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A conservative estimate suggests that almost 1.4 million of malignancies are associated with oncogenic viruses, including
the hepatitis B virus, hepatitis C virus, Kaposi sarcoma-associated herpesvirus, human T lymphotropic virus type 1,
human papillomaviruses, and Epstein—Barr virus (EBV). The oncogenic properties of these viruses are directly related to
their ability to activate processes needed for cellular proliferation, survival, migration, and immune evasion. Among these
viruses, EBV, formerly designated as the human herpesvirus type 4 (HHV-4), is a y-herpesvirus containing a linear,
double-stranded DNA genome of ~172 kilobase pairs (kbp), encoding nearly 80 proteins and 46 functional small
untranslated RNAs. The genetic material of EBV is enclosed in an icosahedral nucleocapsid surrounded by the viral
tegument and lipid-containing outer envelope. EBV is transmitted through oral contact, particularly in the early years of
life, usually without causing disease. EBV can also be transmitted through organ transplantation and blood transfusion.
The life cycle of EBV primarily involves the infection of lymphocytes and potentially epithelial cells. Although EBV often
exists as an asymptomatic infection, it is involved in the development of about 1.5% of all cancers worldwide. In fact, EBV
was the first virus to have been directly associated with cancer in humans. EBV-associated neoplasms affect both
immune-competent and immunocompromised hosts, including, for example, some organ transplant recipients. Immune
dysregulation and genetic susceptibility are probable co-factors in most, if not all, EBV-associated cancers.
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| 1. Overview

Epstein—Barr virus (EBV) is associated with a variety of malignancies. In this review, we discuss EBV-encoded
microRNAs and ncRNAs and consider how their detection could aid in the diagnosis, prognostication, and monitoring of
treatment in patients with EBV-associated malignancies, including classical Hodgkin's lymphoma (cHL), Burkitt lymphoma
(BL), diffuse large B-cell ymphoma (DLBCL), nasopharyngeal carcinoma (NPC), and gastric carcinoma (GC).

EBV is a direct causative agent in around 1.5% of all cancers. The oncogenic properties of EBV are related to its ability to
activate processes needed for cellular proliferation, survival, migration, and immune evasion. The EBV latency program is
required for the immortalization of infected B cells and involves the expression of non-coding RNAs (ncRNAs), including
viral microRNAs. These ncRNAs have different functions that contribute to virus persistence in the asymptomatic host and
to the development of EBV-associated cancers. In this review, we discuss the function and potential clinical utility of EBV
microRNAs and other ncRNAs in EBV-associated malignancies. This review is not intended to be comprehensive, but
rather to provide examples of the importance of ncRNAs.

| 2. Epstein-Barr Virus

In 2018, an estimated 2.2 million infection-attributable cancer cases were diagnosed worldwide. A conservative estimate
suggests that almost 1.4 million of these were associated with oncogenic viruses [, including the hepatitis B virus,
hepatitis C virus, Kaposi sarcoma-associated herpesvirus, human T lymphotropic virus type 1, human papillomaviruses,
and Epstein—Barr virus (EBV) [&. The oncogenic properties of these viruses are directly related to their ability to activate
processes needed for cellular proliferation, survival, migration, and immune evasion E1} Among these viruses, EBYV,
formerly designated as the human herpesvirus type 4 (HHV-4), is a y-herpesvirus containing a linear, double-stranded
DNA genome of ~172 kilobase pairs (kbp), encoding nearly 80 proteins and 46 functional small untranslated RNAs [2I4],
The genetic material of EBV is enclosed in an icosahedral nucleocapsid surrounded by the viral tequment and lipid-
containing outer envelope. EBV is transmitted through oral contact, particularly in the early years of life, usually without
causing disease . EBV can also be transmitted through organ transplantation and blood transfusion . The life cycle of
EBV primarily involves the infection of lymphocytes and potentially epithelial cells. Although EBV often exists as an
asymptomatic infection, it is involved in the development of about 1.5% of all cancers worldwide . In fact, EBV was the



first virus to have been directly associated with cancer in humans. EBV-associated neoplasms affect both immune-
competent and immunocompromised hosts, including, for example, some organ transplant recipients. Immune
dysregulation and genetic susceptibility are probable co-factors in most, if not all, EBV-associated cancers (€],

The EBV life cycle begins when the virion enters naive B-lymphocytes, or in some cases, perhaps memory B-
lymphocytes, probably following initial infection of epithelial cells [&. Although the exact mechanisms of EBV entry into
epithelial cells are becoming clearer, how the virus crosses the epithelial barrier to infect B cells in vivo remains unknown
(291 The virus may infect the epithelial cells, replicate, and then be released to infect B cells in the underlying areas, but
there is no direct evidence for this and normal epithelial cells appear to be resistant to infection from the apical (i.e.,
mucosal) side 141, If the virus is unable to infect epithelial cells directly, then it may be able to traverse the epithelial
membrane barrier to access B cells, perhaps when the epithelial lining is damaged, or becomes leaky during inflammation
(121 Conversely, on exit to the oropharynx, there is some evidence that transfer infection of a virus from B cells to epithelial
cells can occur via the basolateral surface 121,

Following cell entry, the viral genome is released into the nucleus where it becomes circularized, an event that maintains
the EBV genome as an extrachromosomal episome that is readily replicated and is used as a marker of viral clonality 131,
Furthermore, the EBV genome carrying few epigenetic tags associates itself with histones and becomes methylated due
to the similarity of its nucleosomal structure with that of the host genome. DNA methylation and histone modification are
vital epigenetic mechanisms that regulate gene expression necessary for completing the viral life cycle 241 To ensure its
persistence in infected B cells, EBV enters the latency phase resulting in the silencing of some viral genes, an event that
is crucial for evading host cell immunity [, There are different latency states. For instance, expression of the latency Il or
the ‘growth program’ consisting of six EBV nuclear antigens (EBNA-1, -2, -3A, -3B, -3C, -LP) and three latent membrane
proteins (LMP-1, -2A, -2B) results in the proliferation and immortalization of primary B cells 12, Latency Il or the ‘default
program’ consisting of EBNA1, LMP1, LMP2A, and LMP2B, is expressed in EBV-infected germinal center B cells. The
latency | program, which is limited to the expression of only one protein, EBNA1, is responsible for maintaining viral
episomes in dividing memory B cells 13l Latency 0, characterized by the absence of viral gene expression, is observed in
non-dividing memory B cells . During these different latency programs, the virus utilizes non-coding RNAs, including
viral microRNAs 28, |atency is halted and viral reactivation begins when memory B cells terminally differentiate to plasma
cells. The new virions are then released from B cells and may infect epithelial cells where the virus is amplified for cell-to-
cell spread or infection of a new host 4. Compared to B cells, the nature of EBV infection of epithelial cells is less well
understood 18],

The small non-coding, non-polyadenylated RNAs EBER-1 and EBER-2 are also abundantly expressed in both EBV-
infected non-malignant and cancerous cells 2. Owing to the significantly longer half-life of EBER-1, it is usually present
at ten-fold higher levels compared with EBER-2 29, The EBERs do not code any proteins and their abundance makes
them a valuable diagnostic tool for EBV detection; using in situ hybridization, the detection of EBER has been established
as the most sensitive and practical method for detecting EBV 2. However, the precise contribution of the EBERS to the
viral life cycle and to malignant transformation remain unclear. The EBERs are not required for EBV-induced
transformation of primary B-lymphocytes, but assemble into stable ribonucleoprotein particles with the La and L22
proteins 2223l and bind the interferon-inducible, double-stranded RNA-activated protein kinase PKR, suggesting that
they may be involved in suppressing the antiviral effects of the interferons 24, EBER2 RNA may regulate the levels of
LMP2 and it has been shown to exist in a complex with PAX5; this complex can regulate LMP2A/B and LMP1 expression
(251, Knockdown of EBER?2 also decreased EBV lytic replication 28], In a recent study, EBER2 was shown to be able to
substitute for the Marek'’s disease virus telomerase RNA-like viral RNA 22,

Apart from its non-coding EBER, EBV can also express a number of microRNAs (miRNAs). miRNAs are highly
conserved, small, non-coding RNAs important for gene expression in various organisms, including humans. Although
small, miRNAs outnumber coding sequences in the human genome. Their role in gene expression is not limited to normal
functions but are also important in the development of disease. Of particular interest, here is the dysregulation of miRNAs
in cancer (281291301811 ' miRNA genes are transcribed into primary RNA (pri-miRNA) by RNA polymerase Il or Ill; and then
cleaved into precursor miRNA (pre-miRNA) by a microprocessor complex comprised of endonuclease enzymes,
DROSHA or DGCRS8. The pre-miRNA is then transported from the nucleus into the cytoplasm via a nucleocytoplasmic
exporter, which contains exportin-5 (XPO5) and RAN-GTP. In the cytoplasm, the pre-miRNA is cleaved into a miRNA
duplex by a complex of DICER and transactivating response RNA-binding protein (TRBP), and further cleavage results in
the generation of the mature miRNA. The mature miRNA is incorporated within the RNA induced silencing complex
(RISC) and Argonaute proteins (Ago2). This protein complex is responsible for regulating translation of the target mMRNAs
(291801 pysregulation in any step of mIRNA biogenesis, for example by genetic, epigenetic, and transcriptional
mechanisms, may result in alterations in mMRNA translation. For instance, upregulation of oncogenic miRNAs (oncomiR)



(for example, those involved in regulation of the cell cycle), and/or downregulation of tumor suppressive miRNAs (tumor-
suppressor miR) can contribute to carcinogenesis B2 Some well-studied oncomiRs include miR-155, which is over-
expressed in some types of lymphoma and leukemia 334 | et-7 miRNA is an example of a tumor-suppressor miR, and
is downregulated in lung cancer 2. However, some miRNAs can be oncogenic or tumor suppressive depending upon the
type of cancer. For example, miR-17-92 is upregulated in lung cancer B8, but downregulated in breast cancer BZ.
Moreover, a single miRNA may be involved in more than one biological pathway [281291[30][31](32]

Apart from miRNAs, other non-coding RNAs including long non-coding RNAs (IncRNAs) are also increasingly linked to
cancer. The first INcRNA shown to be involved in cancer was HOX Antisense Intergenic RNA (HOTAIR), which is
upregulated in breast cancer B8l Another IncRNA, the Metastasis-Associated Lung Adenocarcinoma Transcript 1
(MALAT1), is also upregulated in lung and colorectal cancers B[40,

Due to the observed changes in the expression of miRNAs in cancer, miRNAs in circulating body fluids are being
investigated as potential minimally invasive biomarkers that could help in both the diagnosis and monitoring of patients [22
[411142] | this review, we consider the functions of the EBV-encoded miRNAs and of other ncRNAs, in normal and cancer
cells, and highlight their potential clinical utility.

| 3. Conclusions

The emerging field of ncRNA biology is already providing multiple opportunities, not only to better understand the
pathogenesis of malignant disease, but also in the development of new biomarkers of disease, in defining novel
therapeutic targets and/or even as alternative therapies. Although EBV was the first human virus identified to express
miRNA, challenges remain before applications involving EBV miRNA, or other ncRNA encoded by the virus, can be
routinely adopted into clinical practice.
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