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ABSTRACT

Aims and background. The mechanisms of Epstein-Barr virus (EBV)-associated tu-
mor development are incompletely understood. The aim of this study was to investi-
gate the gene expression of EBV-associated lymphomas in hu-PBL/SCID mice.

Methods. Human peripheral blood lymphocytes (hu-PBL) from EBV-seropositive
donors were transplanted into severe combined immunodeficiency (SCID) mice. In
situ hybridization was used to detect EBV-encoded small RNA-1 (EBER1) in tumor tis-
sues. Mutation of TP53 exons 5-8 in EBV-induced lymphomas was analyzed by PCR-
SSCP. Immunohistochemical staining was used to examine EBV gene products and
cellular oncoproteins.

Results. Twenty-one of 29 mice developed tumors. EBER1 was positive in the nuclei
of almost all tumor cells. Immunohistochemistry showed positive staining of LMP1,
EBNA2 and ZEBRA in a small number of tumor cells. Immunohistochemically de-
tectable p53 protein expression was common (85.7%), but TP53 gene mutations were
identified in only four cases (19.1%) of EBV-associated lymphomas. Positivity rates of
C-myc, Bcl-2 and Bax expression were 100%, 95.2%, and 90.5%, respectively, in the 21
cases of EBV-associated lymphomas.

Conclusions. Our preliminary findings suggest that EBV-associated lymphomas in
hu-PBL/SCID chimeras show EBV infection, expression of oncogenic viral genes, and
overexpression of cellular oncogenes. TP53 gene mutations are rare but p53 protein is
commonly expressed in EBV-associated lymphomas. Free full text available at
www.tumorionline.it

Introduction

Epstein-Barr virus (EBV), a member of the herpesvirus family, has been classified as a
group 1 carcinogen associated with a variety of lymphoid and epithelial malignancies by
the International Agency for Research on Cancer (IARC)1. Most EBV infections in infants
and children are asymptomatic, while infections of adolescents or adults often result in
infectious mononucleosis2. Evidence of EBV being an oncogenic virus is derived from its
abilities to infect and transform normal human B-cells in vitro, resulting in the immortal-
ization of these cells and leading to the continuous growth of lymphoblastoid cell lines.
Moreover, EBV can transform human squamous epithelial cells in vitro, and clinically it is
involved in the carcinogenesis of several human cancers such as nasopharyngeal carci-
noma and various lymphomas3,4. The incidence of malignant lymphomas is significantly
higher in patients who have congenital or acquired immunodeficiencies. About 50% of
Hodgkin’s and 20% of Burkitt’s lymphomas in the United States contain EBV DNA5.

Since the development of human solid organ transplantation and the increase in AIDS
cases in recent years, lymphoproliferative disorders in immunocompromised patients
have become much more frequent. These disorders and their relationship with EBV have
raised increasing interest6-8. Failure of the cellular immune response to control EBV-in-
duced B-cell proliferation can result in severe disease9. In patients who have undergone
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organ transplants, the incidence of lymphoproliferative
disorders varies from 0.5% after bone marrow transplan-
tation to 10% after heart-lung transplantation. Most post-
transplantation lymphomas are associated with EBV in-
fection10.

The human peripheral blood lymphocyte-severe
combined immunodeficiency (hu-PBL/SCID) chimera
was constructed by implantation of hu-PBLs into SCID
mice. It was used to generate EBV-associated lym-
phomas derived from human xenografts11-13. The find-
ings obtained with this mouse model confirmed the sig-
nificant role of immunodeficiency factors in the patho-
genesis of lymphomas.

Since the mechanisms of EBV-associated tumor de-
velopment are not fully understood, the purpose of the
current study was to investigate the molecular charac-
teristics of EBV-associated lymphomas in hu-PBL/SCID
mice and to evaluate the impact of EBV latent gene ex-
pression in the tumor cells.

Materials and methods

Construction of hu-PBL/SCID chimeras

Fresh human peripheral blood (300 mL) was obtained
from 12 healthy volunteers who gave their informed
consent to the study. Prior EBV infection was confirmed
by testing for the presence of serum antiviral capsid
antigen (IgA/VCA+). Human peripheral blood lympho-
cytes were isolated by Ficoll-Hypaque gradient centrifu-
gation, washed 4 times with RPMI-1640 medium, and
then counted.

Twenty-nine SCID mice (homozygous C.B.-17
scid/scid) were purchased from the Laboratory Animal
Center of the Chinese Science Academy (Beijing, China)
and maintained in our facilities under special
pathogen-free conditions. Groups of 4- to 6-week-old
mice of both sexes were inoculated intraperitoneally
with 8 to 10 × 107/mL PBLs derived from 1 EBV-seropos-
itive donor for each mouse. These mice are hereafter re-
ferred to as hu-PBL/SCID chimeras. The animals were
observed every day for signs of illness; when they be-
came sick, they were killed by exposure to excess ethyl
ether and autopsied. Other SCID mice were kept alive to
135 days of follow-up and then killed and examined to
discover whether or not tumors had developed in their
bodies. The tumor specimens were divided in 2 parts:
one was immediately frozen at -80 °C for DNA analysis
and the other was fixed in 10% neutralized formalin,
embedded in paraffin and sectioned at 4 µm for
histopathological observation and immunohistochemi-
cal examination.

Immunohistochemistry

Tumors were identified in 21 hu-PBL/SCID chimeras.
Immunohistochemical stains were performed to assess:

(1) differentiated antigens of tumor cells, a panel of
monoclonal antibodies against lymphocytes (LCA,
CD45), B cells (L26, CD20) and T cells (CD45RO, CD3)
(purchased from Maxim Biotech Inc., South San Fran-
cisco, CA, USA); (2) expression products of EBV genes
(LMP1, EBNA2, BZLF1) (purchased from Dako Co., Ky-
oto, Japan); (3) expression analysis of p53, C-myc, Bcl-2
and Bax proteins in tumor cells using monoclonal anti-
bodies (Maxim Biotech Inc.) according to the manufac-
turer’s protocol. Briefly, endogenous peroxidase was
quenched with 0.3% hydrogen peroxide. Sections were
pre-treated for 15 minutes with antigen retrieval buffer.
Before the application of the primary antibody, nonspe-
cific binding was blocked with normal non-immune
serum, and tissue slides were incubated with each dilut-
ed antibody at 4 °C overnight. Bound antibody was de-
tected with biotin-conjugated secondary antibody fol-
lowed by streptavidin-peroxidase and diaminobenzi-
dine (DAB) color reagent. The slides were counter-
stained with hematoxylin. A case was considered posi-
tive if more than 5% of the malignant cells were stained
with the antibody, although in practice most positive
cases had 20% or more stained cells.

The p53, C-myc, Bcl-2 and Bax proteins were local-
ized and quantified by microscopic evaluation of nu-
clear staining. The staining intensity was scored subjec-
tively from + to +++, with (+) corresponding to less than
25% positive cells in the section, (++) corresponding to
25% to 50% positive cells, and (+++) corresponding to
more than 50% positive cells.

PCR analysis

DNA was extracted from tumor tissues as described in
protocol (Ezna Blood DNA kit, purchased from OMEGA
Bio-tek, USA). Alu PCR was carried out under the following
conditions: 95 °C predenaturation for 5 minutes, followed
by 30 cycles of denaturation at 94 °C for 1 minute, anneal-
ing at 57 °C for 1 minute, and extension at 72 °C for 1
minute. Primers (sense 5’-CAC CTG TAA TCC CAG CAG
TTT-3’, anti-sense 5’-CGC GAT CTC GGC TCA CTG CA-3’)
were used to amplify a 221-bp sequence for human-spe-
cific Alu.

PCR-SSCP detection of TP53 gene mutations

DNA extraction was performed according to the pre-
vious study11. The primer sequences of exons 5, 6, 7, and
8 of the TP53 gene are listed below. Sense 5’-CTC TTC
CTG CAG TAC TCC CCT GC-3’, anti-sense 5’-GCC CCA
GCT GCT CAC CAT CGC TA-3’ was used to amplify a
221-bp sequence for exon 5. Sense 5’-GAT TGC TCT TAG
GTC TGG CCC CTC-3’, anti-sense 5’-GGC CAC TGA CAA
CCA CCC TTA ACC-3’ was used to amplify a 185-bp se-
quence for exon 6. Sense 5’-GTG TTG TCT CCT AGG
TTG GCT CTG-3’, anti-sense 5’-CAA GTG GCT CCT GAC
CTG GAG TC-3’ was used to amplify a 139-bp sequence
for exon 7. Sense 5’-ACC TGA TTT CCT TAC TGC CTC
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TGG C-3’, anti-sense 5’-GTC CTG CTT GCT TAC CTC
GCT TAG T-3’ was used to amplify a 200-bp sequence for
exon 8. The PCR was performed for 35 cycles of denatu-
ration at 94 °C for 30 seconds, annealing at 62 °C for 30
seconds, and extension at 72 °C for 40 seconds. The am-
plification products were analyzed by polyacrylamide
gel electrophoresis.

SSCP analysis of PCR products was detected by the sil-
ver-staining method. Briefly, PCR products were mixed
1:1 with a sequencing stop solution. Samples were
boiled at 95 °C for 5 minutes, cooled on ice and imme-
diately loaded onto a 8% polyacrylamide-TBE gel con-
taining 10% glycerol. Gels were run at 100 to 120 V for 1-
2 hours at room temperature, washed with double-dis-
tilled water, and fixed in 10% ethanol for 10 minutes.
They were then put into 1% HNO3 for oxygenation and
washed, dyed in 0.012 mol/L AgNO3 for 20 minutes, and
washed again. Next, the gels were soaked in 0.28 mol/L
Na2CO3 containing 0.019% methanol until bands ap-
peared. The reaction was blocked immediately with
10% acetic acid because overexposure would darken the
gel background. The presence of TP53 gene mutation
was indicated by the appearance of abnormal migrating
bands in comparison with normal control.

In situ hybridization

The synthetic oligonucleotide EBER1 probe (se-
quence: 5’-CTC CTC CCT AGC AAA ACC CTC AGG ACG
GCG-3’)11 was end-labeled with digoxigenin by tailing
with terminal transferase. The labeling reaction was set
up according to the manufacturer’s protocol
(Boehringer Mannheim, Ingelheim, Germany). In situ
hybridization using EBER1 probe was carried out as fol-
lows. Briefly, the glass slides were pretreated with 2%
APES. Four-micron tissue slices of the induced tumors
were heated for 1 hour at 70 °C and deparaffinized in xy-
lene, then digested with 0.5% mg/mL proteinase K for
10 minutes at 37 °C, and washed in water. The labeled
probes were diluted to a concentration of 100 ng/mL in
hybridization medium (25% deionized formamide, 4 ×
SSC (sodium citrate, sodium chloride), 50 mmol/L
NaH2PO4/Na2HPO4, 1 mmol/L EDTA, 5 × Denhart’s, 1
mg/mL ssDNA), and then spotted onto the tissue slices,
which were covered with a coverslip. Both DNA probe
and target RNA in tissue slices were simultaneously de-
natured at 70 °C for 8 minutes. Then the sections were
hybridized at 37 °C for 4 hours or overnight. The non-
specific or unbound probes were removed by 2 post-hy-
bridization washes as follows: 2 × SSC, 0.1 × SSC, each
for 10 minutes at room temperature. The slices were
blocked with 2% normal goat serum at room tempera-
ture for 20 minutes, followed by incubation with anti-
digoxigenin antibody at 37 °C for 30 minutes, then
washed 3 times. NBT/NCIP was used as the chromogen.
Counterstaining was done to enhance visualization
with nuclear fast red.

Results

Generation and pathological characteristics
of the induced neoplasms in SCID mice

Twenty-one of 29 hu-PBL/SCID mice developed tu-
mors in their peritoneal cavities and/or mediastina. The
time from hu-PBL transplantation to the death of mice
with tumors varied from 31 days to 137 days, and the
median survival time was 60 days. The tumors were sol-
id, malacoid, irregular nodules (Figure 1A), non-encap-
sulated, adhering to surrounding organs and tissues.
Their cut surfaces were gray-white or gray-red. A gray-
yellow necrotic mass could often be seen in larger tu-
mors. The neoplastic cells were polymorphic, diffuse
large cells with differentiation of plasmacytoid or im-
munoblastic lymphocytes, containing large, round or
slightly irregular nuclei and abundant cytoplasm (Fig-
ure 1B). Morphologically, all cases exhibited a diffuse in-
filtrative growth pattern. Tumor cells often infiltrated
into the liver, kidney, pancreas (Figure 1C), lungs, and
striated muscle of the posterior thoracic wall.

Immunohistochemical staining showed that all in-
duced tumors were LCA (leukocyte common antigen)
positive, B-cell marker (CD20) positive (Figure 1D), and
T-cell marker (both CD3 and CD45RO) negative. Based
on these morphological and immunohistochemical fea-
tures, the tumors can be diagnosed as human B-cell
lymphomas. Furthermore, Alu-PCR showed that all tu-
mor tissues contained 221-bp Alu sequences (Figure 2).
It confirmed that the induced tumors in hu-PBL/SCID
chimeras were of human and not mouse origin.

DC
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Figure 1 - Pathological features of the EBV-induced lymphomas. A)
Fresh tumor tissues taken from hu-PBL/SCID chimeras were solid
masses, gray-white and gray-red in color, 25 × 15 × 10 mm (left) and
10 × 8 × 5 mm (right) in size. B) The histopathological type of the in-
duced tumors was diffuse large-cell lymphoma (HE stain, ×400). C)
Diffuse large-cell lymphoma invading pancreatic tissue (arrow) of
SCID mouse (HE stain, ×400). D) Immunohistochemistry revealed pos-
itive staining of B-cell markers (CD20, L26) on the membranes of tu-
mor cells.
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Detection of EBV expression products

All of the 21 cases of tumors induced in hu-PBL/SCID
mice were EBER1 positive. The in situ hybridization sig-
nal of the EBER1 probe was very intense with a diffuse
pattern of staining confined to the nucleus (sparing the
nucleus) in all cases. Notably, almost all morphological-
ly malignant cells exhibited a positive signal with the
EBER1 probe, while the normal host tissue adjacent to
tumor cells was negative (Figure 3A). Additionally, im-
munohistochemistry showed that BZLF1-encoded ZE-
BRA protein was located in a small population of tumor
cell nuclei (Figure 3B), EBNA2 was positive in the nuclei,

and LMP1 was expressed on the membranes of most tu-
mor cells.

Mutation of TP53 gene in EBV-associated lymphomas
in hu-PBL/SCID chimeras

PCR amplification of TP53 exons 5-8 was performed
in all tumor tissues. The PCR products were verified by
8% polyacrylamide gel electrophoresis. Specific bands
for 211-bp, 185-bp, 139-bp, and 200-bp products were
identified and then analyzed by SSCP. Compared with
controls, there were 5 mutations in 4 tumor cases (Fig-
ure 4) including 2 in exon 5, 2 in exon 6, and 1 in exon 7;
one case showed 2 mutations (one in exon 5, another in
exon 7). An abnormal migration pattern suggestive of
the presence of mutation was identified in 4 of the 21
lymphomas; the mutation rate was 19.1% in all. To con-
trol for these, we analyzed each sample from the origi-
nal hu-PBL donor as a control and made sure that the
TP53 gene alterations occurred during tumor develop-
ment in the mouse and was not a germline polymor-
phism in the donor.

Detection of p53, C-myc, Bcl-2, and Bax proteins in EBV-
associated lymphomas

The expression of 4 tumor-associated proteins was
evaluated in 21 cases of EBV-assocated lymphomas in
hu-PBL/SCID chimeras by the immunohistochemical
method. The positive rate of p53 protein expression
(Figure 5A) in the 21 lymphomas was 85.7% (18/21 cas-
es), although only 4 of the 18 cases with p53-immunore-
active tumors had abnormally migrating bands by PCR-
SSCP analysis. The positive rates of C-myc, Bcl-2, and
Bax (Figure 5B, 5C, 5D) expression in the 21 EBV-in-
duced lymphomas were 100%, 95.2%, and 90.5%, re-
spectively (Table 1). The rate of Bcl-2 and Bax coexpres-
sion was 80.9%.

Figure 2 - PCR-amplified 221-bp products of human-specific Alu se-
quence of the EBV-induced tumors in SCID mice. M: DNA marker; P:
human peripheral blood lymphocytes as positive control; N: murine
liver tissue as negative control; T: tumor biopsy tissues.

Figure 3 - Expression of EBV genome in the induced lymphoma of SCID mice. A) Positive signals of EBER1 were located in the nuclei of all tu-
mor cells, whereas pancreatic epithelial cells (arrow) of SCID mouse were negative by in situ hybridization (×400). B) Immunohistochemical
staining of BZLF1-encoded protein was positive in a small number of tumor cells (arrow) and located in the nuclei of tumor cells (SP, ×400).
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Discussion

Histopathological examination of the induced tumors
in hu-PBL/SCID mice demonstrated they were high-
grade non-Hodgkin’s lymphomas. We further proved
that they were human B-cell lymphomas by detecting
immune markers and Alu sequences. The Alu repeat se-
quence is unique in the human DNA genome. It is used
to ascertain whether tumors are derived from humans.
In this study, we used the Alu-PCR method to firmly es-
tablish that the EBV-induced tumors were derived en-
tirely from human lymphocytes.

EBV is a lymphotropic herpesvirus. EBV-encoded
small RNAs (EBERs) are the most abundant viral tran-
scripts in latently EBV-infected cells. However, their
roles in viral infection remain poorly understood. In situ
hybridization of EBERs is the most sensitive and specif-
ic method to examine EBV. Our results showed that
EBER1 was positive in the nuclei of almost all tumor
cells but absent in murine cells around tumors. Recent
studies have suggested a role for the EBERs in B-lym-
phocyte growth transformation14. EBERs confer resist-
ance to Fas-mediated apoptosis by blocking PKR activi-
ty15. Now it appears that EBERs might play a key role in
maintaining the malignant phenotype of Burkitt’s lym-

phoma cells. The EBERs induce clonability in soft
agarose, tumorigenicity in mice, and resistance to apop-
tosis against various stimuli in Burkitt’s lymphoma16

and in human epithelial cells17. In addition, BZLF1-en-
coded protein (ZEBRA) is expressed in a small popula-
tion of induced tumor cells. Other studies demonstrat-
ed that EBV’s BZLF1 gene product plays a central role in
regulating the switch from latency to productive infec-
tion in vitro18,19, and furthermore, lytically infected cells
may contribute to the growth of EBV-associated malig-
nancies by enhancing angiogenesis in LCL tumors in vi-
vo20. EBV-encoded latent membrane protein 1 (LMP1)
has oncogenic potential and is expressed in many EBV-
associated malignancies21. In vitro, LMP1 activates nu-
merous signaling pathways including p38, c-Jun N ter-
minal kinase (JNK), phosphatidylinositol 3 kinase
(PI3K)/Akt, and NF-kappaB through interactions with
tumor necrosis receptor-associated factors (TRAFs).
These pathways are frequently activated in EBV-associ-
ated malignancies, although their activation cannot be
definitively linked to LMP1 expression in vivo22. In the
experiment described here, immunohistochemistry
showed positive staining of LMP1, EBNA2 and ZEBRA in
tumor cells. The results indicated that the pattern of
EBV expression in EBV-induced B-cell lymphomas was
latency type III. The molecular mechanism of the EBV-
induced tumors was associated with EBV infection, ex-
pression of oncogenic viral genes, and abnormal ex-
pression of cellular oncogenes in human xenografts.
EBV expression products might act directly on the in-
fected cells or interfere with signal transduction of the
infected cells, thereby inducing cell transformation. In
our study, the infected cells proliferated and developed
malignancy in an immunodeficient setting.

The tumor suppressor gene TP53 is the most fre-
quently mutated gene in human cancers and its muta-
tions may result in the genesis and/or progression of tu-
mors. Point mutations in TP53 are associated with sta-
bilization of the protein product and will lead to de-
tectable overexpression of the protein. In the present
study, however, we found a discrepancy between the
frequency of p53 overexpression detected by immuno-
histochemistry and the frequency of gene mutations.
This means that the mechanism of p53 accumulation in
these tumors may be different from what has been de-
scribed in other forms of cancer but similar to the re-
ported mechanism in nasopharyngeal cancer or lym-
phomas23. Immunohistochemically detectable p53 pro-
tein expression is common in anaplastic large-cell lym-
phoma (65%), but TP53 gene mutations were identified
in only 3 of 36 cases (8%)24. The relatively low frequency
of mutations in this study confirms previously reported
findings that TP53 gene mutation is not a frequent event
in the tumorigenesis of lymphomas and the expression
of p53 protein is independent of TP53 mutations. Also
nasopharyngeal cancer has a high frequency of p53
overexpression, but TP53 mutations are rarely detect-
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Figure 4 - PCR-SSCP analysis of p53 exons in EBV-associated tumors
of SCID mice, where arrows indicate the appearance of abnormal mi-
grating bands. Lane 1 is normal tissue and lane 2, 3, and 4 are tumor
tissues. A) Lanes 2 and 3 showed abnormal migrating bands for ex-
on 5. B) Lanes 2 and 3 showed abnormal migrating bands for exon
6. C) Lane 2 showed abnormal migrating bands for exon 7. D) No ab-
normal migrating band was seen for exon 8.
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ed25. Even though the reason for the discrepancy be-
tween TP53 mutation and p53 overexpression remains
unclear, it is suggested that p53 overexpression may be
involved in the process of malignant transformation in
these induced lymphomas.

It is known that Burkitt’s lymphoma is very closely as-
sociated with EBV and C-myc is activated in almost all
Burkitt’s lymphomas26. These 2 facts indicate that EBV
may be involved in C-myc activation. Our results
showed that C-myc protein was expressed in all EBV-in-
duced lymphomas, and further suggest that EBV infec-
tion may activate C-myc and then promote the develop-
ment of lymphomas. LMP1 was expressed on the mem-
brane of tumor cells in all 21 positive cases with Bcl-2.
EBV LMP1 can enhance Bcl-2 expression to block cell
apoptosis. Bcl-2, an antiapoptotic protein, is upregulat-
ed by LMP1 and also overexpressed in nasopharyngeal
cancer27. When Bcl-2 antisense oligodeoxynucleotide
was transferred into malignant lymphoid cells, the ex-
pression of Bcl-2 protein decreased, cell proliferation
was inhibited, and the number of apoptotic cells in-
creased28. Moreover, Bax homodimerizes or het-
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Figure 5 - Overexpression of cellular oncoproteins in the EBV-induced tumors. A) Immunoperoxidase staining with anti-p53 monoclonal anti-
body showing diffuse strong nuclear immunoreactivity for the p53 protein. B) C-myc was positive in the nucei of neoplastic cells. C) Bcl-2 was
positive in the cytoplasm and nuclear membrane of neoplastic cells. D) Bax was positive in the cytoplasm of neoplastic cells by immunohisto-
chemical staining. (SP, ×400).

Table 1 - Expression of p53, C-myc, Bcl-2, and Bax proteins in
EBV-associated lymphomas

Protein Negative Positive cases Positivity
expression cases rate

+ ++ +++ Total (%)

p53 3 1 4 13 18 85.7
C-myc 0 2 7 12 21 100
Bcl-2 1 1 5 14 20 95.2
Bax 2 2 7 10 19 90.5

Note: Twenty-one cases of tumors have been identified in hu-
PBL/SCID mice by means of pathological examination (N = 21).



erodimerizes with Bcl-2 in vivo. The ratio of Bcl-2 to Bax
affects the rate of apoptosis: the former promotes and
the latter inhibits apoptosis29. We used immunostaining
to detect the expression of Bcl-2 and Bax in EBV-in-
duced tumors. The positive rates were 95.2% and 90.5%,
respectively, and the coexpression rate of Bcl-2 and Bax
was 87.5%. These results suggest that EBV may upregu-
late Bcl-2 expression and make it bind to Bax competi-
tively, thereby protecting cells from apoptosis and pro-
moting tumorigenesis.

Epstein-Barr virus-associated lymphoproliferative
disease (EBV-LPD) is a rare but serious complication in
recipients of organ and stem cell transplants. In the
present EBV-associated lymphoma model, the EBV-as-
sociated lymphomas in hu-PBL/SCID chimeras showed
EBV infection, expression of oncogenic viral genes, and
overexpression of cellular oncogenes. TP53 gene muta-
tion was rare but p53 protein was commonly expressed
in EBV-associated lymphomas. Except for gene muta-
tion, other pathways may be involved in the accumula-
tion of p53 protein in EBV-induced tumors. It is impor-
tant for us to establish an EBV-associated lymphoma
model in an immunodeficient setting and to further in-
vestigate the molecular mechanism of EBV-associated
lymphoma development.
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