure of the termini of the Epstein-Barr

virus as a marker of clonal cellular proliferation. Cell 1986;47:883-9.

18. McCracken S. Preparation ofRNA transcripts using SP6 RNA polymerase.

Focus (Bethesda Research Laboratories) 1985; 7:5.

19. Patton DF, Shirley P, Raab-Traub N, Resnick L, Sixbey JW. Defective

viral DNA in Epstein-Barr virus-associated hairy leukoplakia. J Virol

1990; 64:397 -400.

20. Jenson HB, Miller G. Polymorphisms of the region of the Epstein-Barr

virus genome which disrupts latency. Virology 1988; 165:549-64.

21. Trivedi P, Cuomo L, de Campos-Lima PO, et al. Integration of a short

Epstein-Barr virus DNA fragment in a B95-8 virus converted Burkitt

lymphoma line expressing Epstein-Barr nuclear antigens EBNA2 and

EBNA5. J Gen Viroll993;74:1393-8.

22. Speck SH, Strominger JL. Transcription of Epstein-Barr virus in latently

infected, growth-transformed lymphocytes. Adv Viral Oncol 1989;

8:136.

23. Miller G, Rabson M, Heston 1. Epstein-Barr virus with heterogeneous

DNA disrupts latency. J ViroI1984;50:174-82.

24. Cho MS, Bornkamm GW, zur Hausen H. Structure of defective DNA

molecules in Epstein-Barr virus preparations from P,HR-I cells. J Virol

1984; 51:199-207.

25. Rabson M, Heston L, Miller G. Identification of a rare Epstein-Barr virus

variant that enhances early antigen expression in Raji cells. Proc Natl

Acad Sci USA 1983;80:2762-6.

26. Countryman J, Miller G. Activation of expression of latent Epstein-Barr

herpesvirus after gene transfer with a small cloned subfragment of

heterogeneous viral DNA. Proc Natl Acad Sci USA 1985;82:4085-9.

27. Grogan E, Jenson H, Countryman J, Heston L, Gradoville L, Miller G.

Transfection of a rearranged viral DNA fragment, WZ het, stably con

verts latent Epstein-Barr viral infection to productive infection in

lymphoid cells. Proc Natl Acad Sci USA 1987;84:1332-6.

28. Rooney C, Taylor N, Countryman J, Jenson H, Kolman J, Miller G.

Genome rearrangements activate the Epstein-Barr virus gene whose

product disrupts latency. Proc Nat! Acad Sci USA 1988;85:9801-5.

29. Takada K, Shimizu N, Sakuma S, Ono Y. trans-activation of the latent

Epstein-Barr virus (EBV) genome after transfection of the EBV DNA

fragment. J Virol 1986;57:1016-22.

30. Chevallier-Greco A, Manet E, Chavrier P, Mosnier C, Daillie J, Sergeant

A. Both Epstein-Barr virus (EBV)-encoded trans-activating factors,

EB I and EB2, are required to activate transcription from an EBV early

promoter. EMBO J 1986;5:3243-9.

31. Zhang Q, Gutsch D, Kenney S. Functional and physical interaction be

tween p53 and BZLFI: implications for Epstein-Barr virus latency. Mol

Cell Bioi 1994; 14:1929-38.

32. Jenson HB, Farrell PJ, Miller G. Sequences of the Epstein-Barr virus

(EBV) large internal repeat form the center of a 16-kilobase-pair palin

drome of EBV (P3HR-I) heterogeneous DNA. J Virol 1987;61:

1495-506.

33. Sample J. Epstein-Barr virus: molecular biology. In: Webster RG, Granoff

A, eds. Encyclopedia of virology. San Diego: Academic Press, 1994:

410-6.

34. Yates J, Warren N, Reisman D, Sugden B. A cis-acting element from the

Epstein-Barr virus genome that permits stable replication of recombi

nant plasmids in latently infected cells. Proc Natl Acad Sci USA

1984;81 :3806-10.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jid
/a

rtic
le

/1
7
3
/3

/5
2
9
/8

8
0
6
4
5
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



JID 1996; 173 (March) EBV DNA in Sporadic Burkitt's Lymphoma 535

35. Rawlins DR, Milman G, Hayward SD, Hayward GS. Sequence-specific

DNA binding of the Epstein-Barr virus nuclear antigen (EBNA-I) to

clustered sites in the plasmid maintenance region. Cell 1985;42:

659-68.

36. Rowe D, Rowe M, Evan G, Wallace L, Rickinson A. Restricted expression

ofEBV latent genes and T-Iymphocyte-detected membrane antigen in

Burkitt's lymphoma cells. EMBO J 1986;5:2599-607.

37. Reisman D, Sugden B. An EBNA-negative, EBV-genome-positive human

lymphoblast cell line in which superinfecting EBV DNA is not main

tained. Virology 1984; 137:113-26.

38. Matsuo T, Heller M, Petti L, O'Shiro E, Kieff E. Persistence of the entire

Epstein-Barr virus genome integrated into human lymphocyte DNA.

Science 1984;226:1322-5.

39. Hurley EA, Agger S, McNeil JA, et al. When Epstein-Barr virus persis

tently infects B-cells, it frequently integrates. J Virol 1991; 65:

1245-54.

40. Hurley EA, Klaman LD, Agger S, Lawrence JB, Thorley-Lawson DA.

The prototypical Epstein-Barr virus-transformed Iymphoblastoid cell

line is an unusual variant containing integrated but no episomal viral

DNA. J Virol 1991;65:3958-63.

41. Gualandi G, Santolini E, Calef E. Epstein-Barr virus DNA recombines via

latent origin of replication with the human genome in lymphoblastoid

cell line RGNI. J ViroI1992;66:5677-81.

42. Gulley ML, Raphael M, Lutz CT, Ross DW, Raab-Traub N. Epstein-Barr

virus integration in human lymphomas and lymphoid cell lines. Cancer

1992;70:185-91.

43. Lee ES, Locker J, Nalesnik M, et al. The association of Epstein-Barr virus

with smooth-muscle tumors occurring after organ transplantation. N

Engl J Med 1994;332:19-25.

44. Delecluse HJ, Bartnizke S, Hammerschmidt W, Bullerdiek J, Bornkamm

GW. Episomal and integrated copies of Epstein-Barr virus coexist in

Burkitt lymphoma cell lines. J Viroll993;67:1292-9.

45. Sun R, Spain TA, Lin SF, Miller G. Autoantigenic proteins that bind

recombinogenic sequences in Epstein-Barr virus and cellular DNA. Proc

Natl Acad Sci USA 1994;91:8646-50.

46. Zimmermann J, Hammerschmidt W. Structure and role of the terminal

repeats of Epstein-Barr virus in processing and packaging of virion

DNA. J Viroll995;69:3147-55.

47. Walling DM, Raab-Traub N. Epstein-Barr virus intrastrain recombination

in oral hairy leukoplakia. J Viroll994;68:7909-17.

48. Kuhn-Hallek I, Sage DR, Stein L, Groelle H, Fingeroth JD. Expression

of recombination activating genes (RAG-I and RAG-2) in Epstein-Barr

virus-bearing cells. Blood 1995;85:1289-99.

49. Srinivas SK, Sixbey JW. Epstein-Barr virus induction of recombinase

activating genes RAGI and RAG2. J Virol 1995;69:8155-8.

50. Patton DF, Ribeiro RC, Jenkins JJ, Sixbey JW. Thymic carcinoma with a

defective Epstein-Barr virus encoding the BZLFI trans-activator. J In

fect Dis 1994; 170:7-12.

51. Gan YJ, Shirley P, Zeng Y, Sixbey JW. Human oropharyngeal lesions

with a defective Epstein-Barr virus that disrupts viral latency. J Infect

Dis 1993; 168:1349-55.

52. Miller G, Heston L, Countryman J. P3HR-I Epstein-Barr virus with hetero

geneous DNA is an independent replicon maintained by cell-to-cell

spread. J Virol 1985;54:45-52.

53. Takada K, Ji Z, Fujiwara S, Shimizu N, Tanabe-Tochikura A. Partial

elimination of Epstein-Barr virus plasmids from Burkitt's lymphoma

cells by transfecting the BZLFI gene. J Virol 1992; 66:5590-3.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jid
/a

rtic
le

/1
7
3
/3

/5
2
9
/8

8
0
6
4
5
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2


