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Abstract

At least 2 billion people are affected by viral infections worldwide. The infections induce a lot of various 
human diseases and are one of the main causes of human mortality.  In particular,  they can lead to devel-
opment of various human cancers. Up to 15-20% of human cancer incidence can be attributed to viruses. 
Although viral infections are very common in the general population, only few of them result in clinically 
relevant lesions. Certain associations between virus infections and malignancy are strong and irrefutable, 
the others are still speculative. The criteria most often used for determining the causality are the consistence 
of the association, either epidemiologic or at the molecular level, and oncogenicity of viruses or particular 
viral genes in animal models or cell cultures.  Due to some ambiguity of such a determination, it is instruc-
tive to consider by specific cases what evidence is generally accepted as sufficient to establish a causal rela-
tion between virus and cancer. Lymphomas are one of the best studied cancer types closely associated with 
a small but definite range of viruses. Numerous data show a close interrelation between lymphomagenesis 
and infection by such viruses as Kaposi’s sarcoma herpesvirus (KSHV), Epstein-Barr virus (EBV), hepa-
titis C virus (HCV), human T-cell leukemia virus (HTLV), and human immunodeficiency virus (HIV). For 
instance, experiments on monkeys artificially infected with viruses and data on anti-cancer effect of specific 
antiviral preparations strongly suggest the involvement of viruses in lymphoma development.  

The present review is devoted to the association of different viruses with human lymphomas and to viral 
genes potentially involved in the neoplastic process. The recognition of virus involvement in lymphomagen-
esis may facilitate new strategies for cancer therapy, diagnosis and screening and can lead to a reduction in 
the number of individuals at risk of disease. 
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INTroduCTIoN

Abo�� a ������y ha� pa���d ����� P�y�o� Ro�� 
��po���d �ha� a ��mo� wa� ��a��m����d b��w��� 
�h��k��� l�k� a� ��f����o� d���a��. A� p������, 
�����a���� ���d���� ��d��a��� �ha�, a� l�a�� �� �om� 
�a���, ������� a�� �� fa�� ���olo���ally a��o��a��d 
w��h mal���a��y a�d 15�20% of �o�al �a���� �����
d���� (1). �ow����, �h��� �� ���ll m��h �o b� ��d���
��ood �� �h�� p�obl�m.

When a definite cancer type is not always asso�
ciated with the presence of a definite virus, the 

significance of the association of the virus and the 
�a���� �� �����ally ������a�� a�d p�obl�ma��� �� 
���m� of ���olo�y.  ��������a��o� of mol���la� m��h�
a���m� ��d��ly��� ���h a��o��a��o�� �o����b���� 
m��h �o �h� ��d����a�d��� of ��������ll �����a���o� 
�a����. �� ha� b��� p�o��d �ha� o��o����� ���od�d 
by h�ma� ��mo� ������� play ������al �ol�� �� �h� 
���al �o�q���� of �h� ho�� ��ll by ��b������� �����al 
a�d ��la����ly �o����d��da�� ����la�o�y �������� 
�ha� ����la�� ��ll�la� p�ol�f��a��o�, d�ff������a��o�, 
apop�o��� a�d l�f� �pa�. ��ma� ��mo� ����� o��op�
�o����� �a� al�o d����p� pa�hway� �ha� a�� ������a�y 
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fo� �h� ma�����a��� of �h� ��������y of �h� ho�� ��ll 
���om�. Som� ���al o��op�o����� a�� a� pow��f�l 
m��a�o� ����� a�d �h��� �xp�����o� d�ama���ally 
�����a��� �h� ����d���� of ho�� ��ll m��a��o�� w��h 
����y �o��d of ��ll d�����o�. O�h��� ��b���� ��l�
l�la� �af���a�d m��ha���m� �����d�d �o �l�m��a�� 
��ll� �ha� ha�� a�q����d ab�o�mal����� �ha� �����f��� 
w��h �o�mal ��ll d�����o�. ������� �ha� ���od� ���h 
a��������� �a� �o����b��� �o �����a��o� a�d/o� p�o�
������o� of h�ma� �a����� (2).

All �h��� ����a��o� of ���al �ff���� �a� b� �l�a�ly 
ob�����d �� �h� ����a��� of lymphoma�������, �� 
wh��h a �a�h�� �lo�� ������o������o� b��w��� ��mo� 
d���lopm��� a�d ���al ��f����o� �a� b� mo�� �l�a�ly 
��a��d. Wh�l� fo� mo�� �a����� ����d���� a�d mo��
�al��y a�� d����a����, �ho�� of lymphoma, a�d ��p��
��ally �o���od�k��’� lymphoma (N�L), a�� ���ad�ly 
increasing. Research to define reasons for this 
�����a�� �� �x�������, b�� ha� �o� y�� ���ol��d �h�m. 
U�l�k� ma�y o�h�� �a���� �yp��, �mok��� app�a�� 
�o b� w�akly po������ly a��o��a��d w��h �h� ���k of 
foll���la� N�L, a�d al�ohol ���ak� �� a��o��a��d 
w��h a d����a��d ���k of N�L. Th� b��� d�����b�d 
risk factor for NHL is immune deficiency; rates of 
N�L a�� ���a�ly �����a��d, w��h ��la���� ���k� of 
10-100 or more, in people with immune deficiency 
a��o��a��d w��h �mm��� ��pp������� �h��apy af��� 
��a��pla��a��o�, ���/A�DS, a�d �o������al �o�d��
��o�� (3, 4). A�o�h�� ���k fa��o�, a mo�� �mpo��a�� 
o��, fo� �om� lymphoma ��b�yp�� �� �ha�a��������� 
of specific infections of some DNA- and RNA-con�
�a����� h�ma� �������: Ep�������a�� ����� (E��), 
Kapo��’� Sa��oma ���p������� (KS��), h�pa����� �� 
����� (����), h�ma� T���ll l��k�m�a ����� (�TL�), 
and human immunodeficiency virus (HIV). Each 
of �h��� ������� �a� ���abl��h a p��������� ��f���
��o� �� a majo���y of ��d���d�al� wo�ld�w�d� o�, �� 
�om� �a���, w��h�� ����a�� pop�la��o�� wh��� �h� 
��f����o� �� ��d�m�� a�d �h� a��o��a��d lymphoma� 
o���� a� �h� h��h��� ����d����. �ow����, ���ally 
o�ly a m��o� p�opo���o� of �h� ��f����d ho��� w�ll 
������ally d���lop lymphoma. �� �h� �a�� majo���y 
of �a���, �h� ��f����o� w�ll b� ���h�� a�ymp�oma��� 
o� a��ompa���d by b����� p�ol�f��a��o� of ������
��f����d ��ll�. A low ��mb�� of ��f����d ��d���d�al� 
w��h �a���� a�d a ���y lo�� la����y p���od ������� 
�ha� �h��� �������, al�ho��h b���� a� �mpo��a�� ���k 
fa��o� fo� lymphoma d���lopm��� �� h�ma�, a�� 
frequently insufficient per se to induce lymphoma. 

�� ��d���d�al �a���, �h� ����� app�a�� �o ����� a� a 
�ofa��o� of mal���a��y, a�d �om���m�� �h� a��o��a�
��o� �� ���o��������. 

Th�� �����w ��mma��z�� ba��� mol���la� m��h�
a���m� of ���al pa�����pa��o� �� lymphoma������� 
a�d �h� p�o�p���� fo� f����� �a���� �h��apy, d�a��
�o���� appl��a��o��, a�d �����a��o� of �h� mo�� 
p�om����� a����� fo� lymphoma p�������o�.

dNA-CoNTAINING VIruSES oF PrIMATES

Epstein-Barr virus
Human gamma-herpesviruses, and in the first 

pla�� Ep�������a�� ����� (E��), a�� amo�� �h� 
mo�� �mpo��a�� ������� �ha� ha�� b��� fo� ma�y 
y�a�� d�������d �� ���m� of �h��� �lo�� a��o��a��o� 
w��h lymphoma�������.  A hallma�k of h��p�����
����� �� �h��� ab�l��y �o ���abl��h a la���� ��f����o� 
fo� �h� l�f� ��m� of �h��� ho��. E�� �� a� om��p����
��� ���al ��f����o� a�d �� �����ally fo��d �� >90% 
of h�ma� pop�la��o�. E�� �� al�o o�� of �h� majo� 
������� w��h h�ma� � lympho�y�� ��op��m. 

E�� �� ���o��ly a��o��a��d w��h d���lopm��� of 
�����al �a�����, �� pa�����la� w��h ���k���’� lym�
phoma (�L), �om� ��b�yp�� of �o���od�k�� lym�
phoma (N�L) (�a�al NK/T���ll lymphoma, �a����� 
d�ff��� la��� ����ll lymphoma�), a�d lymphop�o�
l�f��a���� d��o�d��� wh��h �ompl��a�� �mm��� ��p�
p�����o� �o�d���o��. Th��� E���a��o��a��d ��o�
pla�m� a�� �ha�a�����z�d by p���l�a� ��o��aph�� 
d�����b���o�� a�d d���������� �p�d�m�olo��� f�a�
�����. Ab��da�� �p�d�m�olo���al, �l����al, ���olo���
�al ��o��d� a�d mol���la� ������� da�a ha�� b��� 
ob�a���d fo� a �a��al ��la��o� b��w��� �h� DNA�
�o��a����� E�� a�d �h� fo�ma��o� of ��d�m�� 
(Af���a�) ���k���’� lymphoma (��L) (��� (5)). Th� 
l��k b��w��� E�� a�d ��L p�o��d �o�������� a�d 
became the first of an unexpectedly wide range of 
a��o��a��o�� d���o����d b��w��� ����� a�d ��mo��. 
�L� a�� ma�k�d by �ha�a��������� ��a��lo�a��o�� 
b��w��� �h� ��my� ���� a�d �mm��o�lob�l�� lo�� 
(6).

Mo��o���, �h��� a�� da�a �� fa�o� of a ���o�� a��o�
��a��o� b��w��� E�� a�d �od�k��’� d���a�� (�D) 
(7�10). �D �� a� �����al lymphoma �� wh��h mal���
�a�� ��ll�, ���m�d �od�k��/R��d�S����b��� (�RS) 
��ll�, �omp���� l��� �ha� 1% of �h� �o�al ��ll pop�la�
��o�. �� abo�� 50% of �la����al �D �a���, �h� �RS 
��ll� a�� ��f����d by E��, ���������� a� �mpo��a�� 
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�ol� of �h� ����� �� �D pa�ho�������. 
�� E���po������ �L a�d �D, la���� ��f����o� of 

� lympho�y��� by �h� ����� �� �ow b�l����d �o b� a� 
�a�ly ��a��fo�m��� ����� (11). Al�ho��h �h� ��f���
��o� �� la���� a�d do�� �o� p�od��� ma���� �������, 
�h� ���al ����� a�� �xp�����d �� all ��mo� ��ll� 
(5). A� �mpo��a�� p�op���y of E�� �ha� ��d��l��� 
��� ��la��o� �o �a���� �� ��� ab�l��y �o aff��� ����ll 
��ow�h ����la��o� a�d �o ��d��� p��ma���� ��ll 
��a��fo�ma��o�. �� add���o�, E�� ��f����o� �� N�w 
Wo�ld p��ma��� l�ad� �o lymphoma�, a�d ��o��la�
��o� of p���ph��al blood mo�o���l�a� ��ll� f�om 
Ep�������a�� ���������opo������ a��mal� ���o ������ 
combined immunodeficiency mice results in B-cell 
lymphop�ol�f��a���� d��o�d���.

E�� �a� �mmo��al�z� h�ma� � lympho�y��� 
a�d �o���ol� �h��� ������a��� �o apop�o���. Th� ����� 
���od�� m�l��pl� p�o�����  �ha� ha�� p�ofo��d �ff���� 
o� ��ll�la� ���� �xp�����o�. Th� ��������a��o� of 
�h� mol���la� m��ha���m� of lymphoma������� �� 
E�����f����d pa������ ha� d�mo����a��d �ha� ma�y 
of �h� ����al��� pa�hway� a��o��a��d w��h �D a�� 
�ha��d amo�� �h� E������od�d p�o�����, ���h a� 
E�NA1, E�ER�, ��a��fo�m��� p�o����� LMP1 a�d 
LMP2, a�d ��ll�la� p�o����� ��d���d by �h�m. �� 
�L ���al �xp�����o�, �h�y a�� �ha��d amo�� a mo�� 
l�m���d ��mb�� of p�o����� (ma��ly E�NA1 a�d 
E�ER�). LMP1 �� �������al fo� E�� ��a��fo�ma��o� 
of lympho�y���.  T�a������� m��� �xp������� �h� 
LMP1 ��ha���� d���lop lymphoma a� a �h���fold 
h��h�� ����d���� �ha� LMP1����a���� m��� (12). A 
k�o�kdow� of �h� LMP1 ���� by ��RNA �ompl���ly 
��h�b���d lymphoma ��ll p�ol�f��a��o� a�d ��d���d 
apop�o��� (13). LMP1 o��op�o���� wa� �how� �o 
��d��� �xp�����o� of ma�y �mpo��a�� ��ll�la� ����� 
�ha� ha�� p�ofo��d �ff���� o� ��ll�la� ��ow�h. A� 
�mpo��a�� �ol� �� �h�� p�o���� �� play�d by �p�����
la��o� of �o���������� ���l�a� fa��o� NF�κ�, a� w�ll 
a� ��D30, ��D40, ��mo� ����o��� fa��o� TNF�α, a�d 
No��h1 �����a���o�� (14).  

A�o�h�� ���al ��a��fo�m��� p�o����, LMP2, �a� 
al�o ��d��� o� ��pp���� a�d ���� ��a����a�� �xp����
��o� of ��ll�la� �����. �� pa�����la�, �h�� p�o���� 
a����a��� Ak� �ha� pho�pho�yla��� a�d ��a����a��� 
GSK3β, �a����� a� �����a�� �� β��a����� l���l� 
(15), wh��h may �o����b��� �o o��o����� p�op������ 
of E�����f����d ����ll�.

E�� may play a �ol� �� ��h�b����� P16(�NK4A) 
�xp�����o�, �h�� ����l���� �� a p�����b�d 

p16(�NK4A)�Rb ��ll �y�l� �h��kpo��� (16). �� wa� 
��po���d �ha� �h� dom��a�� �ff��� of ���al p�o���� 
E�NA3�� �� a d����a�� �� Rb p�o���� l���l�  (17). 
Th� lo�� of ��pp����o� ���� p�od���� m��h� fa��l��
�a�� lymphoma�������.

Th��, a ��mb�� of E�� ����� �how a ���o��ly 
manifested oncogenic effect, which was confirmed 
����� a ��a������� m��� mod�l. �� wa� d�mo����a��d 
�ha� �a�h of E�NA1, LMP1 o� LMP2A ����� alo�� 
�� o��o����� �� ���o, a�d all �h�y a�� �mpo��a�� fa��
�o�� �o����b����� �o �h� d���lopm��� of E���a��o�
��a��d lymphoma� (12, 18). �� add���o�, E�� �a� 
cause epigenetic modifications that may contribute 
�o ���al pa�ho������� a�d ��mo��������� (19). O�� 
������al ����la�o�y m��ha���m ���l�z�d by E�� �� 
DNA m��hyla��o� of �y�o���� ����d��� �� ��pG d����
�l�o��d�� lo�a��d w��h�� p�omo��� ����o��, wh��h �� 
�mpo��a�� fo� ���� ��l������ a�d ���om� ��������y 
(20).

Da�a ob�a���d w��h p��ma��� a�� al�o �� fa�o� 
of E�� ���ol��m��� �� h�ma� lymphoma�������. 
S����al ��m�a� �had��o������� ��la��d �o E�� ha�� 
b��� fo��d �� �a��o�� Old Wo�ld p��ma���. ���p�� 
����� �a�m��� (��S), a T�lympho��op�� a���� of 
�q�����l mo�k�y� (Sa�m��� ��������), �lo��ly ��la��d 
�o E��, ��f����d T�lympho�y��� of �h� �a���al ho�� 
(Sa�m��� ��������) w��h �o �ymp�om�, b�� ��d���d 
a���� T���ll lymphoma� a�d o�h�� lymphop�ol�f�
��a���� d���a��� �� ��m��o�� �o���a���al p��ma�� 
ho���, ���h a� �ommo� ma�mo���� o� �o��o��op �am�
a���� (21, 22). A� E�����la��d ��m�a� h��p�� ����� 
����al�d �� mo�k�y� a�d op��a��o�ally d�����a��d 
a� h��p�� ����� Ma�a�a fa�����la��� (��MF��) (23) 
�� al�o a��o��a��d w��h ����ll lymphoma�������.

Th� da�a abo�� ������� �ha� �xp�����o� of 
���al ����� �� mo�� E����o��a����� lymphoma� 
�� �������al fo� �h� d���lopm��� of �h��� �a�����. 
S�mma��z��� �h� a�a�labl� da�a, �� �a� b� �o��
�l�d�d �ha� �� �L �a��� E�� �� mo�� p�obably a 
�o����b����� �ofa��o�. �� �D �a��� E�� m��h� a�� 
�a�h�� a� a fa��o� �o����b����� �o lymphoma p�o�
������o� �ha� �a����� �h� ��mo� (24). E�d�m�� 
pa������ of ����d���� ������� �ha� bo�h ������� a�d 
�����o�m���al fa��o�� �o����b��� �o E���a��o���
a��d lymphoma�������.

Kaposi’s sarcoma-associated herpesvirus
E�� �� �o� �h� ����l� h�ma� �amma�h��p�����
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��� a��o��a��d w��h d���lopm��� of lymphop�ol�f�
erative diseases. Over a decade ago, the first human 
�had��o����� (�amma2�h��p�������), h�ma� h���
p������� �yp� 8 (����8) d���a��ly ��la��d �o E��, 
wa� d���o����d �� Kapo��’� �a��oma (KS) b�op���� 
(25). S���� DNA of �h�� ����� �o�ld b� fo��d �� all 
KS fo�m�, �h� ����� wa� al�o ���m�d KS�a��o��a��d 
h��p������� (KS��). Th�� ����� wa� fo��d �o b� 
�lo��ly a��o��a��d w��h �a�� ����ll lymphop�ol�f�
��a���� d��o�d��� ���h a� m�l��������� ��a��l�ma�’� 
d���a�� (M��D) a�d p��ma�y �ff���o� lymphoma 
(PEL), that represent a specific subset of NHLs also 
k�ow� a� body �a���y�ba��d la������ll lymphoma 
(26�28). 

S���� o�� of �h� �������o�� fo� d�a��o��� of PEL 
�� KS�� po�������y, all PEL� a�� KS���po���
����. Apa�� f�om KS��, PEL� �o��a�� al�o o�h�� 
�������. Mo��  PEL� a�� of��� �o��f����d w��h E��. 
KSHV DNA sequences were identified in acquired 
immunodeficiency syndrome (AIDS-related NHL) 
pa������. N�a�ly all of A�DS�a��o��a��d M��D� a�� 
a��o��a��d al�o w��h KS��, wh���a� o�ly abo�� 
50% of �o��A�DS�a��o��a��d M��D� �o��a�� KS�� 
DNA (29). Th��, a� l�a�� �� �om� �a���, �h� d���lop�
m��� of KS�����f����d lymphoma� �a� b� d�� �o 
a �omb���d a���o� of �h�� a�d o�h�� ������� (E�� 
o� ���). 

KS�� ha� abo�� a h��d��d op�����ad��� f�am��. 
El���� of �h�m a�� homolo�� of ��ll�la� ����� �ha� 
w��� h�ja�k�d f�om �h� ho�� d����� a lo�� pa�all�l 
��ol���o�. Th�� ����� ���od�� �����al ���al homo�
lo�� of ��ll�la� �y�ok���� a�d a����apop�o��� p�o�
����� (��L�6, ���l�2, �FL�P a�d o�h���) �ha� �a� b� 
also involved in cancer development. At least five 
of KSHV-specific genes display transforming abil�
��y bo�h �� ����o a�d �� ���o (30). �� pa�����la�, �h� 
p�od���� of kapo��� a�� of��� ���a�d�d a� po�����al 
lymphoma�����������m�la���� a�����. O�� of kapo�
��� p�o���� ��ofo�m� �� ���ol��d �� �h� ����la��o� 
of ���������m�d�a��d ��ll adh���o� (31), wh���a� 
a�o�h�� o�� a����a��� �h� p38/MK2 pa�hway (32). 
La�a �� o�� mo�� ���� �ha� �a� b� ��la��d �o lym�
phoma d���lopm���. Th�� ���� �� �xp�����d �� all 
KS���a��o��a��d ��mo��. Th� LANA p�o���� �� 
�mpo��a�� fo� �h� ���al ���om� ma�����a��� a�d 
����la��� al�o ��ll�la� ���� �xp�����o�. LANA �� a 
��a�����p��o�al �o�a����a�o� of STAT3 (33), �� ������
a��� w��h �h� ��mo� ��pp����o� p�o����� p53 a�d 
pRb a�d p�omo��� �h�omo�omal ����ab�l��y, ����

������� �ha� LANA may �a���� �h��� p�o����� a�d 
p�omo�� o��o�������  (34�36). Th� K1 ����, who�� 
�xp�����o� ha� b��� d������d �� PEL� a�d M��D, �� 
a�o�h�� o�� KS�� ���� p�obably ���ol��d �� lym�
phoma������� p�o���� (37, 38). Th�� ���� �a� ����al 
�o ��d��� ����ll a����a��o� a�d ��a��fo�m ��ll� (39, 
40).  Mo��o���, K1  a����a��� NFκ� a�d NFAT a�d 
��d���� pho�pho�yla��o� of �����al ��ll�la� ����al 
��a��d����o� p�o�����, ���h a� �a�, p85, Syk a�d 
Ak� k��a�� (41). A��o�d��� �o �om� da�a, �h� ���al 
���� �GP��R, homolo�o�� �o �h� ����p�o� ���� �L�
8, can play a definite role in the induction of lym�
phoma�������. Th�� ���� ha� b��� �how� �o po��
���� a ��a��fo�m��� po�����al a�d �o a����a�� a w�d� 
�a��� of ��ll ����al��� ���wo�k� by ��d����� �h� 
��a�����p��o� of a ��mb�� of ��ll�la� ����� ���ol��d 
�� ��ll p�ol�f��a��o� a�d ��a��fo�ma��o� (42, 43). Th� 
o��o����� po�����al of �om� KS�� ����� ha� b��� 
confirmed in experiments with transgenic animals 
(18, 40).

Th��, a majo���y of �h� ����� p�o����� w��h 
various properties ensure sufficiently long viral 
p���������� �� �h� h�ma� a�d l�k�ly �o����b��� �o 
KS���a��o��a��d lymphoma������� �h�o��h �h� 
pa�����pa��o� �� ���h�� ��mo� ��d����o� o� ��mo� 
p�o������o�. S���� PEL� a�� mo�o�lo�al �� �a����, 
�� �a� b� a���m�d �ha� KS�� ��f����o� p����d�� 
��mo� p�o������o� a�d may b� ���ol��d �� ��mo� 
��d����o� a�d p�o������o�.

A� �mpo��a�� �ol� of  KS�� �� pa�ho������� of 
PEL� wa� ��ppo���d by �h� da�a ob�a���d by Fa� �� 
al. (44), who analyzed gene expression profiles to 
d����m��� �h� ���al �mpa�� o� ��ll�la� ���� �xp����
��o�. �� ha� b��� �how� �ha�  KS���po������ PEL� 
a�� ���y d�ff����� f�om o�h�� lymphoma�o�� �ff��
��o�� a�d �ha� abo�� 500 d�ff������ally �xp�����d 
����� ���l�d� apop�o��� a�d ��ll �y�l� ����la�o��, 
��a�����p��o�al fa��o��, a�d ����al ��a��d����o� 

����la�o��. Fo��y ����� d�ff������ally �xp�����d 
amo�� KS���po������, E���po������ PEL a�d 
KS���po������, E������a���� PEL w��� �d�����
fied. The expression of four of these genes (p38δ, 
GADD45, �a�pa�� 1, a�d SKAP55R), k�ow� �o b� 
����la�o�� of �h� m��o����a����a��d p�o���� k��a�� 
pathway, is significantly higher in KSHV-positive, 

E������a���� PEL�. �a��d o� �h� da�a ob�a���d, �� 
�a� b� �o��l�d�d �ha� �h� m��o����a����a��d p�o�
���� k��a�� pa�hway may a�� a� a �ofa��o� fo� PEL 
d���lopm���. 
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Th��, a ���o�� mol���la� a�d �p�d�m�olo���al 
l��k b��w��� KS�� a�d PEL �������� �ha� �h�� 
����� �� ������a�y fo� d���lopm��� of �h�� mal���
�a��y. A �a��al ��la��o� b��w��� KS�� a�d PEL 
ha� b��� al�o ��������d.  

�� ha� b��� �how� �ha� a����h��p������� d���� 
�ha� ��h�b�� h��p�����al ��pl��a��o�, ���h a� �a����
�lo���, a�� ���ff������ a�a���� la���� ������� (29), 
a�d �h���fo�� �h� d���� a�a���� ��mo�� �ha� �m���� 
�po� KS�� ��f����o� a�� �o� �a�����d a� �h� ����� 
����lf. Fo� �h�� ��a�o�, �h� ��a��h of ��w d���� �p��
cifically directed at individual viral genes presum�
ably ���ol��d �� lymphoma d���lopm��� �� ���d�d.

rNA-CoNTAINING VIruSES oF PrIMATES

HСV
��pa����� �� ����� (����) �a� b� fo��d �� mo�� 

�ha� 200 m�ll�o� p�opl� wo�ldw�d�. Apa�� f�om 
�h� w�ll do��m����d pa�ho����� ���ol��m��� of 
���� �� h�pa��� d���a���, a� �����a��d ���k of � 
��ll �o���od�k�� lymphoma ha� b��� ��po���d fo� 
a m��o���y of ���� ��f����o��  (45�50). Th� mo�� 
f��q���� �yp�� of �����a��o��a��d lymphoma� a�� 
low���ad� ����ll N�L, �pl���� ma����al zo�� lym�
phoma, lymphoma of m��o�a�a��o��a��d lympho�d 
������, p��ma�y h�pa��� lymphoma� (P�L), a�d d�f�
f��� la��� ��ll lymphoma. ���� ��f����o� l�ad� �o 
a� abo�� 50�fold �����a��d ���k of N�L� aff������ 
�h� l���� a�d majo� �al��a�y �la�d� a�d �o a� abo�� 

4�fold �����a��d ���k of N�L� �� o�h�� o��a�� (51�
53). Ep�d�m�olo��� a�d �xp���m���al da�a ���o��ly 
������� a� ���opa�ho����� �ol� of ���� �� �h� d���l�
opm��� of a ��b��� of N�L�, pa�����la�ly �ho�� 
�ompl��a���� �h� �o���� of �om� a��o�mm��� d���
�a���, ��p���ally of m�x�d ��yo�lob�l���m�a (M��) 
�y�d�om� (47, 54). A h��h p���al���� (7.5�37%) 
of �h�o��� ���� ha� b��� d�mo����a��d amo�� 
pa������ w��h lymphoma� (47, 55, 56). �ow����, 
�h� a��o��a��o� b��w��� ���� ��f����o� a�d ����ll 
lymphoma� �� �o���o�����al, ����� �� �how� a ���o�� 
����o�al �a��a��o�. 

D��a�l�d m��ha���m� ���po���bl� fo� �h� d���l�
opm��� of d��o�d���  �� �����po������ pa������ ���ll 
��ma�� ���l�a�. ���� �o��a��� a� RNA ���om�, 
do�� �o� �o��a�� a�y ob��o�� o��o�����, a�d do�� 
�o� ������a�� ���o �h� ho�� ���om�. A��o�d��� �o 
�om� da�a, ���� �a� ��d��� a m��a�o� ph��o�yp� 
a�d ��a��fo�m ��ll� by �h� h���a�d���� m��ha���m 

(57, 58).  A significant role in lymphoma develop�
m��� �a� b� play�d by �����E2, �h� majo� ����lop� 
protein of HCV. HCV-E2 binds with high affin�
��y ��D81, �h� ����a�pa��� �xp�����d �� �����al ��ll 
�yp�� (59). Th�� l�ad� �o a p��f������al a����a��o� of 
�a��� � lympho�y�� p�ol�f��a��o�. S��h a� a���mp�
��o� �� ��ppo���d by �h� fa�� �ha� ��ad��a��o� of ���� 
��f����o� by �FN �h��apy �� a��o��a��d w��h �o�mal�
�za��o� of �h� a����a��o� ma�k��� �xp�����o�. 

A� �h� f��q����y of N�L �� m��h low�� �ha� 
�ha� of ���� ��f����o�, �� �� ��������d �ha� ���� 
alo�� �� ��abl� �o ��d��� lymphoma�, a�d add��
��o�al ������ (��ll�la� o� ���al) a�� ������a�y fo� 
ob�a����� a mal���a�� ����ll ph��o�yp� (54). �� 
may b� �o �ha� o�ly �om� pa�����la� ���� ���o�
�yp�� a�� ���ol��d �� lymphoma������� (46, 60). 
Al����a����ly, �h� �o���� of d���a�� �� �����po���
���� ����ll N�L pa������ m��h� b� �ompl��a��d by 
�o��f����o�� w��h o�h�� ��f����o�� a�����. Th�� po��
��b�l��y ha� b��� �xam���d �� ���d��� of po�����al 
�����a���o�� b��w��� ���� a�d o�h�� ������� (���, 
E�� o� �G�). A��o�d��� �o �om� da�a  (61, 62), 
�h��� �� �o ���d���� fo� a�y ��la��o� b��w��� d�al 
��f����o� by ��� a�d ���� a�d �����a��d ���k of 
lymphoma. A� p������, �� �� mo��ly b�l����d �ha� �h� 
�ol� of ���� �� lymphoma������� �� ��d����� a�d 
��la��d �o �h�o��� a�������� ���m�la��o� (63).

N�����h�l���, ���o��a���� da�a �m���� f�om 
������ ���d��� �how��� �ha� �����f��o� (pl�� ��ba�
�����) �� a� a���a����� �h��ap����� op��o� fo� �om� 
h�pa����� �� ��������la��d low���ad� lymphoma� 
(64). Therefore, antiviral therapy is beneficial also 
�� �h�� �a��.

 �� �a��o� b� ��l�d o�� �ha� �om� o�h�� h��p�� 
������� a�� ���ol��d �� lymphoma�������. Fo� 
����a���, �� 247 �a��� of N�L �h� o���all p���a�
l���� of a ��wly d���o����d h�pa����� G ����� RNA 
po�������y wa� fo��d �o b� 7.2 % (18/247) (65).

HTLV/STLV
Som� h�ma� a�d ��m�a� ����o������� a�� ����

����ly b�l����d �o b� �h� ���olo���al a����� of p���
ma���’ mal���a�� lymphoma�. �� �� �h� o��o����� 
a���o� of �TL�/STL� �yp� ������� �ha� ha� b��� 
demonstrated first (66-69). In particular, HTLV-1 
�� a� ���olo���al a���� of ad�l� T���ll L��k�m�a/
Lymphoma (ATLL), �� �� al�o a��o��a��d w��h ���a�
��o�� T���ll lymphoma (��T��L). Wh�l� a� ����ma��d 
20 m�ll�o� p�opl� wo�ldw�d� a�� ��f����d w��h 



vIrus-assocIated lymphomagenesIs

www.ijbs.org   i j b s   vol. 2  no. 2  june  2006 106

�TL��1, �h� ��f����o� �� ��d�m�� �� �h� ��a��bb�a� 
��la�d�, pa��� of Af���a, So��hw������ Japa�, So��h 
Am����a a�d ��aly. Af��� ��a��m����o� of �TL���, 
2–5% of �a������ a�� l�k�ly �o d���lop ATLL af��� a 
lo�� la���� p���od.  Th��� a�� m�l��pl� ��po��� wh��� 
�TL��1 wa� fo��d �� �h� p���ph��al blood o� ���a�
��o�� l���o�� of �om� pa������ w��h My�o��� f���
�o�d��/S�za�y �y�d�om�, b�� ���d���  d�d �o� ����al 
a�y ���d���� fo� �h� �ol� of �TL��1 �� �h�� lym�
phoma������� (70). �TL��1 ha� b��� al�o �how� �o 
�a��� T���ll lymphoma� �� m��� (71).

Th� da�a ob�a���d w��h p��ma��� a�� al�o, �ho��h 
��d�����ly, �� fa�o� of �TL��1 pa�����pa��o� �� �a��
��� d���lopm���. S�m�a� T�lympho��op�� ����� �yp� 
1 (STL��1) �� a ����yp� ����o����� of �o�h�ma� p���
ma��� �ha� �� �������ally a�d a��������ally ��la��d 
�o �TL��1. S�m�la� �o �TL� ��f����o� �� h�ma��, 
STL� ��f����o� ha� b��� mo�� of��� a��o��a��d w��h 
�po��a��o�� mal���a�� lymphoma� (l��k�m�a) a�d 
lymphop�ol�f��a���� d���a��� (66, 67, 72).

�ow����, �h� m��ha���m(�) of �TL��1�m�d�a��d 
T���ll ��a��fo�ma��o� �� ���l�a�. S�m�la� �o o�h�� ����
�o�������, �h� �TL��1 p�o���al DNA ������a��� ���o 
�h� h�ma� ���om� b�� do�� �o� p�od��� �������o�al 
m��a�������. To fa��l��a�� ��a��m����o�, �TL��� 
�����a��� �h� ��mb�� of ��f����d ��ll� �h�o��h �h� 
a������y of a�����o�y �����, wh��h a�� ���od�d by 
�h� pX ����o� (tax, rex, p30, p12, p13, a�d HTLV-
I basic leucine zipper factor (HBZ)). U�l�k� ma�y 
a��mal ����o������� �a����� �a����, �TL��1 do�� 
�o� �o��a�� a�y �la����al o��o�����. �ow����, a 
�o����������al, ����la�o�y a�d �����al fo� �TL��
1 ��pl��a��o� p�o���� Tax �a� ��d��� �xp�����o� of 
��ll�la� p�o�oo��o����� a�d �� ������a�y a�d ��f�
ficient to transform various cells. Therefore, Tax is 
�o���d���d �o b� a ���al o��op�o���� (73, 74).  Tax 
�����a��� w��h ��m��o�� ��ll�la� p�o����� �o ��p�o�
��am ���h ��ll�la� p�o������ a� ��a�����p��o�, ��ll 
�y�l� ����la��o�, DNA ��pa��, a�d apop�o��� (fo� 
�����w ��� (63, 74, 75)). Mo��o���, Tax ��d���� p���
������� a����a��o� of NF�kappa�, �a����� d������
la��d �xp�����o� of a la��� a��ay of ��ll�la� �����, 
wh��h �� ���� �o����b���� �o �h� ��d����o� of T���ll 
��a��fo�ma��o�. Th�o��h ��RE�, NF�kappa� a�d 
SRF pa�hway� Tax ��a��a����a��� ��ll�la� p�omo��
��� ���l�d��� �ho�� of �y�ok���� (�L�13, �L�15), 
�y�ok��� ����p�o�� (�L�2Ralpha) a�d �o���m�la�
�o�y ���fa�� ����p�o�� (OX40/OX40L). Th� ��a���
a����a��o� ����l�� �� �p����la��d p�o���� �xp�����o� 

a�d a����a��d ����al��� �a��ad�� (�.�. Jak/STAT, 
P�3K��a��, JNK). Tax al�o ���m�la��� ��ll ��ow�h 
by d����� b��d��� �o �y�l���d�p��d��� k��a�� holo�
��zym�� a�d/o� ��a����a���� ��mo� ��pp����o�� 
(�.�. p53, DLG). F���h��mo��, Tax ��l����� ��ll�la� 
�h��kpo����, wh��h ��a�d a�a���� DNA ��������al 
dama�� a�d �h�omo�omal m��������a��o�, �h���by 
fa�o���� ma��f���a��o� of a m��a�o� ph��o�yp� 
�� ��ll�. A ��mb�� of ���d��� o� ��a������� m��� 
al�o d�mo����a�� �h� lymphoma����� po�����al of 
Tax (18). Tak�� �o���h��, �h��� ����l�� op�� a w���
dow o� �h� �ol� of Tax �� A�DS���la��d o��o����
����. �ow����, Tax �xp�����o� �� of��� ��pp�����d 
�� ATLL by �����al m��ha���m� ���l�d��� ������� 
�ha���� of �h� tax ����, d�l���o�/hyp��m��hyla��o� 
of 5’�LTR. A� �how� ������ly, �� ���h �a��� �h� 
HBZ ���� m��h� p�omo�� p�ol�f��a��o� of ATLL 

��ll� �� �h� RNA fo�m a�d play a� �mpo��a�� �ol� �� 
o��o������� by �TL��1 (76). 

Th��, a��o�d��� �o �p�d�m�olo���al a�d mol����
la� ������� da�a, �TL��1 m���� all �h� �������a of a 
h�ma� ��mo� ����� a�d �a� b� �o���d���d �h� �ol� 
�a��al a���� fo� ATLL �� ����o�� ��d�m�� fo� �h�� 
�a����. �ow����, a low ����d���� a�d a lo�� la����y 
p���od p����d��� �h� o��������� of �h� d���a�� 
������� �ha� add���o�al fa��o�� a�� ���ol��d �� �h� 
d���lopm��� of ATLL. �� pa�����la�, mo�� mal���
�a����� �a��y ab���a��o�� �� p16�pR� a�d/o� p53 
pathways (77). Thus, somatic mutations of definite 
��ll�la� �����, mo�� l�k�ly l�ad��� �o d�����ba��� of 
��ll �y�l� ����la��o�, a�� ��q����d fo� �h� d���lop�
m��� of ATLL.

HIV/SIV
Th� ����d���� of ����ll �o���od�k��’� lym�

phoma (N�L) �� A�DS pa������ app�ox�ma��ly 
200�fold �x���d� �h� �o�mal �a�� (3, 4), a�d 5�10% 
of ������f����d ��d���d�al� d���lop A�DS���la��d 
N�L (78). A�DS�N�L� a�� a h����o����o�� ��o�p 
of mal���a�����. A �a�� majo���y of ����a��o���
a��d lymphoma� a�� h��h���ad� ����ll lymphoma�: 
���k��� lymphoma (�L), d�ff��� la��� ����ll lym�
phoma (DL���L) w��h �����obla���� (���) f�a�����, 
a�d DL���L w��h �mm��obla���� (��L) f�a����� 
(79�86). �� ������f����d ��d���d�al�, �x��a�od�la� 
fo�m� of N�L� a�� �a�h�� f��q���� (87), �.�. ����
��al ����o�� �y���m lymphoma o����� �� 15�25% of 
�a��� (88�90). Apa�� f�om o�h�� lymphoma�, �a��� 
of �D o��������� �po� ������f����o� ha�� b��� 
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��po���d, a� w�ll a� of T���ll lymphoma� �� 5�10% 
of �a��� (83, 91�94). ����a��o��a��d T���ll lym�
phoma� ���l�d� lymphobla���� lymphoma, PT��L, 
AL��L a�d ���a��o�� T���ll lymphoma. 

��o��f����o� of ��� w��h o�h�� �������, ���h a� 
E�� a�d KS��, ha�� l�d �o �h� ������� of p�����
o��ly �a�� o� �����o���z�d lymphoma ��b�yp�� 
���h a� pla�mabla���� lymphoma of �h� o�al �a���y 
a�d p��ma�y �ff���o� lymphoma� (PEL). E�� �� 
a��o��a��d w��h mo�� �ha� 50% of �h� lymphoma� 
o�������� �� �h� �o���x� of ��� ��f����o��� KS�� �� 
���ol��d mo�� �a��ly (62). 

Th� pa�holo���al h����o������y of A�DS�N�L� 
reflects the heterogeneity of their associated molec�
�la� l���o��. Th� ��mb�� a�d �yp� of ������� l���o�� 
�om�wha� �a�y amo�� A�DS���la��d N�L� a��o�d�
��� �o �h��� h���opa�holo��� �a���o�y a�d a�a�om�� 
���� of o�����. Th� app�a�a��� of A�DS���la��d 
N�L� �� �ha�a�����z�d by �h� p������� of a mo�o�
�lo�al ����ll pop�la��o� �ha� d��play� a �a����y of 
������� l���o��, ���l�d���, fo� �xampl�, ��myc a�d 
bcl�6 ����� ��a��a���m���, p53 a�d ras ����� 
m��a��o��. Th� �xp�����o� pa������ of ��l�6 (a p�o�
tein specific to germinal center (GC) B-cells, and 
��D138/�y�d��a��1 (Sy��1), a ma�k�� of po���G�� 
����ll d�ff������a��o�), �how�d �ha� �h� ��l�6(+)/
Sy��1(�) pa����� wa� a��o��a��d w��h A�DS���la��d 
�mall a�d la��� �o��l�a��d ��ll lymphoma�, wh�l� 
�h� ��l�6(�)/Sy��1(+) pa����� wa� a��o��a��d w��h 
A�DS���la��d la��� ��ll �mm��obla���� lymphoma 
pla�ma�y�o�d a�d A�DS���la��d p��ma�y �ff���o� 
lymphomas. The former lymphomas reflect a GC 
��a�� of d�ff������a��o�, wh���a� �h� la���� d����� 
f�om � ��ll� �ha� ha�� ������d po���G�� pla�ma��ll 
differentiation (95). These findings suggest that 
mo�� �ha� o�� pa�ho������� m��ha���m �� op��a�
��o�al �� �h� d���lopm��� a�d p�o������o� of A�DS�
��la��d N�L�.

�� ha� b��� ��������d �ha� ��mo�� a������ d���
��� ������f����o� a�� o�ly �h� ����l� of �mm��o�
��pp�����o� (96). A��o�d��� �o ���al �� al. (97), �h� 
�p�d�m��� of A�DS �� “a la������al� �a���al �xp����
m��� w��h m��h �o b� d�����d fo� ���dy��� �h� �ol� 
of immunodeficiency in cancer formation”. At the 
�am� ��m�, �h��� a�� ��a�o�� �o b�l���� �ha� lympho�
ma� ��ow��� �po� ������f����o� a�� �o�d���o��d 
not only by immune deficiency. AIDS related lym�
phoma� a�� d������� f�om �h��� �o�����pa��� ���� �� 
����1 ���o���a���� pa������. F����ly, al�ho��h �h� 

��mo�� o�������� �po� ������f����o� a�� ������
ally ��m�la� �o �ho�� a��o��a��d w��h �mm��o��p�
p������� �h��apy, �h��� a�� ���ll ma�k�d d�ff������� 
b��w��� �h�m (fo� ����a���, �L �� f��q����ly a��o�
��a��d w��h ������f����o�, b�� �� do�� �o� app�a� 
��d�� �h� �ff��� of �mm��o��pp����a���). S��o�dly, 
abo�� 40% of ����a��o��a��d lymphoma� w��� 
ob�����d �� ��d���d�al� w��ho�� A�DS �ymp�om� 
(98). Th��dly, ��a�ly half of all �a��� of ARL a�� 
a��o��a��d w��h �h� p������� of a �amma h��p�����
��� (E�� o� KS��). Fo���hly, ��� a�d ��� ����la�
�o�y ����� �a� ��a��fo�m � ��ll l���� a�d ��a������� 
mice (99-101). And finally, molecular studies have 
����al�d bo�h ��m�la������ a�d d�ff������� b��w��� 
����a��o��a��d a�d �o������a��o��a��d lympho�
ma�. O����xp�����o� of �om� ����� �� a la��� p�o�
po���o� of ����a��o��a��d DL���L a� �ompa��d �o 
�po��a��o�� DL���L ha� b��� ��po���d (102, 103), 
al�ho��h �om� da�a �o���ad��� �h�� ob����a��o� 
(104).   

Th� ����l�� ob�a���d fo� p��ma��� w��� �� fa�o� 
of �h� a��o��a��o� b��w��� ��� a�d lymphoma 
d���lopm���. S����al a��ho�� ha�� ��po���d ��ola�
tion of different simian immunodeficiency viruses 
f�om lymphoma�b�a���� mo�k�y� (105, 106). Fo� 
����a���, �h� S��/M�� ����� ��f����o�� fo� bo�h 
�ho����a�l ma�a�a a�d ma�a�a �h���� wa� ��ola��d 
f�om �h� lymph �od�� of a �ho����a�l Macaca nemes-
trina a��mal �ha� had d��d of mal���a�� lymphoma 
(106).

Artificially SIV-infected monkeys also fre�
q����ly d���lop d�ff����� �yp�� of lymphoma. 
Th�� ph��om��o� wa� ob�����d, fo� ����a���, �� 
35�40% of S��sm���f����d �y�omol��� mo�k�y� 
Macaca fascicularis (23, 107, 108), a�d �� 13�30% 
of S��ma�251���f����d Macaca mulatta (109, 110). 
35% of ma�aq��� �xp���m���ally ��f����d by S��/
D�l�a d���lop�d E�����la��d lymphoma� (111). 
��a���� �� m��d �ha� a �o���d��abl� amo��� of a����
ficially SIV-infected monkeys carried lymphomas 
a�d �ak��� ���o �o���d��a��o� �h� p������� of ��f���
��o�� S�� �� �om� ��mo� ��ll� (108), �� �a� b� ����
�����d �ha� S�� �� d�����ly ���ol��d �� �h� p�o���� 
of lymphoma�������.

Th� pa�ho�������y of ��� �� h�ma�� a�d S�� 
�� mo�k�y� app�a��d �o b� ��m�la� (107, 112, 113), 
a� w�ll a� �h� �yp�� of �h� �m������ lymphoma� 
(107, 108, 110, 111, 114). Mal���a�� lymphoma� �� 
S�����f����d mo�k�y� w��� of h��h o� �����m�d��
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a�� ��ad� mal���a��y a�d, wh�� �����d, ���ally of 
����ll o����� w��h mo�pholo���al f�a����� ��m�la� �o 
����a��o��a��d lymphoma�, of��� w��h �x��a�odal 
ma��f���a��o� (111, 114, 115). N�L� of T���ll o���
��� w��� al�o ��po���d (108). �ow����, �o �a��� of 
�la����al �L o� �D d���lopm��� ha�� b��� h��h���o 
ob�����d.

L�k� �� ������f����d h�ma��, �h� p������� of 
E�� wa� of��� ob�����d �� lymphoma� of S���
��f����d mo�k�y� (107, 111). Fo� �xampl�, a ��m�
�a� homolo� �o E�� (��MF�1) wa� �how� �� ���� 
�a��� of lymphoma� �� 10 �y�omol��� mo�k�y� 
��f����d w��h S�� (116). �� mo�k�y�, mal���a�� 
lymphoma �a� b� al�o ��d���d by �h� STL��� (66).

Th� pa�ho����� m��ha���m of ����a��o��a��d 
lymphoma� �� ���ll ���l�a�, al�ho��h �h��� �� a hop� 
�ha� �h� p�obl�m of d����� ���ol��m��� of ��� �� 
�h�� p�o���� w�ll b� �ol��d. ��� p�o���al DNA �����
��a��� ���o �h� ���om�� of ��f����d ��ll�, b�� ������
��o�al m��a������� �� p�obably �� �o way ���po��
sible for lymphomagenesis. Most likely, a definite 
�ol� �� �h�� p�o���� �� play�d by ��d���d�al ���al p�o�
�����. �mpo��a�� pa�� �� ����a��o��a��d lymphom�
a������� �� a������d �oday �o �h� tat ���� p�od��� 
(Ta�). Ex������� ���d���� ��d��a��� �ha� Ta� may 
b� a �ofa��o� �� �h� d���lopm��� of A�DS���la��d 
��opla�m�. Th� o��o����� po�����al of Ta� ha� b��� 
d�mo����a��d �� ��ll ��l���� a�d ��a������� m��� 
(101, 117). Th� mol���la� m��ha���m ��d��ly��� 
Ta�’� o��o����� a������y may ���l�d� d�����la�
��o� of ��ll�la� �����. A��o�d���ly, �h� �����a���o� 
b��w��� Ta� a�d pRb2/p130 ���m� �o ����l� �� �h� 
d�����la��o� of �h� �o���ol �x����d by pRb2/p130 
o� �h� ��ll �y�l� (118). A� o��o����� po�����al of 
�h� tat ���� wa� d�mo����a��d al�o �� ��a������� 
a��mal� (18). �����������ly, Ta� �a� pa���ally ��p���� 
�h� p�o������� a������y of D���� wh��h �� ���ol��d 
�� ma���a��o� of ��ll�la� m���oRNA� (119). Th�� 
���ommo� m��ha���m of �h� ��������ll �����a���o� 
m��h� b� �mpo��a�� fo� �h� ��d����a�d��� of �h� 
pa�holo���al a���o� of ���. 

A� �o o�h�� ��� �����, p�a����ally �o da�a 
���������� �h��� ���ol��m��� ha�� b��� h��h���o 
��po���d, al�ho��h �� �� w�ll k�ow� �ha� ��� �a� 
�p��������ally ��p�o��am ����� �� ��f����d ��ll� 
(120), which can also influence lymphoma develop�
m���. Th��, ��l�k� all �h� ������� d�����b�d abo��, 
��� may b� p������ly �o���d���d o�ly o�� of �ofa��
�o�� �o����b����� �o lymphoma d���lopm���.

CoNCLuSIoNS

N�w da�a a�� �m������ �ha� ��d��a�� �o� o�ly 
association of individual viruses with definite can�
��� �yp�� b�� al�o �h��� �a��a���� f�����o��, a� l�a�� 
for some of them, in the first place in lymphomas 
�ha� d���lop �� �h� �o���� of E��, KS�� a�d 
�TL��1 ��f����o��. ������� ��� �a��o�� ����a��o� 
�o ������ �h��� �x������� �� �h� ��ll a�d �o p�o��d� 
fo� ��� mal���a�� ��a��fo�ma��o�. Th�y of��� play 
a �ol� of �p�������� o��o���������a����� fa��o��. 
�����a���� ���d���� �how� �ha� ���al ����� a�� k�y 
play��� �� ����la���� DNA m��hyla��o� �� �a���� 
��ll�.

�mpo��a��ly, �h��� �� a p�ofo��d f�����o�al o����
lap b��w��� ���al a�d ��mo� ��ll p�o��am� (2). A 
��mb�� of pa�hway� al����d by �h��� ������� a�� �h� 
�am� a� �ho�� a���m�la���� ������� al���a��o�� d���
��� ��mo� p�o������o�. ������� of��� ���od� p�o�
����� �ha� p�od��� ��ow�h d�����la��o� �� ��f����d 
��ll� ��m�la� �o �ha� d�� �o m��a��o�� �� ��mo� ��ll�. 
O��o����� ���od�d by h�ma� ��mo� ������� play 
������al �ol�� �� �h� ���al �o�q���� of �h� ho�� ��ll 
by ��b������� �����al a�d ��la����ly �o����d��da�� 
����la�o�y �������� �ha� ����la�� ��ll�la� p�ol�f��a�
��o�, d�ff������a��o�, apop�o��� a�d l�f� �pa�. Som� 
���al o��op�o����� a�� a� pow��f�l m��a�o� �����, 
a�d �h��� �xp�����o� d�ama���ally �����a��� �h� 
����d���� of ho�� ��ll m��a��o�� w��h ����y �o��d 
of ��ll d�����o�. Som���m��, p�o����� of �ompl���ly 
d�ff����� ������� aff��� �h� �am� ��ll�la� m��abol�� 
pa�hway�. Fo� �xampl�, �TL��1 a�d E�� d�����b 
�h� No��h ����al��� �a��ad� wh��h aff���� �����al 
k�y a�p���� of �o�mal d���lopm��� by ����la���� 
d�ff������a��o�, p�ol�f��a��o� a�d apop�o���. Som� 
����� of KS��, E��, ��� a�d �TL��1 a�� a��o�
��a��d w��h malf�����o���� of ��ll�la� ����la�o�y 
��pp����o� �����, ���h a� p53 (36, 74, 121). 

A� �h� �am� ��m�, �a�h ����� �� al�o ������ly �p��
cific. Thus, viral proteins are discriminating bio�
�h�m��al p�ob�� �ha� �a� b� ���d �o �d����fy a�d 
�ha�a�����z� �o��l ��mo� �a�����. ������� �a� b� 
looked upon as small “lamps” that throw light on 
����� p�o������ �o���al�d �� �h� ��ll a�d ���po��
��bl� fo� mal���a�� ��a��fo�ma��o� of ��ll�. 

A ������ d�mo����a��o� �ha� lymphoma� a��o���
a��d w��h ���al ��f����o� may ������� af��� ��������
ful antiviral therapy confirms the role of viruses in 
lymphoma�������. �� pa�����la�, �����f��o� (pl�� 
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��ba�����) �� a� a���a����� �h��ap����� op��o� fo� 
�om� �������la��d low���ad� lymphoma� (122).  
D���� ���h a� a������ ���ox�d� �omb���d w��h �FN�
alpha ha�� al�o b��� d�mo����a��d �o �y�����z� in 
vitro fo� ��d����� apop�o��� �� �TL��1 ��f����d T 
��ll�. Th��� d���� ha�� b��� ���d in vivo fo� ���a��
ing ATLL patients (123). EBV-specific cytotoxic T 
��ll� ha�� b��� ���d �������f�lly fo� p�ophylax�� 
a�d ���a�m��� of E���a��o��a��d lymphop�ol�f��a�
���� d���a��� (124). Th� po���b�l��y of �h��ap����� 
appl��a��o�� fo� ����o��m�d�a��d ��RNA d�l����y 
�o �o���ol E���a��o��a��d mal���a�� d��o�d��� wa� 
al�o �how� (125). ��RNA�m�d�a��d ��h�b���o� of 
E�NA1 �xp�����o� ��pp�����d �h� �p��omal ma���
���a��� f�����o� of E�NA1 a�d ��h�b���d ��mo� 
��ll ��ow�h/������al (126). Th��� da�a ������� �ha� 
��RNA� a�a���� E�NA1 may ha�� �h��ap����� �al�� 
�� E���a��o��a��d d���a���.

Th��, l�k� o�h�� �a����o����� a�����, ������� 
��do�b��dly fa�o� �a���� d���lopm���. M�ll�o�� of 
y�a�� of �h� �o���ol���o� p�o��d�d ��o��h ��m� fo� 
�h� ���a��o� of ���y �ompl�x a�d ����ma�� �����a��
��o�� b��w��� ������� a�d h�ma��. Th� p�o��am� 
of ������� a�m�d a� �h��� ��p�od����o� �� ho�� ��ll� 
a�� �l�a�ly al��� �o �o�mal ��ll� a�d �o���a��ly 
fo��� �h�m. P�a��f�l �o��x������� of ������� a�d 
�h��� ho��� �a� �om���m�� p������ fo� a lo�� ��m� 
but at definite aberrations from the normal state 
(m��a��o��, m��abol��m d��o�d���, d����a��d 
immunity, senescence etc.) “egoistic” behavior of 
������� �a�h�� a�����ly fo���� �h� ��ll� �o mal���a�� 
��a��fo�ma��o�.
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