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ABSTRACT 

Epstein Barr Virus (EBV) is a human herpesvirus that infects most of the worldôs adult 

population. It is associated with several malignancies including Burkitt lymphoma and 

nasopharyngeal carcinoma. EBV infects B cells and establishes a latent life cycle as an 

extra-chromosomal plasmid or produces mature virions by undergoing lytic replication. 

We show that EBV is present in some multiple myeloma cell lines and patients and when 

present, it is detected in a subpopulation of cells. Previous investigators, noting the 

phenotypic heterogeneity of clonal myeloma cell lines, have presented evidence that cells 

with a plasma cell-like phenotype develop from cells with a B cell-like phenotype in 

culture and that a similar process may occur in patients.  

In this report, we present evidence that EBV persists in a phenotypically distinct cellular 

fraction. We have investigated cells with a cancer stem cell-like mature B cell phenotype 

in the peripheral blood of patients with multiple myeloma (MM) and in MM cell lines.  

We investigated in tissue culture and found that in commonly studied MM cell lines 

(MM.1S, RPMI-8226, NCI-H929, KMS-11), EBV was also present, but almost 

exclusively in the subpopulation of cells with a mature B cell phenotype. Limiting 

dilution analysis shows that the frequency of cells that harbor EBV in these lines was less 

than 1 in 100. However, the presence of rare EBV infected cells was confirmed by 

fluorescence in situ hybridization and immunofluorescence for viral nuclear antigens.  

Gene expression of EBV nuclear antigen (EBNA) ï 1 and 2 as well as latency membrane 
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protein (LMP)-2 was detected by RT-PCR and confirmed by immunofluorescence.  The 

subpopulation of cells that harbor virus were phenotypically distinct CD19
+
CD138

- 
cells. 

Blocking plasma cell differentiation led to a higher frequency of CD19
+ 
B cells and 

subsequently an increased frequency of EBV infected cells, thereby confirming that in 

MM, EBV was harbored in the B cell-like population. Introduction of a dominant 

negative inhibitor of the EBV latency protein EBNA-1 affected cell growth kinetics in 

EBV(+) MM cells but not in EBV(-) cell lines. These results suggest that in some MM 

cell lines, EBV is harbored in a B cell-like progenitor fraction that may overlap with the 

putative cancer stem cell fraction. EBV may be lost during differentiation to plasma cells.  

Treatment with antiviral drugs like acyclovir stabilized EBV viral copy number over 

months showing that the virus was present in a latent plasmid form. Targeting the EBNA-

2 protein function slowed down the growth kinetics of the myeloma cell lines that were 

EBV positive. 

Knock down of a pro-differentiation transcription factor (XBP-1) led to an increase in the 

frequency of EBV-infected cells. Expression of a transdominant inhibitor of latency viral 

replication and segregation was accompanied by a slowing of cell growth as measured by 

doubling time in myeloma cell lines that harbor EBV but not in cell lines lacking the virus 

consistent with the interpretation that the viral genome plays an important role in the 

growth kinetics of the MM cell lines in which it is found. Eviction of the EBV nuclear 

plasmid or inhibition of EBV-growth signaling slows the growth of the culture as a whole 

consistent with the possibility that EBV plays a role in maintaining the growth of MM 

cancer stem cells.  
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In peripheral blood lymphocytes from MM patients, EBV DNA is enriched 10 fold in 

aldehyde dehydrogenase (ALD) rich-mature memory B cells (CD20+CD27+) expressing 

the same light chain type as malignant plasma cells, and enriched approximately 100 fold 

over the CD19+ peripheral B cell population. The presence of EBV was confirmed 

CD20+CD27+ALD
high

 cells by quantitative PCR for EBV DNA and 

immunofluorescence. In contrast EBV is absent from these patients plasma cells. The 

phenotypic characteristics of this CD20+CD27+ALD
high

 fraction overlap with the 

putative cancer stem cell fraction. These results taken together suggest a new model of 

EBV associated multiple myeloma. 
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INTRODUCTION  

Epstein-Barr virus (EBV), one of eight human herpesviruses, infects over ninety percent 

of humans and maintains infection throughout the lifetime of the person. EBV is a 

gamma herpesvirus and is considered to be one of the most successful human parasites. 

EBV has been associated with several diseases including infectious mononucleosis, 

cancers and autoimmune diseases 1, 2. EBV is an archetype for human tumor viruses and 

was the first virus to be associated with cancers. EBV was discovered by M. Anthony 

Epstein, Bert Achong and Yvonne Barr in 1964 using electron microscopy 3 on cells 

isolated from a Burkitt lymphoma tissue sample.  Since then, EBV has been implicated in 

infectious mononucleiosis, nasopharyngeal carcinoma, non-Hodgkins lymphoma, AIDS 

related malignancies, and several other malignancies 1, 4.  

EBV genome 

EBV is designated as human herpesvirus 4 (HHV-4).  The EBV genome consists of 172 

to 184 kilobase pairs of double stranded DNA 5 .The virus exists in a latent plasmid form 

in infected cells or a lytic form which leads to production of infectious virions 3. 

EBV virions have linear double stranded genomes that encode nearly 100 proteins. The 

EBV genome is surrounded by a nucleocapsid consisting of 1 major capsid protein and 6 

capsid proteins. The nucleocapsid is surrounded by a protein tegument which in turn is 

surrounded by a viral envelope consisting of glycoproteins. These glycoproteins are 

important for host-receptor recognition and cell tropism 6. 
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There are two subtypes of EBV: type-1 and type-2 differ from each mainly in the 

sequence of EBNA-2 and EBNA-3A, 3B and 3C sequences 78. EBV type-1 is 

predominant in the Western hemisphere and Southeast Asia whereas both the types are 

equally prevalent in Africa 9 10 . 

Latent EBV infection 

In vitro, EBV infects B-cells. Some of the infected cells are driven to constant 

proliferation and are said to be immortalized 3. In vivo, initial EBV infection occurs in the 

oropharynx. EBV is transmitted through saliva and infects tonsillar tissue11. Although 

EBV infects lymphocytes and epithelial cells, the long term reservoir is believed to be in 

B lymphocytes 12. The viral glycoprotein, gp350, binds to the complement receptor, 

CD21, on B- cells 13 following which another viral protein, gp42, interacts with the B-cell 

major histocompatibility complex (MHC) class II molecules and triggers virus ïhost 

membrane fusion 14. In epithelial cells, the EBV BMRF-2 protein interacts with ɓ1 

integrins and the EBV envelope protein, gH/gL, triggers virus-cell fusion via integrin 

Ŭɜɓ6/8 interaction 15 13. The nucleocapsid containing the EBV genome is released into the 

cytoplasm following vesicular endocytosis of the virus and its subsequent fusion with the 

vesicular membrane. The genome is transported to the nucleus after dissolution of the 

viral nucleocapsid. In the nucleus, DNA polymerases aid viral replication. EBV 

establishes latency in memory B-cells 7. This is a quiescent state wherein EBV expresses 

very few viral proteins and does not produce any infectious virus particles. The number 

of EBV infected cells and the number of genomes per infected cell, also known as the 

viral load, is kept low by circulating cytotoxic T-cells 16.   
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EBV latency is classified into 4 types depending on the latent gene expression patterns. 

The viral genes expressed during the latent life cycle include six EBV nuclear antigens 

(EBNA), three latent membrane proteins (LMP), two EBV encoded RNAs (EBER) and a 

family of BamHI A transcripts (BART). EBNA-1 protein interacts with viral DNA and 

allows for EBV plasmid maintenance in B-cells17.  EBNA-2 up-regulates the expression 

of LMP-1, LMP-2 and cellular proteins that aid B-cell transformation and growth 1817. 

EBNA-3 subtypes A, B and C together regulate the expression of cellular genes 19. LMP-

1 has oncogenic properties 20. LMP-2 prevents lytic reactivation of EBV by blocking 

phosphorylation of a tyrosine kinase 21. The EBERs do not encode any proteins but may 

play a role in resistance to apoptosis or other properties relevant to oncogenesis 22. These 

genes are differentially expressed during the 4 types of latency programs.  Table 1 

summarizes the current latency classification system and the associated diseases.  

In latency I, only EBNA-1 and the EBERs are expressed whereas EBNA-1, the EBERs, 

LMP-1 and LMP-2 are expressed in latency II. In the third type, latency III, all the viral 

latency genes are expressed. Resting mature B-cells from healthy donors (the main EBV 

reservoir) infected with EBV show a fourth latency subtype in which only the EBERs and 

LMP-2 are detected 3.  

EBV Nuclear Antigen-1 (EBNA-1) 

 EBNA-1 is expressed in all latently infected proliferating cells. It is a crucial latent life 

cycle protein that is required for maintenance and replication of the EBV genome. 

EBNA-1 binds to the origin of plasmid replication (oriP) in a sequence specific manner 12 

The oriP is a  1.7 kbps long contiguous EBV DNA fragment that supports autonomous 
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extrachromosomal replication of the EBV genome 2312. EBNA-1 binds to oriP and recruits 

cellular DNA machinery and activates several viral promoters 24. EBNA-1 is separated 

into amino- and ïcarboxy terminal domains by a Glycine-Alanine (Gly-Ala) repeat 

sequence. This repeat sequence stabilizes the mature EBNA-1 protein by preventing its 

breakdown by the proteasome 7.  

EBV Nuclear Antigen-2 (EBNA-2) 

EBNA-2 plays a crucial role in the transformation of B-cells in vitro 7. EBNA-2 interacts 

with a sequence specific DNA binding protein, CS l1 (also known as CBF1 or RBP- ɱə) 

which leads to transcriptional activation of cellular genes such as CD23 and LMP-1 and 

LMP-2A 26 28 .  

Latent Membrane Protein 2 (LMP2) 

The LMP2 proteins LMP2A and LMP2B are not essential for EBV transformation in 

vitro 29. LMP2A expression abrogates normal B-cell development in transgenic mice 30. 

LMP-2A is capable of driving proliferation and survival of B-cells in the absence of the 

B-cell receptor (BCR) signaling. LMP-2A has been found to induce expression of genes 

involved in cell-cycle induction, immune evasion and inhibition of apoptosis 7.  

EBV lytic replication  

Rare infected cells in a population can undergo spontaneous or exogenously induced lytic 

reactivation 12. Chemical agents like anti-immunoglobulin (anti-IgG), phorbol esters, 

sodium butyrate (NaB) and trichostatin A (TSA) 3, and 5-aza-2ô-deoxycytidine (5-Aza) 

increase lytic gene expression. Anti-IgG activates the B-cell receptor by crosslinking of 
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cell surface immunoglobulins32. Phorbol esters like 12-O-tetradecanoylphorbol-13-acetate 

(TPA) are protein kinase C (PKC) agonists 33and NaB and TSA are histone deacetylase 

(HDAC) inhibitors 34. 5-Aza is a DNA methyltransferase inhibitor 35. ER stress inducers 

like thapsigargin and bortezomib also induce lytic reactivation 3536.  

Lytic gene expression is tightly controlled.  Three phases of expression are recognized: 

immediate early (IE), early (E) and late (L). The IE genes are BZLF1 and BRLF1. These 

immediate early genes are transactivators that are transcribed even in the presence of 

protein synthesis inhibitors 37. These genes activate the expression of early and then late 

EBV genes. The majority of early genes are required for viral DNA replication and 

evasion of cellular immune response.  Late genes products are mainly structural proteins 

that are expressed after viral DNA synthesis 38.  This sequence and nomenclature of gene 

expression was determined using DNA replication inhibitors such as phosphophonoacetic 

acid. The delayed early viral genes can be expressed in the presence of viral DNA 

replication inhibitors but not in the presence of protein synthesis inhibitors. The late viral 

genes cannot be expressed in the presence of inhibitors of viral DNA polymerase. 

Expression of Zta protein is sufficient to trigger the lytic gene signaling cascade and its 

expression is often monitored as an indicator of lytic activation 39.   

ZTA   

The BZLF1 gene encodes for Zta protein (also denoted as Z, ZEBRA or EB-1). It is a 

basic leucine zipper (bZIP) transcription factor and acts as a dimer in its DNA-bound and 

unbound forms 21, 40. The ZTA promoter (Zp) contains many transcription factor binding 

sites that coordinate Zp activation in response to lytic inducers. The factors that mediate 
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Zp activation or transcription include CCAAT-box/enhancer binding protein (C/EBP), 

activator protein (AP) 1, myocyte enhancer factor 2D (MEF2D), cAMP-response element 

binding protein (CREB) as well as ZTA itself. ZTA binds to promoters containing the 

ZTA-responsive elsement (ZRE). Once ZTA is expressed , it binds to its own promoter 

and activates the another EBV immediate early transcription factor, RTA.  

RTA  

RTA is encoded by the gene BRLF1 that contains the ZRE binding site 41. ZTA and RTA 

then synergistically activate transcription of downstream lytic genes. ZTA also acts as a 

replication factor by binding to the ZRE consensus binding sites in the origin of 

replication (oriLyt) 12. The oriLyt-ZTA interaction is required for replication of the EBV 

genome.  

The cell transcription factor XBP-1 plays a key role in the production of plasma cells 42 

and was found to contribute to regulation of the activity of the Zp promoter, from which 

BZLF1 is expressed 43 
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 EBV ïassociated diseases Burkitt lymphoma 

 EBV was discovered using tumor cells isolated from Burkitt lymphoma (BL)3. The 

oncogene c-myc has a reciprocal translocation in an immunoglobulin gene that is a 

hallmark of the cancer. 4546, 47. In African BL virtually every tumor is EBV-associated. 

The great majority of tumor cells harbor viral genomes 48. EBNA-1 is the only latent gene 

expressed in BL. EBV evades elimination via immune response by restricting its 

expression in a non-immunogenic B-cell 49.  

B cell environment 

EBV is found in the germinal center B-cells and persists in the memory B-cells. 

Immature B-cells originate in the bone marrow.  B cells can develop into memory B cells 

and memory plasma cells (PCs).  Human memory B cells are predominantly identified by 

surface expression of CD27. Mutated immunoglobulin sequences are found almost 

exclusively in CD27
+
 B cells in humans 50. In particular, CD27 is induced on B cells as 

they enter as well as leave germinal centers (GCs). B-cell survival can also be achieved 

by infection with EBV. Infected cells overcome insufficient or unstable availability of the 

extrinsic ligands required for stimulation of B-cell receptor (BCR) or BAFF-R (B-cell 

activating factor) by inducing the expression of viral surrogate receptors on the B-cell 

surface such as latent membrane protein-1 (LMP-1) and LMP-2a 30. LMP-2a can 

substitute for BCR signaling 30and LMP1 mimics signals received normally via CD40 

increasing proliferation 30, 51 and survival 52 of infected B cells. Reactivated memory B 



 

8 

 

cells can differentiate into large antibody-secreting PCs53. Human PC can be identified by 

an upregulation of surface markers such as CD38 and CD27 and a concomitant 

downregulation of CD20 54. Mature plasma cells express CD138 on their surface.   

Multiple Myeloma  (MM)   

MM is a neoplasm that is characterized by malignant plasma cells55. MM accounts for 1% 

of all cancers and is the second most common hematologic malignancy55. The diagnosis 

of myeloma is based on the presence of clonal bone plasma cells in bone marrow 

(making up at least 10% of marrow cells) and/or other evidence of clonal plasma cells 

such as the presence of clonal immunoglobulin molecules in serum and urine. Over the 

last few years, evidence has emerged suggesting the presence of cancer stem cells (CSCs) 

that resemble mature B lymphocytes as being responsible for myeloma initiation and 

maintenance 56, 57. The scientific relevance of the cancer stem cell theory is based on both, 

the existence of a hierarchically organized, self renewing malignant progenitor cells 

within each tumor as well as studies showing that their drug resistance may account for 

the high frequency of relapse that renders myeloma mostly incurable in spite of the 

options of several cytotoxic drugs 56.  

The research presented in this dissertation suggests that EBV persists in cancer stem cells 

in MM patients and in four out of seven commonly studied MM cell lines. The 

phenotypic characteristics of this fraction overlap with the putative cancer stem cell 

fraction. Knock down of a pro-differentiation transcription factor (XBP-1) leads to an 

increase in the frequency of EBV-infected cells. Expression of a trans-dominant inhibitor 

of latency viral replication and segregation was accompanied by a slowing of cell growth 
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as measured by doubling time in myeloma cell lines that harbor EBV but not in cell lines 

lacking the virus consistent with the interpretation that the viral genome plays an 

important role in the growth kinetics of the MM cell lines in which it is found. 
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Table 1 EBV latency patterns and disease associations 3 

Latency 

Type 

EBNA-

1 

EBNA-

2 

EBNA-

3 

LMP -

1 

LMP -

2 

EBER Associated Disease 

I + - - - - + Burkitt lymphoma 

II  + - - + + + Nasopharyngeal 

carcinoma, Hodgkin 

Disease, peripheral T-

cell lymphoma 

III  + + + + + + Lymphoproliferative 

disease, infectious 

mononucleosis 

Other ± - - - + + Healthy carrier 
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CHAPTER 1: EBV IS PRESENT IN A SUBPOPULATION OF CELLS IN 

MULTIPLE MY ELOMA  

SUMMARY  

Esptein Barr virus is a gamma-herpesvirus that is associated with several malignancies. It 

has been shown to be associated with lymphomas like Burkitt, Hodgkin, peripheral T 

cell/NK cell lymphomas; B cell lymphoproliferative disease; and, gastric and 

nasopharyngeal carcinomas. EBV primarily infects naïve B cells and establishes a latent 

infection in resting memory B cells. Multiple myeloma is a neoplasm of the plasma cells 

that has not been previously shown to be associated with EBV. Plasma cells are 

terminally differentiated B cells. We identified EBV in 4 out of 7 multiple myeloma cell 

lines. We used quantitative real time PCR to show that in the EBV-associated MM cell 

lines, EBV was present at less than 1 copy per cell. This was unlike other EBV-positive 

tumor cell lines wherein the virus is present in the great majority of cells, typically in 

multiple copies. We found that EBV was present in only a subpopulation of cells using 

limiting dilution analyses. We quantified EBV frequency and copy number per infected 

cell in the EBV-positive myeloma cell lines using quantitative PCR and Poisson analysis. 

In the cells that harbor virus, the genome is present in multiple copies. We confirmed the 

limiting dilution PCR data using fluorescence in situ hybridization (FISH) techniques to 

identify cells with the EBV genome. We similarly confirmed the presence of virus in rare 

cells by immunofluorescence to show the presence of viral latency antigens in rare cells.   
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INTRODUCTION  

EBV is a human herpesvirus that affects 90% of the worldôs adult population. The 

infection with EBV is benign in acute stages and latent in chronic stages. However in 

some cases, EBV has been demonstrated to be involved in the development of many 

malignancies, both hematologic and epithelial. The first association was with endemic 

Burkitt lymphoma. Subsequently other lymphomas like Hodgkin and non-Hodgkin 

lymphomas as well as epithelial malignancies like nasopharyngeal carcinoma and gastric 

carcinoma have been classified as EBV associated malignancies. AIDS-associated 

lymphomas and post-transplant lymphoproliferative disease have also been shown to be 

associated with EBV16.  The relatively low incidence of EBV-related tumors compared to 

the high prevalence rate of EBV infection shows that there are many factors that 

contribute to EBV tumorigenesis, not just persistent EBV infection. EBV has a biphasic 

life cycle: latent and lytic. During latency, very few viral genes are expressed. The latent 

EBV genome can undergo spontaneous or externally induced lytic replication. In the lytic 

life cycle, the circular EBV genome becomes linear and expresses a cascade of viral 

genes that ultimately lead to the production of infectious virions. A full cascade of viral 

genes is transcribed during lytic replication cycle. Among these, the viral DNA 

polymerase is targeted by several antiviral agents such as acyclovir and ganciclovir3, 11.  

The cascade of EBV lytic gene expression follows a hierarchy. The lytic gene 

transactivator, ZTA (BZLF1, ZEBRA, Z) is the first protein to be expressed. ZTA serves 

as a transcription factor as well as a replication factor. ZTA activates transcription of 

other early and late viral genes. It also binds to the origin of lytic replication (ori-Lyt) 
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12{{30 Rennekamp,Andrew J. July 15, 2010}}The ZTA-Ori-Lyt interaction is required 

for EBV genome replication.  

Multiple myeloma is the second most common hematologic malignancy in the United 

States of America. It is recognized in part by the presence of clonal plasma cells. It 

remains incurable, although the results of chemotherapy have  markedly improved over 

the last decade. Molecular investigations of MM cell populations have shown that the 

malignant clones are not limited to cells with the plasma cell like phenotype but include a 

smaller population of cells with a mature B cell like phenotype. These have been 

identified as the putative cancer stem cells of MM55, 57.  

Thorley-Lawson, et al. investigated the role of EBV lytic induction in a multiple 

myeloma cell line system43. He used a MM cell line (that he found harbored EBV)  to 

show that EBV underwent lytic replication concurrently with B cell differentiation. He 

showed that a transcription factor, XBP-1 required for plasma cell differentiation 

activates an EBV lytic gene, ZTA which then sets off the cascade for lytic replication.  

EBV genome has been detected in cancer cell lines using a variety of techniques that 

include polymerase chain reaction (PCR) analysis, Southern hybridization and 

immunohistochemistry specific for EBV protein EBNA (i.e., EBV nuclear antigen)-1. In 

situ hybridization using a probe that detects the EBV-encoded RNAs (EBERs) is 

commonly used for localizing latent EBV in tissue samples58. EBV copy number is 

determined using standard DNA isolated from a unique Burkitt lymphoma cell line, 

Namalwa. This cell line has 2 copies of the EBV genome integrated in chromosome 122, 

45.  
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We wanted to investigate whether EBV was present in other commonly used multiple 

myeloma cell lines. We used the American Type Culture Collection (ATCC) for all the 

multiple myeloma cell lines. We conducted experiments to detect for EBV prevalence 

using quantitative PCR techniques. We quantified EBV copy number using laboratory 

standards. We performed limiting dilution analyses to calculate EBV frequency. In this 

report, we show that EBV is present in several commonly used multiple myeloma cell 

lines. When present, it persists in only rare cells of the cell line. We show here that EBV 

exists in a range of copy numbers in a subpopulation of some myeloma cell lines.  
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MATERIALS AND METHODS  

Cell lines 

MM.1S, RPMI-8226, NCI-H929, U266, KMS11, KMS12, MM.1R are human plasma 

cell lines derived from multiple myeloma. The panel of EBV associated Burkitt 

lymphoma (BL) cell lines include Namalwa, Raji and Akata. The virus genome is 

integrated in the human chromosome in Namalwa cells while Akata and Raji harbor the 

episomal form. Lymphoblastoid cell lines (LCLs) are EBV immortalized PBMCs. K562 

is an EBV negative human myeloid leukemia cell line. These cell lines were maintained 

in RPMI 1640 medium containing 10% fetal bovine serum, 100 units/mL penicillin, 100 

ɛg/mL streptomycin, and 100mM L-glutamine. Each of these cell lines tested negative 

for mycoplasma.  

DNA isolation and quantification of EBV viral load by quantitative PCR 

Genomic DNA was isolated used the QIAamp DNA micro kit (QIAGEN) according to 

the manufacturer's protocol. To detect EBV, BamH-W primers (fwd 5ǋ 

CCCAACACTCCACCACACC 3ô and rev 5ǋ TCTTAGGAGCTGTCCGAGGG 3ǋ), and 

the BamH-W fluorescent probe (5ǋ (FAM) CACACACTACACACACCCACCCGTCTC 

(BH1) 3ǋ) were used. EBV copy number was determined using DNA from the Namalwa 

cell line as standard. Each 20 ɛL of real-time qPCR reaction contained 1× SsoFast  

Probes SuperMix (Bio-Rad), a 250 nM concentration of each primer, a 200 nM 

concentration of the probe, and 2 ɛL of DNA. Thermocycling conditions were 95°C for 2 

minutes for 1 cycle and 95°C for 5 seconds and 60°C for 10 seconds for 40 cycles.  
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Limiting Dilution Analysis  

To measure the frequency of EBV positive cells in culture, a limiting dilution analysis 

was performed. Note that serial dilutions were never performed on cell extracts or DNA 

but always on cells. These were serially diluted to 1000, 500 and 100 cells/ml with 10 

replicates each. DNA was isolated separately from each dilution replicate. Quantitative 

real time PCR was carried out as described above. Poisson distribution analysis was used 

to calculate the frequency of EBV-infected cells using Poisson distribution software 

ELDA 59  

Fluorescence in situ hybridization  

The assay utilized a plasmid (pSL76, kindly provided by S.D. Hayward) that contained 

two copies of the BamHI-W repeat fragment (6.2 Kb insert) as EBV probe. DNA isolated 

from plasmid was directly labeled with Green-dUTP (Abbott Molecular) in a standard 

nick translation reaction. The labeled DNA was co-precipitated with salmon sperm DNA 

and the pellet was resuspended in 2X SSC containing 10% dextran sulfate and 50% 

formamide.  Cell cultures from cell lines, Namalwa, K562 and MM.1S were treated with 

hypotonic KCl (0.075 M) and fixed in Carnoyôs fixative (3:1 methanol: glacial acetic 

acid) and the cell suspension was dropped onto clean slides. Slides and probe were co-

denatured at 75 °C for 90 seconds and hybridization continued over night at 37 °C. Slides 

were washed in 2X SSC/0.3% NP-40 at 60 °C for 3 min and in two washes of 2X SSC at 

room temperature, 3 minutes each. The slides were counterstained with DAPI, air dried 

and mounted with Vectashield antifade under a coverslip. The slides were imaged under 
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Nikon Eclispse TE2000E confocal microscope using a Plan Apo 60x 1.4 oil-immersion 

objective and 0.5uM z-stacks. EZ-C1 was used software analysis. 
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RESULTS 

EBV is present in a subpopulation of some myeloma cell lines.  

We obtained 7 multiple myeloma cell lines from the American Type Culture Collection 

(ATCC®). We first wanted to determine if any of the commonly used cell lines were 

positive for EBV presence. We isolated DNA from 1 million cells of each of the multiple 

myeloma cell lines and Burkitt lymphoma cell lines, Akata and Namalwa. We also 

isolated DNA from lymphoblastoid cell lines (LCLs). We performed a quantitative PCR 

on the bulk DNA from all the cell lines. We quantified EBV copy number using 

laboratory standard DNA from Namalwa cells. Namalwa is a Burkitt lymphoma cell line 

that has 2 copies of the EBV genome integrated into chromosome 1p35. The viral 

genomes are separated by 340 kb of cellular DNA. Therefore, Namalwa always carries 2 

copies of EBV in every cell and is useful as a standard to calculate EBV copies in other 

cell line. Quantitative real time PCR on the cell lines confirmed previous results that 

Akata cells had the most EBV copies per cell. Akata cells harbored EBV in a range of 

100 to 200 copies per cell. These results are similar to previous reports from multiple 

labs. The presence of varying copy number over a broad range reflects the presence of 

latent viral genomes as well as occasional cells undergoing spontaneous lytic replication 

leading to much higher copy numbers. Real-time PCR analysis of DNA isolated from a 

panel of standard myeloma cell lines identified EBV DNA in 4 of 7 cell lines. However, 

the copy number was very low in every cell line tested as compared to the known EBV 

positive cell lines. The EBV(+)MM cell lines all carried less than 1 copy of EBV DNA 

per 200 cells (Table 1-1). 
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To determine the frequency of infected cells, limiting dilution analyses (LDA) was 

performed (Figure 1-1). Limiting dilution is useful to determine the frequency of cells 

having a particular trait in a mixed population of cells. In this case, we used it to 

determine the frequency of EBV infected cells. We first tested the suitability of this 

method by diluting EBV positive Akata cells with EBV-negative cells (K562) in the ratio 

of 1:500 to resemble a cell line with few EBV positive cells. We then performed limiting 

dilution analyses and PCR for EBV DNA per cell in the mixed (Akata-K562). Using 

Poisson distribution analysis, we found that in this mixed cell line, an EBV positive cell 

was present every 1 in every 400 cells which was close to the estimated dilution. The 

copy number per infected cell was 175 which was in the expected range for Akata cells. 

This validated the limiting dilution system. Limiting dilution analysis was performed on 

all the EBV positive myeloma cell lines.  

 

 As can be seen in Table 1, in the MM1S cell line, cells harboring EBV DNA was present 

at a frequency of 1 in 395. In other positive cell lines, EBV was present at even lower 

frequencies. In wells with 100 cells (the lowest dilution studied), EBV was not detected 

by PCR in most wells. In those where it was detected, Poisson probability considerations 

predicted that only a single infected cell should be present in most such wells. Therefore, 

we quantified copy number in these cells to provide an approximation of the numbers of 

EBV genomes per infected cell. In MM1S the median copy number was 33 viral genomes 

per infected cell.  
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Fluorescence in situ hybridization confirms presence of EBV DNA in MM cell lines 

We confirmed the presence of EBV genomes in the MM1S cell line in rare cells by 

fluorescence in-situ hybridization (FISH).  As can be seen in Figure 1-2, most cells in the 

MM1S cell line show no hybridization signal, but rare cells show many signals. In 

contrast, FISH of a Burkitt cell line Namalwa that carries 2 copies of the viral genome 

shows 1 or 2 closely spaced signals per cell 60 . Another Burkitt lymphoma cell line, 

Akata shows multiple EBV signals in almost every cell.  

 

Immunofluor escence confirms expression of EBV antigen in rare cells of MM cell 

lines 

We also checked for EBV nuclear antigen-1 (EBNA-1) expression in a representative 

myeloma cell line, MM.1S. Immunofluorescence shows EBNA-1 expression in rare cells 

in MM1S but no viral antigen expression in the great majority of cells as shown in Figure 

1-3.  
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Table 1-1 EBV is present in a subpopulation of some multiple myeloma cell lines 

 

 

 

 

 

 

 

 

 

 

ND: Not Detected; C.I.: Confidence Interval 

 

 

 

 

 

 

 

 

 

Cell line  EBV copies/µg 

DNA (EBV 

copies/cell) 

Frequency of 

infected cells (95% 

C.I.) 

Median EBV copies/  

infected cell ± S.D. 

MM.1S 3x10
4 
 (0.2) 1 in 395 (234-667) 33±1.9 

RPMI-8226 2x10
4 
(0.12) 1 in 648 (376-1115) 12±4.5 

NCI-H929 1.8 x10
4 
(0.11)

     
 1 in 565 (331-961) 22±8 

KMS-11 1.5 x10
4 
(0.09) 1 in 941 (521-1699) 10±3.7 

MM.1R ND ND ND 

KMS-12 ND ND ND 

U266 ND ND ND 
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A) 

 

B) 

 

C) 

 

 

Figure1-1. Schematic of limiting dilution analyses of MM.1S. EBV positive wells are 

indicated by green. 
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Figure 1-1 MM.1S cellular DNA was isolated from 10 replicates for each dilution. 

Quantitative ïPCR was performed for the BamW region of EBV for every well. A) When 

DNA from 1000 cells was present in each well, 9 out of 10 wells were positive for EBV. 

B) When DNA from 500 cells was present in each well, 7 out of 10 wells were positive 

for EBV. C)  When DNA from 100 cells was present in each well, 3 out of 10 wells were 

positive for EBV. Poisson distribution showed EBV was present in 1 in every 395 cells in 

the MM.1S cell line.  
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Figure 1-2 Fluorescence in situ hybridization to confirm presence of EBV in 

myeloma 
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Figure 1-2 Fluorescence in situ hybridization for EBV DNA shows the presence of EBV 

in rare cells of MM.1S myeloma cell line. Control cell line, Namalwa shows signal from 

2 copies of integrated EBV DNA signal in every cell. Burkitt lymphoma cell line, Akata 

shows multiple signals from EBV latent genomes in every cell. 
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Figure 1-3 Immunofluorescence shows EBNA-1 expression in rare cells in MM1S 
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Figure 1-3 Immunofluorescence for EBNA-1 antigen expression shows only rare cells 

positive for EBV. Majority of the cells were negative for any antigen expression. 
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DISCUSSION 

Multiple myeloma is the second most common hematological malignancy in the US. It 

has a high rate of relapse in spite of several drugs that are used currently for 

chemotherapy. This high rate of disease relapse suggests that the cells responsible for 

tumor regeneration are relatively drug resistant.  

This is the first report to show the presence of EBV in small subpopulations of cells in 

tumor cell lines. We used sensitive PCR techniques and limiting dilution to quantify EBV 

frequency and copy number present in rare cells of multiple myeloma cell lines (Table 1). 

We visually confirmed these results using fluorescence in situ hybridization (FISH) 

techniques.  

 EBV has been associated with a number of lymphoid malignancies, all of which harbor 

the virus in every cell of the tumor. Our results show that a subset of multiple myeloma 

cell lines is associated with EBV in a minority of the cell populations.  

The first evidence of a distinctive relationship between virus and tumor cell line was the 

result of quantitative PCR in combination with limiting dilution analysis which 

demonstrated that in these MM cell lines, viral genomes are present at less than one copy 

per cell. The rare cells that carry EBV had at least several copies (Table 1).  Copy 

number is stable over months in acyclovir. Taken together, this data suggests that the 

viral genome is maintained in these cell lines by latency replication and that the tiny 

percentage of cells that harbor virus are stably maintained over months or years. This is 

contrary to the present understanding of other well-characterized EBV-associated tumor 
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cell lines wherein multiple copies of the viral genomes are found to be present in every 

cell of the tumor.  
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CHAPTER 2: EBV IS PRESENT IN A PHENOTYPICALLY DISTINCT 

POPULATION OF CELLS IN MULTIPLE MYELOMA  

SUMMARY  

EBV is a human herpesvirus that latently affects the B cells of 90% of the worldôs adult 

population. EBV enters the host through the epithelial lining of the oropharynx and 

establishes a long term quiescent life cycle in the B cell population of the human host.  

B cells are lymphocytes involved in immune response to antigens. Immature B-cells are 

made in the bone marrow and then migrate to lymphoid tissue where they develop into 

memory B cells or plasma cells. The B-cells can be identified based on their surface 

markers some of which include CD19 and CD20. Plasma cells are identified by CD138 

expression on their surface. Previous reports have shown that multiple myeloma cells 

expressing memory B cell markers, CD19, CD20 and DCD27 give rise to clonogenic 

multiple myeloma growth in vitro and in transplanted mice 52 53. They concluded that 

these circulating clonotypic memory B cell populations within multiple myeloma plasma 

cells were the cancer stem cells.  

We confirmed the presence of a heterogeneous cell population within multiple myeloma 

cell lines using fluorescence activated cell sorting (FACS). These cells were positive for 

CD19 cell surface marker expression. Most of the myeloma cells were plasma cells that 

expressed CD138 on their surface. We used magnetic activated cell sorting technique 

(MACS) to separate out the CD19
+
CD138

-
 fractions from the CD19

-
CD138

+ 
fractions. 

We also found a dual positive CD19
+
CD138

+
 population. We saw that the CD19

+
CD138

- 
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B cell population comprised only a minority of the total cell population. The B cells were 

only 2.5% of the entire cell line. The plasma cells comprised 72% and the dual positive 

CD19
+
CD138

+ 
cells were around 25% of the cell line population. We performed limiting 

dilution analyses on all 4 of the positive myeloma cell lines. They followed the same 

trend. 

We then performed limiting dilution analyses on the sorted fractions of the myeloma 

cells. We found that even though the CD19
+
CD138

- 
population comprised only 2.5% of 

the cell line, EBV-infected cells were present at the highest frequency in this small 

subpopulation of cells. The frequency of  EBV-infected cells decreased as the cells 

became more plasma cell-like. This suggests that the rare cells that harbor the virus are B 

cell like and express CD19
+
CD138

- 
markers on their surface.  
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INTRODUCTION  

Several investigators have identified the presence of a phenotypically distinct cell 

population in multiple myeloma cell lines and patient samples 56. They showed evidence 

that several human cancers including multiple myeloma have functionally heterogeneous 

cells within the neoplasm that share biological features with normal adult stem cells 

including drug resistance, self regulation and self renewal. These cells are classified as 

cancer stem cells that are responsible for sustaining the tumor. They are highly 

clonogenic cell populations that can phenotypically recapitulate the tumor in cell lines 

and mouse models 55, 57, 61 

 In multiple myeloma, the existence of cancer stem cells was proposed several years ago 

62, 63. The exact nature of the myeloma stem cell and its relationship to normal plasma cell 

and B cell development has been elucidated by Matsui et al. They showed that clonotypic 

cells isolated from multiple myeloma patients and cell lines expressing normal B cell 

surface antigens were capable of producing myeloma in NOD/SCID mice upon 

transplantation. They showed the cancer stem cell fraction of multiple myeloma to have 

distinct B-cell properties. These stem like B cells differentiate to give rise to the 

neoplastic plasma cell in myeloma. The clonotypic cells express CD19, CD20 and CD27 

surface markers. The non clonotypic plasma cells are positive for CD138 expression on 

their surface. These cells comprise majority of the tumor cells with the B cell being a rare 

population.  

EBV infects B cells both in vitro and in vivo. In vitro, EBV infects B cells and 

immortalizes them giving rise to a lymphoblastoid cell line. In vivo, EBV also infects B 
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cells. Early events are poorly understood, but the viral genome persists in the mature 

resting memory B cells in healthy individual. These B cells are marked by the surface 

expression of CD19, CD20 and CD27. These memory B cell markers are also seen in the 

clonotypic cell population of multiple myeloma.  

Since we found some multiple myeloma cell lines to harbor EBV in rare cells, we wanted 

to investigate the characteristics of these cells that carry the virus. We performed 

fluorescence activated cell sorting (FACS) and magnetic activated cell sorting (MACS) 

to separate the EBV positive cell lines into B cell and plasma cell fractions. We 

performed limiting dilutions analyses and quantitative PCR on DNA isolated from the 

separated fractions. We wanted to identify which fraction of the EBV positive myeloma 

cell lines harbored the virus. We show here that the cell fraction that is positive for 

surface expression of CD19 harbors the greatest frequency of virus infected cells. The 

CD138
+ 
plasma cell population had the lowest frequency of EBV infected cells.  

In addition, we analyzed the phenotypically distinct subpopulations of cells by single 

nucleotide polymorphism (SNP) analysis to determine whether the different phenotypes 

might differ with regard to polymorphism and so suggest an admixture of cell lines from 

different individuals. However, cell line fractions enriched for CD19
+ 
CD138

-
 and CD19

- 

CD138
+
 were genetically indistinguishable thus lending no support to cell line 

contamination as an explanation for phenotypic heterogeneity. In contrast, SNP analysis 

did identify several genomic differences between MM.1S and MM.1R. The differences 

were consistent with cancer evolution within a particular individual (or in culture) as had 
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been suggested in previous reports [35]. Thus the findings cannot be readily accounted for 

by either PCR contamination or cell line contamination. 
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MATERIALS AND METHODS  

Cell lines 

MM.1S, RPMI-8226, NCI-H929, U266, KMS11, KMS12, MM.1R are human plasma 

cell lines derived from multiple myeloma. The panel of EBV associated Burkitt 

lymphoma (BL) cell lines include Namalwa, Raji and Akata. The virus genome is 

integrated in the human chromosome in Namalwa cells while Akata and Raji harbor the 

episomal form. Lymphoblastoid cell lines (LCLs) are EBV immortalized PBMCs. K562 

is an EBV negative human myeloid leukemia cell line. These cell lines were maintained 

in RPMI 1640 medium containing 10% fetal bovine serum, 100 units/mL penicillin, 100 

ɛg/mL streptomycin, and 100 mM L-glutamine. Each of these cell lines tested negative 

for mycoplasma.  

 

MACS isolation of EBV harboring cells 

CD138 or CD19 subsets were isolated from MM.1S cell line using mouse anti-human 

antibodies coupled to magnetic microbeads (Miltenyi Biotec, Auburn, CA) followed by 

magnetic column depletion (Miltenyi Biotec, Auburn, CA).  

 

Fluorescence-activated cell sorting and flow cytometry 

Cell lines were centrifuged to eliminate necrotic cells and then stained with fluorescein 

isothiocyanate (FITC)ïconjugated mouse antihuman CD138 and allophycocyanin (APC)-

conjugated mouse anti-human CD19 antibodies (BD Pharmingen) for 20 minutes on ice. 
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Cells were washed, then resuspended in stain buffer (Pharmingen) and sorted on a BD 

Aria II cell sorter and analyzed using FACSDiva Version 6.1 software. Knockdown cell 

lines were analyzed using FACSCalibur cytometer for RFP, FITC and APC expression 

according to manufacturerôs protocol. The data were analyzed using the FlowJo software 

(Tree Star, Inc., Ashland, OR, USA).  

 

DNA isolation and quantification of EBV viral load by quantitative PCR 

Genomic DNA was isolated used the QIAamp DNA micro kit (QIAGEN) according to 

the manufacturer's protocol. To detect EBV, BamH-W primers (fwd 5ǋ 

CCCAACACTCCACCACACC 3ô and rev 5ǋ TCTTAGGAGCTGTCCGAGGG 3ǋ), and 

the BamH-W fluorescent probe (5ǋ (FAM) CACACACTACACACACCCACCCGTCTC 

(BH1) 3ǋ) were used. EBV copy number was determined using DNA from the Namalwa 

cell line as standard. Each 20 ɛL of real-time qPCR reaction contained 1× SsoFast  

Probes SuperMix (Bio-Rad), a 250 nM concentration of each primer, a 200 nM 

concentration of the probe, and 2 ɛL of DNA. Thermocycling conditions were 95ÁC for 2 

minutes for 1 cycle and 95°C for 5 seconds and 60°C for 10 seconds for 40 cycles.  

Limiting Dilution Analysis  

To measure the frequency of EBV positive cells in culture, a limiting dilution analysis 

was performed. Note that serial dilutions were never performed on cell extracts or DNA 

but always on cells. These were serially diluted to 1000, 500 and 100 cells/ml with 10 

replicates each. DNA was isolated separately from each dilution replicate. Quantitative 

real time PCR was carried out as described above. Poisson distribution analysis was used 
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to calculate the frequency of EBV-infected cells using Poisson distribution software 

ELDA 59  
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RESULTS 

Multiple myeloma cell lines are phenotypically heterogeneous 

We labeled EBV-positive myeloma cell lines with fluorescent markers and performed 

fluorescence activated cell sorting (FACS) to look for phenotypically distinct 

subpopulations. We found that all the myeloma cell lines had a minority subset of CD19 

positive cells with the majority of the cells being CD138 positive cells (Figure 2-1) 

 

EBV is present in the CD19
+
CD138

-
 fraction of the positive myeloma cell lines.  

Some clonal MM cell lines are phenotypically heterogeneous with a mix of progenitor B 

and plasma cells 56, 56, 57, 62.  In order to determine whether the distribution of EBV differed 

among phenotypically distinct subpopulations, we fractionated cells with magnetic 

activated cell sorting (MACS) beads. CD19
+
 and CD138

+
 fractions of myeloma cell lines 

were separated. Consistent with previously published data 56, 56, 57, 62, the CD19
+
 cells 

comprised approximately 2% of cells (Fig 2). The bulk of the cell population expressed 

CD138. We also detected cells positive for both CD19 and CD138 markers. Limiting 

dilution on the separated fractions showed greatest frequency of EBV in the 

CD19
+
CD138

-
 population (1 in 162). The frequency of EBV harboring cells was 

decreased in those expressing CD138 (1 in 2539) (Fig 2-2). This result was verified in all 

the EBV (+) myeloma cell lines.  
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Figure 2-1 MM1S cells are phenotypically heterogenous.  
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Figure 2-1 MM1S cells are phenotypically heterogenous. FACS data shows a subset of 

cells positive for CD19 expression on their surface. Majority of the cells are positive for 

CD138 surface expression. 
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Figure 2. Frequency of EBV positive cells in cellular subpopulations  
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Figure 2. Frequency of EBV positive cells in cellular subpopulations Magnetic beads 

were used to enrich the subpopulations. Limiting dilution was performed on separated 

fractions.  
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Table 2-1 Genomic differences in MM.1S and MM.1R sorted fractions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chromosome Location MM.1R CD19(+)CD138(-) MM.1S CD19(+)CD138(-) 

    

2 231,064,469-
242,517,966 

Deletion No deletion in same region 

4  Extra copy of chromosome 4 in 
low % of cells 

no extra copy 

10  Extra copy of chromosome 10 in 
low % of cells 

no extra copy 

11 62,685,230-
118,795,145 

No increase in region Increase in region 

19 267,039-
2438,119 

Increase in region in high 
percentage of cells 

Increase in region in low 
percentage of cells 

X 43118-
53,329,263 

No deletion in the same region Deletion 

    

    

The differences were identical in the plasma  cell population CD19(-)CD138(+) within the two 
cell lines.  

    

There was no difference in the fractions within each cell line.   
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DISCUSSION 

Multiple myeloma is characterized by functionally and phenotypically heterogeneous 

cells. The majority of cells are malignant plasma cells 55, 56, 63, 64 that lack replicative ability 

whereas the clonogenic capacity is attributed to the small B-cell subpopulation of cells 56, 

57, 65, 66. Some have suggested that cancer stem cells can be identified in the small 

subpopulation of cells with a B-cell phenotype and results show that these B-cells are 

important for sustaining myeloma cell lines 56, 67.  We sought to characterize the 

subpopulation of cells that are positive for EBV. Using, flow cytometry and surface 

marker recognition assays, we found that the cells that harbor the virus are positive for 

CD19 expression on their surface. CD19
+ 
cells have been characterized as the B-cell 

population in multiple myeloma and differentiate into plasma cells that are characterized 

by CD138 surface expression 56, 57, 65, 66. The frequency of EBV infected cells was much 

greater in the B cell-like population (CD19
+
CD138

-
) than the plasma cell-like (CD19

-

CD138
+
) population. We also detected a dually positive cell population (CD19

+
CD138

+
) 

that harbored the virus at an intermediate frequency.  

 

The presence of EBV in a small phenotypically distinct fraction of cells in some 

myeloma cell lines raised the question as to whether this phenotypic heterogeneity 

reflected a mix of distinct cell lines or the presence of cells at various stages of 

differentiation. In order to address this question, we separated cell lines into CD19
+ 

CD138
-
 and CD19

- 
CD138

+
 enriched fractions and used single nucleotide polymorphism 

(SNP) analysis to demonstrate that both the fractions were genetically indistinguishable. 

SNP arrays can also be useful for whole-genome screening to allow discovery of new, 
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significant loci in disease specimens 68. Using this technology, we set out to identify 68 

genomic differences between EBV positive and negative cell lines MM.1S and MM.1R. 

We saw that the EBV negative cell lines are genomically different from EBV positive 

cell lines even though these were isolated from a single MM patient 69. This suggests 

EBV negative cell lines may have mutations that allow them to survive without EBV. 
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CHAPTER 3: VIRAL GENE EXPRESSION PATTERN IN MULTIPLE 

MYELOMA  

SUMMARY  

In tumors, EBV persists as a nuclear plasmid in a latent state. Viral gene expression in 

latency varies among cell types. A common classification of patterns of gene expression 

is shown in Table-1 3, 6, 70.  We characterized the viral gene expression patterns in the 

EBV-positive myeloma cell lines. Our results show a pattern of latency gene expression 

that differs from any of the standard in vitro cell lines. Thus Burkitt lymphoma cell lines 

such as Akata (latency I), show  EBNA-1 expression (and LMP-2A RNA is expressed in 

at least some cells) 3, 71. EBV immortalized lymphoblastoid cell lines, LCLs, express all 

the EBNA proteins, EBNA-1, 2, 3A, 3B, 3C and LMP-1 and LMP-2A, 2B and are 

classified as latency III 3, 7258, 73, 74. There are no well-established latency II cell lines, but in 

primary tumor tissue, latency II expression (EBNA-1, LMP-1, LMP 2A/B) is 

characteristic of EBV-associated Hodgkin lymphoma and nasopharyngeal carcinoma. 

The EBV-associated myeloma cell lines express EBNA-1 and EBNA-2 along with low 

levels of LMP-2A. None of the EBNA-3 gene transcripts, nor LMP-1 nor LMP-2B were 

detected.  Low levels expression of the lytic gene mRNA ZTA were also detected. To 

understand the gene expression characteristics, we fractionated the cell lines into 

(CD19
+
CD138

-
) and (CD19

-
CD138

+
) populations and found that the latency genes are 

expressed in only the CD19
+
 B cell population. The CD138

+
 cells were only positive for 

ZTA expression. This indicates that in myeloma, EBV persists in a latent form in the 
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CD19
+
CD138

-
 B-cell progenitor population and undergoes lytic reactivation in tandem as 

the cell becomes a CD19
-
CD138

+
 plasma cell.  
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INTRODUCTION  

EBV has distinct latent and lytic programs of viral gene expression 3. In the latent 

program, the viral DNA is generally maintained as extra-chromosomal plasmids. These 

plasmids are replicated by cellular enzymes in tandem with the replication of 

chromosomal DNA with each cell cycle. Only a single viral protein the Epstein-Barr 

virus nuclear antigen 1 (EBNA-1) is required for this process 75. The EBNA-1 protein 

binds to specific sites in the viral genome and helps to activate DNA replication. It also 

binds to chromatin and tethers viral plasmids to chromosomes and so facilitates 

segregation of viral plasmids to daughter cells following mitosis 12, 17. In the lytic 

program, viral plasmids serve as templates for replication of DNA to generate linear 

concatemers of viral genomes that are cleaved to genome length and packaged into 

virions 12.  

In vitro EBV infection of B-cells leads to lymphoblastoid cell lines that are referred to as 

immortalized because they grow indefinitely in culture 49, 72. In healthy seropositive 

individuals, latency viral gene expression is readily detected in resting 

CD19+CD20+CD27+ memory B cells 7. Lytic viral gene expression, on the other hand, is 

almost exclusively detected in plasma cells 76.  

Nearly 100 genes are expressed during the productive life cycle phase of EBV but only 

10 genes are expressed in latently infected B cells in vitro 3: 6 nuclear antigen proteins, 2 

different types of nontranslated RNA  and 2 membrane proteins are expressed in these 

latent B cells. EBV evades detection by cytotoxic T cells by limiting viral gene 

expression during latency 7.  
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EBV is maintained as an extra-chromosomal plasmid The EBV nuclear antigen (EBNA)-

1 protein tethers the circular viral genome to the host chromosome and allows EBV to be 

maintained as an extrachromosomal plasmid. EBNA-2 up-regulates EBV latent 

membrane protein (LMP) 1 and LMP-2 expression, as well as cellular proteins that 

contribute to B cell transformation and growth. EBNA-3 regulates cellular gene 

expression whereas EBNA leader protein (EBNA-LP) enhances the ability of EBNA-2 

mediated up-regulation of LMP-1. LMP-1 is transforming in various tissue culture 

assasys and its expression in transgenic mice results in B-cell lymphomas 52. LMP-1 

binds to several of the tumor necrosis factor receptorïassociated factors both in vitro and, 

in EBV-positive lymphomas, in vivo. These activities result in activation of the nuclear 

factor-kB (NF-kB) transcription factor, activation of c-jun, cytokine production, and B-

cell proliferation. EBV LMP-2 blocks tyrosine kinase phosphorylation and prevents 

reactivation of EBV from latency. Expression of LMP-2 in transgenic mice allows non-

transformed B cells to survive even in the absence of normal B-cellïreceptor signaling. 

The EBV-encoded RNA (EBER) does not encode proteins, but they may be important for 

oncogenesis and for conferring resistance to apoptosis. EBV-associated diseases 

generally show viral gene expression limited to one of three patterns of latency (Table 1-

1). In the first form, type I, only EBNA-1 and EBER are expressed, whereas in type II, 

EBNA-1, LMP-1, LMP-2, and EBER are expressed. In the third pattern, type III, all the 

latency genes are expressed. A fourth pattern of latency is seen in B cells obtained from 

the peripheral blood of healthy persons infected with EBV in the past, in which only 

EBER and LMP-2, and in some studies, EBNA-1 RNA have been detected. 
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In order to characterize the pattern of viral gene expression in the MM1S cell line, we 

used RT-PCR for a panel of viral mRNAs. We also used a cDNA array for a whole 

genome analysis of viral gene expression. We see that the myeloma cell lines express 

EBNA-1 and EBNA-2 along with low levels of LMP-2A. None of the EBNA-3 gene 

transcripts, neither LMP-1 nor LMP-2B were detected.  This suggests an intermediate 

latency pattern. In addition, we also saw low levels of lytic gene, ZTA. In our studies, we 

found that EBV persists in a latent form in the CD19
+
CD138

-
 B-cell progenitor 

population and undergoes lytic reactivation in tandem as the cell becomes a CD19
-

CD138
+
 plasma cell.  
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MATERIAL S AND METHODS 

Cell lines 

MM.1S, RPMI-8226, NCI-H929, U266, KMS11, KMS12, MM.1R are human plasma 

cell lines derived from multiple myeloma. The panel of EBV associated Burkitt 

lymphoma (BL) cell lines include Namalwa, Raji and Akata. The virus genome is 

integrated in the human chromosome in Namalwa cells while Akata and Raji harbor the 

episomal form. Lymphoblastoid cell lines (LCLs) are EBV immortalized PBMCs. K562 

is an EBV negative human myeloid leukemia cell line. These cell lines were maintained 

in RPMI 1640 medium containing 10% fetal bovine serum, 100 units/mL penicillin, 100 

ɛg/mL streptomycin, and 100 mM L-glutamine. Each of these cell lines tested negative 

for mycoplasma.  

 

RNA isolation and real time PCR 

RNA was isolated using the RNeasy Plus Kit (QIAGEN) according to the manufacturer's 

protocol. cDNA was synthesized from 1 ɛg of RNA using the iScript cDNA Synthesis Kit 

(Bio-Rad) according to the manufacturer's protocol. The synthesized cDNA was used as a 

template. Each PCR reaction contained 1× SsoFast EvaGreen Supermix (Bio-Rad), 500 nM 

primer concentrations, cDNA corresponding to 25 ng of total RNA, and nuclease-free 

water to a final volume of 20 ɛL. Themocycler conditions were 95ÁC for 30 seconds for 1 

cycle and 95°C for 5 seconds and 60°C for 5 seconds for 40 cycles. Latency gene 

expression patterns were tested using primers for EBNA-1 (fwd-
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5ôGATTCTGCAGCCCAGAGAGTAGTC 3ôand rev-5ô 

TCGTCAGACATGATTCACACTTAAAG 3ô), EBNA-2 (fwd-5ô 

TAACCACCCAGCGCCAATC 3ôand rev-5ô GTAGGCATGATGGCG GCAG 3ô), 

EBNA-3A (fwd-5ô GATTCTGCAGCCCAGAGAGTAGTC 3ô and  rev-5ô 

GTAGGCATGATGGCGGCA G 3ô), EBNA-3B (fwd-5ô 

GATTCTGCAGCCCAGAGAGTAGTC 3ô and   rev-5ô CCACGCTTT 

CTTCATTATTCAGGT 3ô), EBNA-3C (fwd-5ô GATTCTGCAGCCCAGAGAGTAGTC 

and rev-5ô CCAGGGTCCTGATCATGCTC 3ô), LMP-1 (fwd-5ô 

TCATCGCTCTCTGGAATTTG 3ô and rev-5ô 

TCCAGATACCTAAGACAAGTAAGCAC 3ô), LMP-2A (fwd 5ô 

CTACTCTCCACGGGATGA CTCAT 3ô and rev 5ô GGCGGTCACAACGGTACTAACT 

3ô), LMP-2B (fwd 5ô CGGGAGGCC GTGCTTTAG 3ô and rev 5ô 

GGCGGTCACAACGGTACTAACT 3ô) and ZTA (fwd 5ô 

ACATCTGCTTCAACAGGAGG and rev 5ô AGCAGACATTGGTGTTCCAC 3ô). 

GAPDH was used as an internal control with primers (fwd-5ǋ 

TCTTTTGCGTCGCCAGCCGA 3ǋ) and (rev-5ǋ AGTTAAAAGCAGCCCTGGTGACCA 

3ǋ).   

 

MACS isolation of EBV harboring cells 

CD138 or CD19 subsets were isolated from MM.1S cell line using mouse anti-human 

antibodies coupled to magnetic microbeads (Miltenyi Biotec, Auburn, CA) followed by 

magnetic column depletion (Miltenyi Biotec, Auburn, CA).  
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Fluorescence-activated cell sorting and flow cytometry 

Cell lines were centrifuged to eliminate necrotic cells and then stained with fluorescein 

isothiocyanate (FITC)ïconjugated mouse antihuman CD138 and allophycocyanin (APC)-

conjugated mouse anti-human CD19 antibodies (BD Pharmingen) for 20 minutes on ice. 

Cells were washed, then resuspended in stain buffer (Pharmingen) and sorted on a BD 

Aria II cell sorter and analyzed using FACSDiva Version 6.1 software. 

Immunofluorescence assays.  

MM.1S, Akata EBV(+), LCL and K562 cells were seeded at 1 × 10
5
 cells per well in 

two-well slide chambers. Cells were washed in PBS, fixed with 4% paraformaldehyde in 

PBS for 10 min at room temperature, and permeabilized for 20 min on ice in 0.2% Triton 

X-100 in PBS. Cells were incubated with primary antibody for 60 min at 37°C and with 

secondary antibody at 37°C for 30 min. Between each staining step, the cells were 

washed in PBS three times for 5 min each time. The antibodies used were anti-EBNA-1 

mouse monoclonal antibody (1:200; Ab8329 from AbCam, Cambridge, United 

Kingdom) and anti-EBNA-2 (1:200; DAKO). Cy3-conjugated goat anti-mouse 

immunoglobulin G (1:200) was a gift from P.Desai (Johns Hopkins Sidney Kimmel 

Caner Center). The cells were mounted using Vectashield
®
 mounting media with DAPI 

(Vector Labs, CA, USA). The slides were imaged under Leitz Wetzlar Dialux 20eb 

microscope using a Plan Apo 60x oil immersion objective. Image pro Plus 5.1 was used 

for software analysis.  
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cDNA microarray and analysis 

Real-time qRT-PCR arrays containing PCR primers targeting all ORFs of the EBV 

genome were designed and performed as previously described (23). Azidothymidine 

inhibits NF-əB and induces Epstein-Barr virus gene expression in Burkitt lymphoma. 

RNA used in the microarray analysis was coimmunoprecipitated and purified as 

described above. RT of RNA was performed with reverse transcriptase (Invitrogen), 2 

mM deoxyribonucleoside triphosphates, 2.5 mM MgCl2, RNAsin (Applied Biosystems 

Inc.), and random hexamers. The conditions for RT were 42°C for 45 min, 52°C for 30 

min, and 70°C for 10 min. Following RT, the removal of excess RNA was performed by 

incubation of each RT reaction mixture with 1 U of RNase H at 37°C. Real-time PCR 

was performed in triplicate for each sample with SYBR green PCR mix (Applied 

Biosystems) using universal cycling conditions (29). Raw cycle threshold (CT) values 

were determined by threshold analysis and used directly to compare differences.  

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2772688/#r23
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2772688/#r29
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RESULTS 

In order to characterize the pattern of viral gene expression in the MM1S cell line, we 

used RT-PCR for a panel of viral mRNAs. Previously characterized EBV cell lines, LCL, 

a Burkitt lymphoma cell line (Akata), and an EBV(-) leukemia cell line (K562) were 

included in the assay as controls.  Consistent with similar assays of the control cell lines 

in the literature, all of the transcripts were detected in LCLôs, whereas EBNA-1 and low 

level LMP-2A and ZTA were detected in EBV(+) BL3, 58, 72-74. In contrast to these control 

cell lines, MM.1S expressed EBNA-1, 2 and low level LMP-2A and ZTA (Fig 3A). 

Immunofluorescence for EBNA-1 and EBNA-2 confirmed the presence of expression in 

rare MM.1S cells. LCLs were positive for both EBNA-1 and EBNA-2 in every cell 

whereas most Akata cells were positive for EBNA-1 only. Therefore expression of 

antigens was more uniform in the control cell lines. In light of previous reports 43 that 

ZTA expression was characteristic of cells with plasma cell differentiation, we assayed 

for viral gene expression in cell fractions. The EBV latency genes EBNA-1, EBNA-2, 

LMP-2A were detected in the fraction enriched for CD19
+ 
CD138

- 
but not in the fraction 

enriched for CD19
- 
CD138

+
, and conversely ZTA was only expressed in the CD19

- 

CD138
+
 fraction. LCLs had a very low level of ZTA expression with the highest 

expression being in Akata cells. The pattern we see is similar to the expression pattern in 

cell lines established from patients with chronic lymphocytic leukemia (CLL) {{71 

Klein,Eva 2013}} In contrast to normal B cells, these EBV-infected CLL B cells are not 

immortalized and showed only short-term growth in culture. Expression of EBNA-1 and 

2 but not LMP-1 has also been reported in a humanized mouse model of EBV infection 

and lymphoproliferative disorder 77.  
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We also used a qPCR based whole viral genome quantitative real time reverse 

transcription array to look for all the viral genes expressed in the MM.1S cDNA samples 

and thereby independently confirm these data 78 (figure 3-2).  In order to enhance the 

sensitivity given the presence of EBV in only rare cells, we studied the CD19
+
 fraction. 

The results confirmed the viral gene expression in this subpopulation. In contrast, no 

EBV gene expression was demonstrated in the CD138+ fraction. Only the MM.1S 

CD19
+
CD138

-
 with reverse transcriptase (RT) sample (second row from bottom) showed 

consistent evidence of EBV mRNAs (as measured by multiple EBV mRNAs being 

detected). Neither the MM1S CD19
+
CD138

-
 RT- nor the MM1S CD19

-
CD138

+
 RT+ 

samples had evidence of EBV mRNAs. EBV expression is detected in the CD19
+
CD138

-
, 

but not CD19
-
CD138

+
  fraction of the MM.1S cell line.  

Because the CT values for EBV mRNAs were so high, indicative of extremely low 

abundance, we scaled the CT values by primer (column). This identified for each mRNA 

the lowest expressing sample in blue (here the NTC reactions) and the highest expressing 

sample in red (here the Namalwa DNA at the highest concentration).  Because we were 

operating near the limit of detection of the assay, the scale is not linear. Orange/red signal 

indicates the presence of a particular target and a blue/white signal the absence of the 

target. 

We also sorted the cell line into CD19
+
CD138

-
 and CD19

-
CD138

+ 
to look for expression 

levels in the sorted fractions. We confirmed the presence of EBV gene transcription in 

these samples in the CD19
+
CD138

-
 fraction.  
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Figure 3-1: Viral gene expression.  
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Figure 3-1: Viral gene expression. A) RT-PCR gene expression data for a panel of EBV 

genes in Akata, LCL, and MM1S. B) FACS sorted CD19
+ 

and CD138
+ 

fractions show 

ZTA expression only in the CD138 fraction. C) Immunofluorescence showing that only 

rare MM.1S cells express EBNA-1 and EBNA-2. Akata is used as positive control for 

EBNA-1 expression and LCL is used as positive control for EBNA-2. K562 is used as 

negative control. 
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Figure 3-2: Heat map of unsupervised hierarchical clustering of EBV mRNA


