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ABSTRACT
Epidemiological and biological studies have conclusively proved that infectious agents are among the main causes of cancer worldwide. Approximately 18% of all human cancer have been linked to persistent infections from RNA or DNA viruses that include Epstein-Barr virus (EBV), human papilloma virus and Human T-lymphotropic virus type 1. Although each virus has its own specific mechanism for promoting carcinogenesis, the most common outcome for virus-induced reprogramming is genomic instability, including accumulation of mutations, aberrations and DNA damage. The progression to cancer as result of infection is usually a rare event and when it occurs it requires years to decades from the initial infection to tumour development. EBV, classified as class I carcinogen by WHO for its ability of transforming B-cell and functioning as oncogenic factor, is one of the many factors that can be linked to human malignancies. It is estimated that it accounts for more than 200,000 cases of cancer each year and that 1.8% of all cancer deaths are due to EBV. Here, we described several molecular mechanisms underlying the virus-induced carcinogenesis, expecially in Burkitt’s and Plasmablastic lymphoma. We performed RNA-Seq on 20 eBL cases from Uganda and we showed that the mutational and viral landscape of eBL is more complex than previously reported. First, we found the presence of other herpesviridae family members in 8 cases (40%), in particular human herpesvirus 5 and human herpesvirus 8 and confirmed their presence by immunohistochemistry in the adjacent non-neoplastic tissue. Second, we identified a distinct latency program in EBV involving lytic genes in association with TCF3 activity. Third, by comparing the eBL mutational landscape with published data on sporadic Burkitt lymphoma (sBL), we detected lower frequencies of mutations in MYC, ID3, TCF3 and TP53, and a higher frequency of mutation in ARID1A in eBL samples. Recurrent mutations in two genes not previously associated with eBL were identified in 20% of tumors: RHOA and cyclin F (CCNF). We also observed that polyviral samples showed lower numbers of somatic mutations in common altered genes in comparison to sBL specimens, suggesting dual mechanisms of transformation, mutation versus virus driven in sBL and eBL respectively. We also identified a subset of cellular and viral microRNAs differentially expressed between Epstein-Barr-positive and Epstein-Barr-negative Burkitt lymphoma cases. Of these, we characterized the effects of viral BART6-3p on regulation of cellular genes. In particular, we analyzed the IL-6 receptor genes (IL-6Rα and IL-6ST), PTEN and WT1 expression for their possible relevance to Burkitt lymphoma. By means of immunohistochemistry, we observed a down-regulation of the IL-6 receptor and PTEN specifically in Epstein-Barr-positive Burkitt lymphoma cases, which may result in the impairment of key cellular pathways and may contribute to malignant transformation. On the contrary, no differences were observed between Epstein-Barr-positive and Epstein-Barr-negative Burkitt lymphoma cases for WT1 expression. The oncogenic role of EBV was also investigated in Plasmablastic lymphoma. Our analysis revealed a non-canonical latency program with the partial expression of some proteins characterizing latency II and the activation of an abortive lytic cycle. We also performed microRNAs expression profiling through next generation sequencing to investigate the cellular and viral pattern of Plasmastic lymphoma. We identify a subset of viral miRNAs differentially expressed and showed an important role of EBV-miRNAs-Bart-19 in affecting many cellular pathways including lipid metabolism and cell proliferation. Finally, we considered the fact EBV might have contributed to lymphomagenesis in more samples than those remaining EBV positive by exploting a “hit and run” mechanism. We investigated a total of 10 cases and we found that all the samples (n=6) diagnosed as EBV negative by immunohistochemistry and EBER-ISH demonstrated the presence of EBV-microRNAs and EBV genome. This points at the possibility that EBV might have contributed to lymphomagenesis in all our patients, and propose microRNAs detection as the most specific and sensitive tool to recognize EBV vestiges. 
Collectively, our preliminary results point at an active role for the Epstein-Barr virus in lymphomagenesis and suggest new possible mechanisms used by the virus in determining dysregulation of the host cell physiology. Moreover, our data would have considerable implications for EBV-related diseases control and development of novel EBV-detection strategies.

            Viruses as agents of human cancer.
Approximately 15% of all human cancers worldwide are attributable to viruses with more than 31% of cases occurring in less developed regions (sub-Saharan Africa) and 4% in developed world (North America), as showed in Figure 1. Both DNA and RNA viruses have been shown to be capable of causing tumour in humans; to date, Epstein-Barr virus (EBV), the simian virus 40 (SV40), human papilloma virus, hepatitis B virus (DNA viruses) and Human T-lymphotropic virus type 1, hepatitis C (RNA viruses) are described to be responsible of many human malignancies1-3, Table 1. 
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Figure 1. Number of new cancer cases in 2012 attributable to infection, by infectious agent and development status. A) geographic regions used to derive global estimates of the number of cancer cases caused by infection and attributable fraction of cancer related to infection. B) the total number of cancer cases by cause, the burden of cancer attributable to infection by attributable factor (AF), and the proportion of cases attributable to each infectious agent.


	Virus
	Genome
	Associated Cancers

	HTLV-I
	Positive-strand, single-stranded RNA retrovirus
	Adult T-cell leukemia (ATL). ATL is a malignancy of CD4+ T-lymphocytes, which exhibits severe immunodeficiency and resistance to intensive chemotherapies.

	HCV
	Positive-strand, single-stranded RNA flavivirus
	Some hepatocellular carcinoma (HCC) and possibly some lymphomas. The risk of HCC is 11.5- to 17-fold in HCV-infected patients.

	KSHV
	Double-stranded DNA herpesvirus
	Kaposi’s sarcoma, primary effusion lymphoma. 
Kaposi’s sarcoma is the most frequent cause of malignancy among AIDS patients.

	MCV
	Double-stranded DNA polyomavirus
	Merkel cell carcinoma (MCC). MCC is a rare, but aggressive human skin cancer, and it typically affects the elderly, as well as immunosuppressed individuals.

	EBV
	Double-stranded DNA herpesvirus
	Most Burkitt’s lymphoma and nasopharyngeal carcinoma.

	HBV
	Partially double-stranded DNA hepadnavirus with retroviral features
	Chronic infection with HBV has been linked to the development of HCC for over 30 years.

	HPVs
	A group of circular, double-stranded DNA viruses.
	High-risk human papillomaviruses (HPV) 16 and HPV 18 (some other α-HPV types are also carcinogenic) are associated with cervical cancer, penile cancers and some other anogenital and head and neck cancers.

	SV40
	Polyomavirus of the rhesus macaque
	SV40 sequences are detected in 60% of human mesothelioma, a rare tumor related to exposure to asbestos. It is also detected in brain tumors, osteosarcoma and non-Hodgkin lymphoma (NHL).
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As obligatory intracellular parasites, oncoviruses need to inactivate surveillance mechanisms that would normally recognize and extinguish such abnormal cells. In addition, they encode proteins for reprogramming host cellular signaling pathways such as proliferation and differentiation. However, in contrast to many other viruses that cause disease, oncogenic viruses infect, but not kill, their host cell establishing long-term persistent infections, achieved by integrating the viral genome into the cell genome or by expressing viral proteins that equally segregate the viral genome into daughter cells during cell partitioning. In this manner, oncogenic viruses nurture infection of a controlled number of cells establishing a balance between virus and host and preserving the integrity of both. 
Cell transformation is probably not only an evolutionary viral strategy, but rather a biological accident that occurs in the virus-host interaction. Indeed, human oncoviruses only rarely are fully oncogenic per se and only a minority of infected individuals progress to cancer, usually years or even decades after primary infection. Viruses appear to be almost of the time necessary but not sufficient to cause cancer providing only a subset of the required oncogenic hits; additional cofactors (i.e. immunosuppression, chronic inflammation, host cell gene mutations, activation of viral oncogenes) are generally necessary for malignant transformation. Overall, the latently infected cells might be more susceptible targets of such additional oncogenic hits and the host genetic component driving inflammatory responses triggered by the infection itself may contribute to cell transformation and cancer development. The geographical restriction of the virus and/or access to these essential cofactors may reflect the obvious geographical distribution of many virus-associated cancers4. 
The host defense mechanisms play a crucial role in modulating viral carcinogenesis and their protective function is most clearly illustrated by the fact that tumors arise when immune surveillance of the host organism is weakened or fails3.


            GENERAL PRINCIPLES OF VIRAL ONCOGENIC MECHANISMS
Oncogenic viruses may contribute to carcinogenesis using direct and indirect mechanisms; generally, not mutually exclusive and sometimes both required to induce carcinogenesis (for example in the case of HBV and HCV infection4,5). The direct mechanisms are based on the expression of either viral or cellular oncogenes that help to keep the tumor phenotype; the indirect processes act through two main manners: a) triggering chronic inflammation and oxidative stress that persistently damage local tissues; b) producing immunosuppression that reduces or eliminates anti-tumor immune surveillance mechanisms. These mechanisms have been proposed from epidemiologic evidence and are more difficult to demonstrate since they cannot be measured by in vitro assays 5-6.
Mechanisms of Direct Carcinogenesis

The direct carcinogenesis mainly relies on ability of viruses to affect the rate of cell proliferation and resistance to apoptosis, which eventually leads to alterations in DNA repair mechanisms and genomic instability, Figure 2.
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Figure 2. Direct mechanisms of viral carcinogenesis. After infecting target cells, tumor viruses are persistently maintained as genetic elements; viral genomes can form episomes (upper panel example, herpesviruses) or integrate into the host ge-nomic DNA (lower panel example, retrovi-ruses and HBV).
Basically, to induce cell proliferation, viruses may inactivate cell polarity-associated proteins to impair morphogenesis and asymmetric division, or converge on common signaling pathways and transcription factors. For instance, many viruses (including EBV) target p53, pRb and other cell proliferation proteins as HA95, HAX1, cyclin A and D, p27kip1, p16INK4A and c-Myc, Figure 2.
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Figure 2. Cancer hallmarks activation by human oncoviruses. A) many of the molecular mechanisms deployed by human oncoviruses to maximize replication and persistence imply hijacking the host cell’s signaling machinery, leading to acquisition of cancer hallmarks. B) activation of oncogenic pathways by viral oncogenes leads to acquisition of cancer hallmarks by the infected cell. The table shows established viral oncogenes, the main cellular pathways they regulate, and the cancer hallmarks they can potentially induce. 
As the infected cells are at high risk of elimination by apoptosis, the control of anti-apoptotic mechanisms is critical for viral persistence and carcinogenesis. One example is offered by EBV which constitutively activates NFκB and PI3K/Akt signaling pathways and increases the activity of anti-apoptotic proteins Bcl-2, Bcl-xl, Mcl1, A20 by expressing its viral LMP1 and LMP2A proteins7-8.
It seems also to counteract c-Myc pro-apoptotic activity [121] through its viral BHRF1 gene, a homologue of the human Bcl-2 protein 9-10. 
Telomere shortening and cell senescence are the natural consequence of unlimited cell proliferation and viruses also display mechanisms of telomere maintenance. To date, in EBV infection, the viral-LMP1 protein can regulate telomere length and induce expression of such enzyme. These processes may interference with DNA repair mechanisms and lead to concomitant genomic instability (consequence of bypassing regulatory checkpoints of telomere length and p53- and pRb-dependent senescence) that allow to the virus to achieve replicative immortality 11.
Genomic instability may be also induced by other pathogenic mechanisms. For example, EBV-encoded EBNA-1 may promote genomic instability by activating the recombinase-activating genes RAG1 and RAG212, supposed to be responsible for the Myc chromosomal translocation present in Burkitt’s lymphoma or impairing an over-expression of the activation-induced cytidine deaminase (AID), strongly correlated to an increased rate of mutations in the variable regions of heavy and light chains 13-14.
Dysregulation of microRNAs or miRNAs offers to viruses an alternative way to promote carcinogenesis. MiRNAs are small non-coding single strand RNA molecules (~ 22 nucleotide long) which can negatively regulate the expression of their gene targets at the post-transcriptional level typically done by inhibiting mRNA translation or by direct mRNA degradation. They play a crucial role in many biological processes (i.e. cell proliferation, differentiation, apoptosis, homeostasis) and function as oncogenes or tumor suppressors depending on cell type or microenviroment. Considering their important roles in normal development, their extensive deregulation in many cancers and the fact that are easy to detect in blood, urine, solid tissues and from formalin-fixed paraffin-embedded tissue (relatively stable during handling in vivo and in vitro), several miRNAs were recently suggested as novel diagnostic and prognostic biomarkers1-21. To date, hsa-miR-155 showed potential to be useful biomarkers in the development of individualized treatment being helpful in the prediction of clinical outcomes and the modulation of the efficiency in anticancer treatments for diffuse-large B-cell lymphoma (DLBCL)22. Viruses, including EBV, may encode viral miRNAs with oncogenic properties that mimic or compete with cellular miRNAs for regulating cellular gene expression and enhance their effects in the pathogenesis of viral-associated diseases23-24, Figure 4.
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Figure 4. Networks of viral miRNAs that share common target gene with host human miRNAs.
Mechanisms of Indirect Carcinogenesis
Viruses may participate in tumour growth and modulate the biological course of an already-established cancer by affecting the host human response, crucial in contrasting viruses’s effects. These indirect oncogenic mechanisms are mainly based on the induction of immunosuppression, chronic antigen-driven lymphoproliferation and chronic inflammation25.
It has been reported that individuals with a low CD8-positive cytotoxic T-lymphocyte count or with pharmacological immunosuppression due to solid organ or bone marrow transplants are more susceptible to develop cancers associated to some viral infections, such as EBV- and KSHV-associated lymphomas, Figure 5. Viruse may encode proteins that are primary antigenic targets for cytotoxic T-cell, response against immortalized B-cells and favor the development of tumour (i.e. EBNA-3 protein in the case of EBV infection)26. 
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Figure 5. Indirect mechanisms of viral carcinogenesis. In immunocompetent individuals EBV infection is efficiently controlled by cytotoxic CD8 T cells; otherwise, in the case of HIV infection where immune responses collapse, individuals become at increased risk of developing EBV associated lymphomas.
These mechanisms may also impact the human response in immunocompetent patients where the cells of the immune system are generally expanded in response to infection. Typically, B-cells exhibit extensive proliferation during the germinal center (GC) reaction, undergo antigen receptor isotype switch and increased target affinity. Viral proteins including EBV-encoded LMP1 and LMP2A proteins provide decoy signals inducing infected B-cells to go through the GC reaction and emerge as memory cells in which the virus can persist for the life-time of the host. In this manner, the chronic antigenic stimulation can potentially increase the risk to develop EBV-associated B-cell lymphomas that partially result from this EBV-induced GC reaction27.
The persistent infection, accompanied by local chronic inflammation induces a constant and progressive local damage, closely associated to regeneration events of the damaged tissue. Indeed, to eliminate the infectious agent, immune cells produce oxygen and nitrogen free radicals, which are highly mutagenic. In this context, chronic inflammation favors the selection of a cancerous clone, while tissue regeneration functions can also favor tumor growth, invasion and metastasis, Figure 6. One example is offered by the severe gastric inflammation and increased tissue damage induced by EBV reactivation28. Furthermore, in this case, the virus-induced-chronic inflammation might dictate the pattern of viral gene expression and modulate the oncogenic functions of individual EBV gene such as LMP-129.
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Figure 6. Chronic inflammation. Infected cells produce chemokines attracting immune cells, which establish a chronic inflammatory microenvironment that persistently damage the local tissue. Cancer evolves within this cycle of infection, induced inflammation and tissue damage.

EPSTEIN-BARR VIRUS AS CARCINOGEN FACTOR
Epstein-Barr virus (EBV) or Human Herpesvirus 4 belongs to the genus Lymphocryptoviridae, the gamma 1 subtype of the subfamily Gammaherpesviridae. It is one of the most common viruses in human being able to infect more than 95% of all individuals within the first four decades of life. Although in 1958 Denis Burkitt described a common cancer primarily affecting children in specific regions of Africa and believed a virus might be responsible for such cancer, given the climatic and geographic distribution of the cases, EBV was identified only in 1964 when Anthony Epstein’s group discerned virus-like particles by electron microscopy in a cell line that had been established from a Burkitt’s lymphoma biopsy. Since EBV discovery, many authors suggested the EBV contribution in Burkitt lymphoma and investigated its potential pathogenic mechanisms mainly in B cells. The virus was extremely potent transforming virus in vitro, being able to convert >50% of B-cell into continuously proliferating, latently infected lymphoblastoid cell lines (LCLs) within few days30. The detection of EBV DNA in Burkitt’s lymphoma and the experimental production of lymphomas in cotton-top marmosets and owl monkeys established EBV as the first virus clearly implicated in the development of a human tumor. These accumulative evidences further supported by molecular data on the role of viral gene products expressed in human tumors led the International Agency for Research on Cancer (World Health Organization (WHO) to classify EBV as a class I carcinogen31-32. 
EBV genome and EBV-encoded products

The EBV genome is composed of double-stranded DNA, enclosed in an icosahedral nucleoclapsid formed of 162 capsomers, surrounded by the viral tegument and a nuclear membrane-derived lipid envelope33, Figure 7. Genetically and phenotypically, there are two types of EBV (EBV1 and EBV2) with a different geographic distribution, although presence of both types is frequently detected in many cases. Specifically, EBV type 1 is most prevalent and occurs worldwide, while EBV type 2 shows widespread geographic variation and is reported in 20-25% of EBV-infected patients in part of Africa and Malanesia. The genomes of these two EBV types are very similar except for regions of the EBNA genes that are superior expressed in type 1 and confer a greater possibility to induce B-cell proliferation as EBNA2 induces LMP1 and cellular CXR7, strongly contributor of B-cells immortalization34. 
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Figure 7. The Epstein Barr Virus genome. Ori P (indicated in dark), with plasmid maintenance and DNA replication activity, indicates the origin for latent infection EBV episome replication,. The latent proteins and the arrows indicate the direction in which they are transcribed; the latent proteins include the six nuclear antigens (EBNAs 1, 2, 3A, 3B and 3C, and EBNA-LP) and the three latent membrane proteins (LMPs 1, 2A, 2B). EBNA-LP is transcribed from variable numbers of repetitive exons. LMP2A and LMP2B are composed of multiple exons located either side of the terminal repeat (TR) region, which is formed during the circularisation of the linear DNA to produce the viral episome. The highly transcribed non-polyadenylated RNAs EBER1 and EBER2 consistent feature of latent EBV infection are shown. The outer long arrowed red line represents EBV transcription during a form of latency known as latency III (Lat III), where all the EBNAs are transcribed from either the Cp or Wp promoter; the different EBNAs are encoded by individual mRNAs generated by differential splicing of the same long primary transcript. The inner shorter arrowed light blue line represents the EBNA1 transcript originating from the Qp promoter during Lat I and Lat II. In below, are shown the locations of the BART and BHRF1 regions from which viral miRNAs are transcripted.
The virus encode more than 80 viral products (some of them are briefly described below) that interact or exhibit homology to a wide variety of cytokines, apoptotic molecules and signal transducers, hence promoting EBV infection, immortalization and transformation of B-cells. 

EBNA1 
Epstein-Barr Nuclear Antigen 1 (EBNA1) is invariably found to be expressed in all EBV infected cells, irrespective of their lineage or differentiation stage. Although is still not fully clear whether this protein is required to maintain the EBV genome as well as expression of other EBV oncoproteins, EBNA1 is manly involved in regulating viral and cellular gene expression, being able to bind to repeats present in the EBV latent origin of replication (OriP) and human chromatin. It initiates viral transcription from OriP and recruits a histone-deubiquitination complex to oriP for modulating viral replication and episome maintenance. It also alters the host chromatin structure inducing a more open chromatin structure preferable for host gene transactivation35. Based on that, EBNA1 is thought to tether the viral episomes to the chromatin via oriP, ensuring their transmission to the cell progeny and the nonrandom partitioning of newly synthesized viral plasmids to daughter cells during mitosis. 
Furthermore, EBNA1 negatively affects lytic cycle gene activation by inducing let-7 miRNA and repressing Dicer expression36. 
The strong association with several types of cancer has highlighted its oncogenic role. For instance, it contributes to angiogenesis and metastasis of nasopharyngeal carcinoma (NPC) by activating AP-1 and enhancing the expression of its target protein vascular endothelial growth factor (VEGF)37. It offers an important contribution for B-cell immortalization [110] and affects cell transformation and migration by interacting with the metastasis suppressor protein Nm23-H1 in lymphoblastoid cell lines38-39.
EBNA2 
Epstein-Barr Nuclear Antigen 2 (EBNA2) is localized in the nucleolus and is one of the first viral proteins expressed during EBV infection of primary B-lymphocytes. As transcriptional activator of both cellular and viral genes, it up-regulates the expression of CD21 and CD23 as well as LMP1 and LMP2, and coordinates viral gene expression in latency III. 
It also shows the capacity to functionally replace the intracellular region of Notch in part, mimicking a constitutively active Notch receptor, or associating with RBP-Jk, a transcriptional regulator that actives transcription of Notch target genes.  RBP-jκ is thought to have a major role in T-cell development, while having a more nuanced role in B-cell development, like promoting marginal zone B-lymphocyte differentiation. These trends may reflect the role of EBNA2 in driving resting B-cells into proliferating and activated B-lymphoblasts, suggesting that EBV type III latency promotes a B-cell marginal zone developmental program, as the number of RBP-jκ binding sites is largely increased40. 
Furthermore, EBNA2 contributes to transformation and proliferation of B-cell by targeting transcription of the c-myc oncogene, upregulating cyclin Ds and E and downregulating CDK2 inhibitors and Bcl6, a master regulator of germinal center differentiation. 
Despite a large body of evidences reporting EBNA2 as negative modulator of many cellular pathways, its oncogenic function has been only recently highlighted by the strong correlation between its expression and poor survival observed in EBV-positive diffuse large B-cell lymphoma of the elderly42. 
EBNA-LP 
EBV nuclear antigen LP (EBNALP), also known as EBNA5, is one of the first viral protein produced during EBV infection of B cells along with EBNA2. It inactivates cellular p53 and retinoblastoma protein tumor suppressor gene products and interacts with EBNA-2 to drive resting B lymphocytes into the G1 phase of the cell cycle43. It may also induce cell proliferation by interacting with proteins involved in mitosis process (heat shock protein70, DNA protein kinase catalytic subunit, HA95, a and b tubulin) or with factors involved in the Notch signaling pathway44-47.
EBNA3A, EBNA3B, EBNA3C

Epstein-Barr Nuclear Antigen 3 is a family of three latency-associated proteins, which includes EBNA-3A, EBNA-3B, and EBNA-3C. It is primary antigenic target for cytotoxic T-cell responses against immortalized B-cells and appear to be critical for EBV persistence, B-cell lymphomagenesis and maintainment of transformed cells viability. 
Specifically, EBNA3A and EBNA3C are the only proteins essential for in vitro viral B-cell transformation. In association with EBNA2, EBNA3A co-activates the LMP1 promoter, while EBNA-3C may overcome retinoblastoma tumor suppressor gene checkpoint in the G1 phase of the cell cycle and increase the LMP-1 production. EBNA-3C may also bind with Nm-23-H1 and reverses its ability to induce cell migration48.
Although EBNA-3B has been previously described as dispensable factor, recent papers have suggested its role as tumor suppressor in diffuse large B-cell lymphoma (DLBCL) 49.
LMP1

EBV latent membrane proteins 1 (LMP1) is frequently expressed in nasopharyngeal carcinoma (NPC), gastric cancer, Hodgkin lymphoma, Burkitt’s lymphoma, AIDS and post-transplant lymphomas 139]. It is described as a classic oncogene for its ability to resemble CD40 receptor in vivo and function as a constitutively active tumor necrosis factor receptor (TNRF). This viral latent gene is required for in vitro B-cell immortalization [141] for its ability to induce an over expression of BCL-2, a regulator protein of cell death and protect the infected cell from p53-mediated apoptosis50. Overall, the activating cascades associated with such viral protein increases the expression of B-cell adhesion molecules (LFA1, CD54, and CD58), B-cell activation markers (CD23, CD39, CD40, CD44, and HLA class II), and impair morphological changes such as cellular clumping50-56.
However, its carcinogenic contribution has been reported in many other pathways56-60. For istance, it may impact on the immune regulation by promoting interferon (IFN) regulatory factors (IRFs) phosphorylation and stimulating IRF4 transcriptional activity57.
 It induces the cellular growth, differentiation and migration by interacting with NF-kB, c-Jun NH2-terminal kinase, PI3K, p38 mitogen-activated protein kinase and Janus kinase/signal transducers signaling pathways58.
It activates the DNA methyltransferase 3b (DNMT3b) expression and leads to a higher intensity of DNA methylation at PTEN CpG islands, followed by inactivation of PTEN at cellular and molecular level59.
LMP-2A and LMP-2B

The latent membrane protein 2 (LMP2) gene encodes two proteins: LMP-2A and LMP-2B which are expressed in many EBV-associated malignancies. Their constant expression at the RNA level in both primary and metastatic tumors indicates a possible role as driver factor in tumorigenesis. They are necessary for B-cell transformation and B-cell receptor activation and collaboratively with LMP1, that mimics CD40, they contribute to malignant lymphoma development61.
They form part of the virus’s strategy to persist naturally in latently infected B lymphocytes affecting the activity of the immune system through modulating the interferon responses62.
LMP2A enhances MYC-driven lymphomagenesis and controls some aspect (establishment and maintenance) of viral latency that requires exquisite manipulation of normal B cell signaling and function. It may act as a B cell receptor (BCR) signaling mimicking and inducing downstream pathways that inhibit apoptosis, promote cell survival and provide B cells with survival signals in the absence of normal BCR signaling. It also cooperates in reprogramming normal B-lymphocytes functions by blocking normal B cell signal transduction and interfering with multiple intracellular signaling pathways (i.e Ras/PI3K/Akt, NF-Kb, Notch and β-catenin/Wnt signalling pathways and Jak/STAT) 63-67. These two seemingly contradictory processes allow EBV to establish and maintain viral latency. 

The detailed function of LMP2B and its role in the presence of EBV remains to be elucidated. However, this viral protein has been shown to promote spread and motility of epithelial cells68 and negatively modulate the effects of LMP2A on BCR function, thereby rendering latently infected B lymphocytes susceptible to lytic reactivation in the EBV-negative BL cell line BJAB 69-70. 
EBERs

EBV latently infected cells and tissues copiously express EBV-encoded small non-polyadenylated RNAs (EBERs), that can be 1 or 2 (EBER-1, EBER-2), irrespective of the viral latency program. Due to their abundance, EBERs can be used as target molecules for detecting EBV-infected cells in tissues by in-situ hybridization (ISH). They may contribute to modulate the innate immune by conferring resistance to protein kinase RNA-dependent (PKR)-mediated apoptosis and inducing transcription of cytokines including IL-10 in BL cells, insulin-like growth factor (IGF)-1 in epithelial cells and IL-9 in T cells. All these cytokines act as an autocrine growth factor of those EBV-infected cancer cells and contribute to several features of malignant transformation, although recent in vitro studies have shown that EBV can transform B-cells without the presence of EBERs71-72. 
EBV-encoded viral microRNAs

Viral miRNAs may regulate both cellular and viral genes providing a potent mechanism for the virus to modulate the cellular environment (i.e. host cell growth, survival, apoptosis, immune evasion). The first five EBV-miRNAs were described in the EBV positive B95 cell line and later were identified two regions of the viral genome able to encode these viral miRNAs: BHRF (at the 3 0 UTR of BamHI fragment H rightward ORF1) and BART (BamHI A region rightward transcript, respectively) clusters73 that encode 4 and 44 viral miRNAs, respectively, whose expression depend on a variety of factors including the host cell type. The importance of their contribution in the malignant process was initially suggested by the fact that EBV infection of gastric carcinoma cells induced anchorage independence in absence of viral protein synthesis74-75. Subsequently, their function was well established by molecular studies. One example is offered by miRNA-BART 3,9,7, 17-5p that affect the expression of BCL6 and active the NF-kB pathway promoting the survival of the host cell76. However, miRNAs may be also crucial to establish latency and induce EBV latent-lytic switch. For example, EBV-miR-BART2 affects the expression of the lytic gene BALF5 and inhibits the transition from latent to lytic viral replication; miR-BART20-5p affects the transcripts of the lytic switch proteins, Zta and Rta77.
Human Protein Homologues

EBV encodes several important proteins showing sequence and functional homology to diverse human proteins. Although their role is not yet fully understood, they may contribute to the pathogenesis of several diseases78.
BCRF1 and IL-10
EBV BCRF1 protein shows 84% sequence homology to human IL-10 (116), which is a known growth and activation factor for B cells. It inhibits activation and effector function of T cells, monocytes, and macrophage thus playing an important role in establishment latent infection79-81.
BDLF2 and Cyclin B1

On the basis of sequence alignment, homology between the BDLF2 protein and human cyclin B1 has been suggested. Human cyclin B1 regulates the G2-M transition in the cell division cycle by activating particular cyclin-dependent protein kinases. As been detected in oral hairy leukoplakia but not in other diseases characterized by latent infections, it has been suggested that this viral factor is a late gene expressed during the lytic cycle82. 
BHRF1 and BCL-2

BHRF1 shows partial (25%) sequence homology to the human BCL-2 proto-oncogene, and both have been shown to protect human B lymphocytes from apoptosis permitting the production of a maximum number of virions. BHRF2 products can also interfere with epithelial cellular differentiation to enhance cell survival and allow oncogenic mutations to accumulate83.
BARF-1 and Intracellular Adhesion Molecule 1
BARF-1 produces a protein that shows some homology to the intracellular adhesion molecule 1, as well as the human colony-stimulating factor 1 receptor84-85. Evidence supports its role in immune suppression by acting as an antagonist to colony-stimulating factor 1 receptor or by occupying intracellular adhesion molecule 1 receptors on T lymphocytes without leading to the proper stimuli necessary for T-cell activation86.

EBV infection

The ﬁrst contact with EBV usually occurs during adolescence or early adulthood and infection lasts for life. EBV manipulation of host cell systems for latent persistence can lead to oncogenesis, although primary infection is usually asymptomatic or causes infectious mononucleosis87. Typically, two types of EBV infection can be established in different cell types: latent, in primary B-cells and lytic, in epithelial cells. The virus is transmitted from host to host via saliva; it initially replicates in epithelial cells of the oropharynx and infects naïve B cells in the tonsils. Infection of cells requires interaction of the viral gp350/220, the most abundant viral glycoprotein in the EBV envelope, with complement receptor 2 (CR2, also known as CD21) in target cells. CD21 becomes cross-linked and triggers some initial activating signals [(such as immediate activation of tyrosine kinase lck, mobilization of calcium), increase of mRNA synthesis, blast transformation, homotypic cell adhesion, surface CD23 expression, and interleukin (IL)-6production] thought to prepare the cell for EBV infection. Alternatively, the CD21-negative target cells may be infected via EBV binding to other cell receptors, such as the complement receptor 1 (CR1, or CD35), highly expressed in B lymphocytes (in epithelial cells these receptors are not yet characterized) 88-91.
Upon infection, EBV delivers its linear genomic DNA that is epigenetically naïve to the nucleus of infected cells where it immediately circularizes in a plasmid and initiates a phase in the viral life cycle termed “pre-latent”. Circularization and W promoter expression launch an ordered cascade of events that leads to the expression of all of the EBNA proteins and the two latent membrane proteins (LMPs). The co-expression of these two distinct sets of viral genes (latent and lytic) activates the quiescent B-lymphocytes, which become lymphoblasts and begin to proliferate92. Furthermore, at this early stage, the expression of certain lytic genes, which encompass transcription factors and cytokines, protects the activated B lymphocytes from endogenous stress, immediate activation-induced apoptosis, and, presumably, DNA damage response signals. This phase is transient and ceases within 1 to 2 weeks; during this time, histones acquire substantial epigenetic modifications over time, and the viral DNA becomes extensively methylated at CpGs93. 
Subsequently, the pre-latent phase is replaced by a strictly latent phase, in which the virus establishes a stringent and stable virus-host relationship. Viral gene expression is entirely restricted to EBNAs, LMPs, EBERs and BHRF1 miRNAs (Latency III). This program (named growth transcription programme) show the potential to be important for cancer development, because it can initiate the activation of B-cells in vitro into continuously proliferating lymphoblastoid cell lines (LCL). 
Since the activated naïve B-lymphoblasts in vivo are targeted by the immune system, EBV adopt a strategy to survive in the organism. Infected B-cells rapidly migrate to the follicle to participate in a germinal center (GC) reaction and continue to proliferate by switching to a more restricted latency program (Latency II) where only EBNA-1, LMP-1, LMP-2s, EBERs and BART miRNAs are expressed. This leads to the removal of the differentiation block imposed by EBNA-2 protein (default transcription programme). 
Ultimately, the cells leave the germinal center as resting memory B-cells in which the virus persists for long time. In memory B-cells, all viral protein expression is extinguished (Latency 0) except when the cells divide and express EBNA1 (the protein required for replication of the viral genome), EBERs and BART miRNAs (Latency I), Figure 8.  
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Figure 8. The EBV life cycle. Once the virus passes through the oropharyngeal epithelium to the B lymphocytes, T cells respond and control B-cell proliferation. Resting EBV-infected B cells with limited antigen presentation persist at a frequency of 1 in 1x105 -106 cells and constitute the long-term viral reservoir. Intermittently, these resting B cells will enter the lytic cycle and lyse, releasing virions back into the saliva while also infecting more
These sequential employments of a series of latency transcription programs allow the virus to drive the newly infected naïve B-cell into the memory B-cell compartment and remain hidden from the immune system leading to establishment of a lifelong persistent infection94. Although both humoral and cellular immune responses are evoked by primary infection of EBV (e.g. IgG, IgM, IgA against EBV viral capsid antigen, EBV-specific cytotoxic T lymphocytes] and destroy most infected cells expressing viral proteins, the immune system can’t eliminate the virus that remains non-pathogenic and invisible to the immune system of the host. In this condition, EBV may affect crucial cellular pathways and lead to oncogenesis95. 
Upon receiving certain activation signals latency can be disrupted and the virus reactivates and switches to a lytic phase in a small fraction of EBV-infected cells. During this phase, the viral genome become linear, is replicated, and new viral particles are assembled and released causing the death of the infected cell due to cytopathic effects. The release of virions may infect more cells and enable virus transmission also from host to host96. The switch to productive infection depends on two immediate early transcription factor genes, BZLF1 and BRLF1 that can auto- and cross- stimulate one another to amplify their activities97. These two genes encode two transactivator, Zta and Rta, which induce the expression of viral E (early) genes, necessary for viral DNA replication, and L (late) genes, essential for capsid antigens and proteins. The EBV reactivation may depend on activation of many factors (i.e. hypoxia, chemical agents, oxidative stress, TGF-β and DNA damage and) including BCR stimulation and plasma differentiation. BCR signaling-mediated EBV reactivation is manly induced through PI3K and PKC that further regulate the activity of the chromatin structure of the BZLF1 gene promoter (Zp); while expression of two cellular proteins critical for plasma differentiation of plasma cells, XBP1 and Blimp-1, could induce viral lytic cycle in EBV-transformed cells by activating Zp and Rp transcription98.
Although all EBV-associated cancers involve the latent cycle of EBV, the viral lytic cycle may contribute to the development and maintenance of malignancies, promoting genome instability, invasiveness and tumorigenesis. These lityc genes may encode immune evasion proteins and induce expression of immunosuppressive cytokines, growth factors and angiogenic factors, mimicking the effect of cellular protein. For examples, BCRF1 encodes a homolog of IL-10 that functions as a paracrine growth factor; BHRF1 exihbits a homology to the human oncoprotein Bcl-2 and delays cell death; BARF1 inhibits apoptosis by activing Bcl-2; BNLF2A inhibits the transporter of antigen processing; BGLF5 mediates host shut-off and BILF1 induces the major histocompatibility complex class I internalization and degradation99.

EBV-ASSOCIATED MALIGNANCIES
The first tumour described to be associated with EBV was the endemic Burkitt’s lymphoma, in which the virus was detected in the majority of neoplastic cell of all patients; currently, a number of malignancies are linked to the virus, including Hodgkin’s lymphoma, nasopharyngeal carcinoma, a sub-type of gastric lymphoma, NK/T cell lymphomas, plasmablastic lymphoma and immunodeficiency-related lymphoproliferative disorders that will be briefly described in the next section100. 
Notably, the classification system of EBV-associated lymphoproliferative disorders is comprehensive (containing not only clinical characteristic but also the features of morphology, immunology, cytogenetics and molecular genetics) and ever-changing, demonstrating the involvement of the virus in the development of numerous malignancies. However, the true burden of infection-associated cancer is difficult to determine depending on a variety of events considering the limited cancer registry capacity (especially in developing countries) and the low specificity and accuracy of the routine methods applied to detect the virus [i.e. immunohistochemistry and EBV-encoded RNAs (EBER) in situ hybridization – ISH]. This last limitation also represents the main problem into confirming or excluding the “Hit-and-Run” hypothesis that supposes that the transient acquisition of a complete or incomplete viral genome may be sufficient to induce malignant conversion of host cells in vivo, thus resulting in neoplastic development. After eliciting a heritable change in the gene expression pattern of the host cell (hit, initiation), the genomes of tumor viruses may be completely lost (run) as they are not necessary for the maintenance of the malignant state101-102. 
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Figure 9. Hit and run mechanism used by viruses to induce carcinogenesis.

In this way cancers remaining virus-positive represent only a fraction of those to which infection contributes. This would have not only considerable implications for disease control but also for estimation of the infection-associated population attributable fraction, PAF (an estimated of the proportion of cases of a cancer that could theorically be avoided if exposure to a specific infection were avoided or if the infection were detected early and treated before the development of cancer). However, this hypothesis has never confirmed or excluded and the current PAF, calculated in 2012 for EBV-associated malignancies has shown in Table 2. 
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Table 2. Methods for calculation of the population attributable factor (PAF) calculated in 2012 for EBV-related cancer site or subtype.
Hodgkin lymphoma (HL)
Hodgkin’s lymphoma is a distinct disorder accounting for 30% of lymphoid malignancies worldwide. In developed countries it occurs in young people (15 and 34 years old) and adult (older than 50 years), while in developing countries it predominates in childhood, maybe due to late exposure to a common infectious agent. It is characterized by the presence of neoplastic cells named the Reed-Sternberg (HRS) ringed by an abundant heterogenous admixture of non-neoplastic inflammatory cells, including T-cell, macrophages and fibroblasts103. 

HRS cells are thought to be derived from germinal centre B cells that lack a functional BCR and escaped apoptosis to avoid their normal fate. Indeed, these cells harbour clonal immunoglobulin rearrangements (somatically hypermutated), or mutations that in some cases destroy the coding capacity of originally functional immunoglobulin genes (crippling mutations) 104. 

The association of EBV with Hodgkin’s disease seems to depend on several critical factors which include histological subtype, age and geography. In lymphoma tissue, the virus is detected in ~70% of mixed cellularity (MC) subtype, > 95% of lymphocyte-depleted (LD) subtype, and 10-40% of nodular sclerosis (NS) subtype; the lymphocyte-predominant (LP) subtype is almost always EBV negative. The percentage of EBV incidence observed in developed countries is 30%~50%, whereas the percentage is nearly 100% in children of developing countries with a stronger association in pediatric and older cases compared with young adults partly due to the less developed and senescent immune system, respectively105. 
Although the exact mechanism used by EBV to disturb the cellular machinery remain still to understand, the detection of its monoclonal genome in each HSR cells suggested its crucial role in the development of such disease, further supported by high number of crippling mutations detected in the presence of the virus, in respect to the number detected in the negative counterpart. The viral latency expressed by HL cells is II type with the expression of LMP1 and LMP2 that provide antipoptotic functions. In particular, LMP1 mimics of CD40 and imply many phenotypic changes including the strong activation of NF-kB and PI3K pathways, thus resulting in induction of B-cell proliferation and survival. LMP2 provides important anti-apoptotic signals and prevents cell death in HL progenitors lacking a functional BCR106. 
Post-transplant lymphoproliferative disorders (PTLD)  
Post-transplant lymphoproliferative disorders (PTLD) is a clinicopathological entity encompassing a heterogeneous group of disorders that follow solid organ transplant or bone marrow allograft as a consequence of immunosuppression. They range from reactive hyperplasia to malignant monoclonal forms and according to the WHO classification, they are divided into early lesions, polymorphic lesions, monomorphic lesions, and Hodgkin-like lesions. 
PTLDs are often of B-cell origin and T-cells are required for the development of PTLD-like tumours in severe combined immunodeficient (SCID) mice, suggesting an important role for T-cell help in the growth of B-cell-derived PTLDs.
EBV has been linked to most of PTLDs, with a near 100% association in the early-occurring cases (within a year) and in PTLD-associated HL. Its function in contribution of oncogenic process is strongly suggest by the wide expression of the latent EBV-encoded proteins (type III latency) exhibited by infected B-cells. As in HL, LMP-1 and LMP-2A may replace survival signals and activate the NF-κB signaling pathway. Additionally, because approximately 50% of PTLD cases are derived from GC B-cells that lack a functional BCR (due to crippling mutations) and manage to escape apoptosis (despite lacking antigen affinity), it is believed that EBV aids in rescuing these cells from an imminent programmed cell death. Overall, the immunosuppression and decreased cytotoxic T-cell surveillance are believed to greatly facilitate the actions of EBV107.
T/NK-cell non-Hodgkin’s lymphoma 
Recent evidences suggest that EBV can also infect peripheral blood T cells as well as NK cell in a few patients with infectious mononucleosis108.
Extranodal nasal NK/T-cell lymphoma is a rare and aggressive lymphoma, marked by extensive necrosis and angioinvasion. The nasal region is the most frequent site of involvement but the tumor may also invade other extranodal sites such as skin, kidney, gastrointestinal tract, and the orbit109-111. It shows a distinctive ethnic and geographical distribution accounting for 7% to 10% of all NHL cases in Asia and Latin America, but only 1% of that in Caucasians112-113. The genotypic and phenotypic features of nasal NK/T-cell lymphoma include the expression of the NK cell marker CD56 and an absence of T-cell antigens and T-cell receptor gene rearrangement114. Although the role of EBV in nasal NK/T-cell lymphoma is yet to be clearly defined, the strong correlation between the high level of circulating plasma EBV DNA and high tumor load, together with poorer response to treatment and inferior survival suggests a crucial contribution of EBV in this pathogenesis115-117. The expression of the latent EBV proteins LMP1, EBNA1, and EBER (latency II) detected in the almost all lymphoma cells, may be directly involved lymphomagenesis118. LMP1 is supposed to increase the sensitivity of the infected NK cell to the growth-promoting effects IL-2 and contribute to the excessive production of pro- inflammatory cytokines characteristic of ENK/T cell lymphomas119.

Nasopharyngeal Carcinoma

Nasopharyngeal carcinoma is a distinctive type of head and neck cancer that arises from surface epithelium, often presenting as a neck mass with symptoms of nasal obstruction and loss of hearing. Nearly every undifferentiated nasopharyngeal carcinoma is EBV positive, regardless of geographical origin120. The undifferentiated nasopharyngeal carcinoma affects mostly individuals in their mid-40s and is more common in men121. It is rare in most parts of the world, but there is an exceptionally high prevalence in specific areas with the implication of both EBV-1 and EBV-2 types. Specifically, EBV-1 infection occurs in peoples of southern China, Southeast Asia, the Mediterranean, Africa, and the United States122. Oddly, cases almost always EBV-2 related involve the Chinese province of Canton, Hong Kong, among the Inuits in Alaska and in Greenland Taiwan where represent the most common cancer in men and the third most common in women. The epidemiological pattern may would reflect the genetic susceptibility correlated with certain Chinese-related HLA antigen profiles and/or to environmental factors i.e. the consumption of salted fish or exposure to fumes, smoke, and chemicals from the occupational environment). However, the detection of the virus in in situ nasopharyngeal carcinoma (a precursor of undifferentiated nasopharyngeal carcinoma) suggest that EBV infection occurs before neoplasia and is necessary for the progression of the malignant phenotype123-127.
Although an EBV-compatible receptor on epithelial cells has not been found, EBV may infect the epithelial cells of the posterior nasopharynx in Rosenmuller’s fossa in Waldeyer’s ring. There have been two models to explain infection of these cells: one sustains the presence of a surface protein, antigenically related to the B cell CD21 receptor that could conceivably be used as a point of entry by EBV128; alternatively, EBV may gain entry into nasopharyngeal cells through IgA-mediated endocytosis129.
The infected cells show the viral latency II pattern proteins and nonrandom deletion of the short arm of chromosome 3 at loci 3p25 and 3p14 although the mechanism by which these deletions occur has not yet determined130-131. 

Another major question surrounding undifferentiated nasopharyngeal carcinoma is how the EBV-infected cells can escape the immune response. Nasopharyngeal carcinoma cells possess normal antigen processing and are effectively recognized by EBV-specific CTLs, yet they are not destroyed. Probably, the overexpression of EBV-encoded viral IL-10 along with the increased production of IL-1α and IL-1β by epithelial cells and CD4+ T cells may contribute to the growth of the tumor and immune evasion132-133.
Gastric Carcinoma (CG) 
EBV presence greatly varies from >90% in lymphoepithelioma-like gastric carcinomas to between 5 and 25% in gastric adenocarcinomas. Considering the worldwide prevalence of gastric cancer (GC) (952,000 cases in 2012), EBV-GC may represent the most common form of EBV-associated malignancy.  However, the EBV pathogenic role in either of these two tumors is still unclear134-139.
It has been reported a geographical distribution in the association of EBV with CG that may be attributed to genetic and ethic differences; for example, the high rates of CG reported in Japan could be attributed to high salt intake and exposure to metal dust. 

Likely EBV may enter the gastric epithelium without the use of a receptor, accomplished by the binding of IgA antibody with EBV particles derived from B lymphocytes. Once inside, the virus spreads from the nasopharynx to the stomach and exhibits a novel latency pattern that includes the production of BARF-1 and the absence of LMP-1. Although any mechanism relating EBV to tumorigenesis in gastric malignancies remains highly speculative, a delay in apoptosis (associated with up-regulation of BCL-2 and p53) together with a decrease in cellular differentiation (associated with decreased E-cadherin expression) reported in EBV-positive versus EBV-negative CG suggests an essential contribution of the virus in such disease140-141. 
Diffuse large B-cell lymphoma (DLBCL)

Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous group of malignancies subdivided on the basis of gene expression profiles and mutational signatures into two major subgroups: germinal centre B-cell (GCB) and activated B-cell (ABC) forms. The tumor cells show vesicular nuclei at least twice the size of the nucleus of a small lymphocyte142. There is a mixture of cells resembling centroblasts and immunoblasts and in rarer cases the cells are morphologically indistinguishable from those seen in anaplastic lymphoma of T- or null cell type. These cells are pan-B+ and CD45+ while CD5 and CD10 are positive in a minority of cases. Approximately 10 % of DLBCLs are EBV-positive and most of them belong to ABC group with the highest incidence in immunocompromised and elderly patients. However, EBV-positive DLBCL has also been described in apparently immunocompetent younger patients including children. These cases express either a type II or, more frequently, a type III form of latency, where the EBNA3 proteins may contribute to lymphoma development.
Burkitt’s lymphoma (BL)
Burkitt’s lymphoma (BL) was the first tumour to be associated to EBV. The incidence of BL particularly prevalent in young children (0–14 years) is quite variable, ranging from a few cases per 100.000 to as high as 18 per 100.000. It accounts for 30%–50% of all childhood cancers in equatorial Africa while in the USA and Europe, the incidence of BL is probably of the order of 1–3 per million –considerably lower than that of equatorial Africa. On the basis of geographical distribution, prevalence and EBV presence, BL is subdivided into three variants:  endemic (eBL); sporadic (sBL) and immunodeficiency-associated (HIV-related).

The eBL variant occurs in humid areas of equatorial Africa and Papua New Guinea where malaria, arbovirus infection and plant tumor Euphorbia tirucalli are considered cofactors of lymphomagenesis. It is nearly 100% associated to EBV and affects mainly children (median age: 7 years) with the male to female ratio approximately of 2:1. The jaws and other facial bones (orbit) are the site of presentation in about 50 % of the cases. However, central nervous system (CNS), distal ileum, caecum and/or omentum, gonads, kidneys, long bones, thyroid, salivary glands, and breast may also be involved.

The sBL form occurs worldwide and accounts for 1 % to –2 % of adult lymphoma cases and up to 40 % of pediatric lymphoma cases. EBV is detected in 30% of these cases and is predominants in patients with a median age of 30 years (children 30 %, older adults 1 %) and among boys (M:F case-ratio 3.7:1), although the case-ratio varies by primary anatomical site. Specifically, the M:F case-ratio is highest for face or head tumors (25:1) and lowest for Burkitt cell leukemia (1.6:1). The M:F case-ratio for nodal and abdominal tumors are similar to the overall ratio. The majority of sBL cases presents with abdominal masses (80 %) involving ileocecal region; however bone marrow (20 % of cases) and lymph node presentation (more commonly in adults than in children) has been also reported.

The third variant, namely the HIV-BL, arises in HIV-infected patients and accounts for 30 % to –40 % of non-Hodgkin lymphoma with 25–40 % of cases EBV positive. It arises mainly in the range of 10–19 years and no difference in sex predilection has been identified. Nodal and organ localization is frequent as well as bone marrow involvement. 

The origin of BL cells is not yet well defined. As human BLs share a gene expression program with normal germinal center (GC) B cells [i.e. expression of the Activation-induced cytidine deaminase (AID), which mediates both IG somatic hypermutation and IG class switch recombination (CSR)] and because human BLs carry somatic hyper-mutations of the B-cell receptor (BCR) immunoglobulin (Ig) heavy chain variable region, other than IG/MYC translocations that typically involve IG switch regions, it has been suggest the possibility that they arise by aberrant CSR. 
All BLs types show a strong expression of MYC protein caused by a translocation that juxtaposes this gene with the gene of heavy-chain immunoglobulin (IG) in the 80% of cases [t(8;14)] or the light-chain immunoglobulin IGK and IGL in the remaining 20% of cases t(2;8) t(8;22). MYC translocations typically occur on the background of a simple karyotype lacking additional rearrangements143 and represent the hallmark of BL, being present in all cases of all three BL subtypes. It is critically required for tumorigenesis, although it is likely that different pathogenic mechanisms may drive these BL subtypes. Genetic translocation is not the only means of MYC deregulation; other mechanisms may increase its expression, activity and stability. To date, down regulation of some miRNAs (has-miR-155, has-lett7a, has-miR-29a and has-miR-29b) and recurrent mutations in BL cell lines such as in threonine 58 prevent proteolytic degradation of MYC. The proto-oncogene MYC, able to regulate the expression of a whole host of genes and miRNAs involved in key cellular pathways, is undoubtedly a potent promoter of lymphocyte proliferation, establishing a generalized increase in metabolic activity, gene transcription, and protein synthesis, rather than selective up-regulation of certain cancer-causing genes and apoptotic stress responses, which ultimately must be overcome for lymphomagenesis. 
Another key aspect of MYC function in BL cells is the phenomenon of MYC-induced apoptosis. Cells normally undergo apoptosis when MYC levels exceed a “safe” threshold and over-expression of MYC in B cells causes induction of p53 or ARF, resulting in apoptosis. Interestingly, up to one third of BLs showed inactivating TP53 mutations and most BL cell lines present alterations in some part of the p53/ARF/MDM2 pathway appearing to be devoid of MYC mutations144. 

Other than MYC deregulation, an important contribution to BL pathogenesis is offered by EBV that may also act to counter the sensitisation to apoptosis caused by c-myc deregulation. EBV showed its ability to convert approximately 3-10% of all target B cells into growing lymphoblastoid cell lines (LCLs). Its loss in subcultures of Akata cell line is linked to decreased growth and inability to induce tumours in mice145, while the reinfection of such subcultures with EBV was able to re-establish the malignant phenotype (Komano et al. 1998). The monoclonal origin of EBV-positive BL cells indicates that the virus precedes the clonal expansion and may be crucial in such event146. The infected cells express a viral latency type I characterized by the expression of EBNA1, EBERs and BART-miRNAs that contribute to render the EBV+ positive cells more resistant to apoptosis than spontaneous EBV loss counterparts. Indeed, EBNA1 by targeting HAUSP/USP7 (Ubiquitin Specific Peptidase 7), a regulator factor, destabilizes p53 which is frequently mutated in BL patients147; EBERs helps the tumour growth and resistence IFN-α mediated apoptosis148; EBV-Bart-miRNAs negatively affect the expression of many target genes including TP53, Rb149.
Despite latency I is usually reported in BL patients, Rickinson and his group observed in some cases the expression of EBNA3A, EBNA3B, EBNA3C and EBNA‑LP genes, together with an EBNA2 deletion that suppresses the full latency programme. This gene expression is often referred to as Wp-restricted BL, being driven from the Wp, rather than from the Qp promoter. The Wp-restricted BL cell lines are less sensitive to apoptosis than conventional EBV-positive BL lines being EBNA-LP able to antagonize caspase-mediated apoptosis via inactivation of protein phosphatase 2A (PP2A) and EBNA3A and 3C, in turn, down regulate pro-apoptotic Bim and members of the antiproliferative INK4 family150.
Plasmablastic Lymphoma (PBL) 
Plasmablastic lymphoma is characterized by a diffuse proliferation of large neoplastic cells most of which resemble B-immunoblasts, but in which all tumour cells have the immunophenotype of plasma cells. It represents less than 1% of all non-Hodgkin lymphomas and approximately 2% of all HIV-related lymphomas (ARLs) with the highest prevalence (80%) in the oral/monomorphic plasmablastic subtype, and 30% to 50% in the extraoral/plasmacytic subtype. It starts in the lymph system, but can spread to the liver, bone, brain, abdomen, and other parts of human body. Although PBLs are most commonly seen in HIV-positive patients, tumors with similar morphologic features and immunophenotype have been reported in patients with other causes of immunodeﬁciency (such as iatrogenic immunosuppression in the context of solid organ transplantation) or in elderly patients without apparent immunosuppression. Only rare cases are seen in children with immunodeficiency. Despite a minority of pediatric cases described to date, PBL has been reported in patients of all ages, with a median age at presentation of 50 years. The sex distribution in PBL cases shows a male predominance (75%), partly due to the over-representation of HIV infection in men compared to women in developed countries. However, the fact that a number of cancer-related genes, known as cancer/testis antigens (CTAs), reported to be highly upregulated in PBL are located on X-chromosome could represent another contributing factor151.
The available pathological, immunohistochemical, molecular, and genetic data suggests that plasmablastic lymphoma arise from post-germinal center, terminally differentiated, activated B-cells that are in transition from immunoblasts to plasma cells152. 
The pathogenesis of PBL is poorly understood and likely dependent on a variety of molecular events and pathways. To date, MYC gene rearrangements in addition to the presence of HIV and EBV are known to be important pathogenic mechanisms in this disease. 
Dysregulation of MYC gene is mainly due to the presence of translocation (8;14) (q24;q32) and amplification; in the case of MYC translocation-negative PBL cases its down expression is linked to a down-regulation of cellular miRNAs (i.e. hsa-miR34b, hsa-miR155, lsa-let7a, hsa-miR29a and -29b). The MYC overexpression could not only allow B cells to escape the inhibitory influence of BLIMP-1, favoring plasmablast development but also downregulate PAX-5 thus inhibiting further plasmacytic differentiation. 

As previously mentioned, EBV is another important factor being detectable in 60-75% of cases of PBL and nearly 100% in the oral mucosal type of PBL in association with HIV infection. Its main contribute in the pathogenesis of PBL rely on is capability to protect the infected B-cells from apoptosis by several mechanisms related to its viral antigens (i.e. NF-kB pathway, induction of BAX/BAK). For instance, LMP-1 protects B cells from FAS-mediated apoptosis and inhibits BAX activity by inducing NF-kB activity; LMP-2A prevents the BCR-mediated apoptosis; BHRF-1, by targeting the BAX/BAK activators (including PUMA, BID and BIM), prevents TGF-b–mediated apoptosis; EBNA-3A and EBNA-3C proteins regulate BIM protein expression at a transcriptional level and prevent MYC-induced apoptosis153. 


           AIM
Significant advances in recent years have increased our understanding of the host-EBV interaction and better characterized the EBV pathogenic role in Burkitt lymphoma. Although EBV is highly related with the endemic form, how and where the virus participates in pathogenesis have not been fully elucidated. A better understanding of the virus’ life cycle and its gene products will contribute not only to define the BL pathogenesis but also to design new therapeutic strategies. 

The main aim of this thesis was to better characterize the contribution of EBV in the pathogenesis of Burkitt lymphoma. To perform this purpose, we investigated the EBV viral transcription profile in a subset of endemic and sporadic BL specimens and we analyzed the viral and mutational spectrum of BL in order to discovery eventually other viruses and identify potential pathogenic mechanisms other than MYC translocation (paper I).

As miRNAs represent an alternative way to regulate the cellular gene expression, we compared EBV-positive versus EBV-negative BL cases in terms of cellular and EBV-viral miRNAs profiling and studied the expression of miRNAs target genes in order to better characterize the pathogenic mechanisms used by the virus in disturbing of cellular machinery (paper II).

The viral contribution was also assessed in Plasmablastic lymphoma (PBL), another EBV-related B-cell malignancies where the virus is found in 70-100% of all cases but its exact role is fully unknow. To decipher the EBV pathogenic role in this tumour we investigated the viral and cellular miRNAs signatures in relation with the host human gene expression profile, focusing our attention on a case of PBL arised from a pre-existed plasmacitoma where the virus was believed to represent a contributing factor for such transformation (paper III, paper IV).

Finally, we considered the fact that the virus may be causative associated with all BL cases by exploiting a mechanism of hit and run (including those diagnosed as EBV-negative). As this hypothesis has never been confirmed or excluded and considering that the conventional methods to detected the presence of the virus in a specific tissue have showed low specificity and accuracy resulting in false negative, we aimed to identify the most suitable method to detect EBV presence in BLs cells classified as EBER-negative (paper V).

           Paper I
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Abstract

Endemic Burkitt lymphoma (BL)is primarily found in children in equatorial regions and rep-
resents the first historical example of a virus-associated human malignancy. Although
Epstein-Bar virus (EBV) infection and MYC translocations are hallmarks of the disease, itis
unclear whether other factors may contribute to its development. We performed RNA-Seq
on 20 eBL cases from Uganda and showed that the mutational and viral landscape of
eBLis more complex than previously reported. First, we found the presence of other her-
pesviridae family members in 8 cases (40%), in particular human herpesvirus 5 and human
herpesvirus 8 and confirmed their presence by immunohistochemistry in the adjacent non-
neoplastic tissue. Second, we identified a distinct latency program in EBV involving iytic
genes in association with TCF3 activity. Third, by comparing the eBL mutational landscape
with published data on sporadic Burkitt lymphoma (sBL), we detected lower frequencies of
mutations in MYC, ID3, TCF3 and TP53, and a higher frequency of mutation in ARIDTA in
eBL samples. Recurrent mutations in two genes not previously associated with eBL were
identified in 20% of tumors: RHOA and cyclin F (CCNF). We also observed that polyviral
‘samples showed lower numbers of somatic mutations in common altered genes in compari-
sonto sBL specimens, suggesting dual mechanisms of ransformation, mutation versus
virus driven in sBL and eBL respectively.
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Author Summary

Burkitt lymphoma is endemic in sub-Saharan Africa and affects primarily children of age
4-7 years. Historically, it was one of the first tumors associated with a virus (EBV) and
bearing a translocation involving an oncogene, ie. MYC. There are three distinct clinical
variants of Burkitt lymphoma according to the World Health Organization: sporadic,
endemic and immunodeficiency-related. Although there has been some recent work on
the molecular characterization of sporadic Burkitt lymphomas, little is known about the
pathogenesis of endemic cases. In this work, we analyzed 20 samples of RNASeq from Bur-
Kitt lymphoma collected in Lacor Hospital (Uganda, Africa) and validated in an extension
panel of 73 samples from Uganda and Kenya. We identify the presence in the adjacent
non-neoplastic tissue of other herpesviridae family members in 53% of the cases, namely
cytomegalovirus (CMV) and Kaposi sarcoma herpesvirus (KSHY). We also demonstrate
expression of EBV lytic genes in primary tumor samples and find an inverse association
between EBV lytic expression and TCF3 activity. When studying the mutational profile of
‘endemic Burkitt tumors, we find recurrent alterations in genes rarely mutated in sporadic
Burkitt lymphomas, i.e. ARIDIA, CCNF and RHOA, and lower numbers of mutations in
‘genes previously reported to be commonly mutated in sporadic cases, i.e. MYC, ID3,
TCF3, TP53. Together, these results illustrate a distinct genetic and viral profile of endemic
Burkitt lymphoma, suggesting a dual mechanism of transformation (mutation versus virus
driven in sBL and eBL respectively).

Introduction

Burkitt lymphoma (BL) is the first human cancer to be associated with the Epstein-Barr virus
(EBV), the first tumor to exhibit a chromosomal translocation activating an oncogene (MYC),
and the first lymphoma to be associated with human immunodeficiency virus (HIV) infection.
‘The World Health Organization1] classification describes three clinical variants of BL:
endemic, sporadic, and immunodeficiency-related. These variants are similar in morphology,
immunophenotype, and genetics. While the sporadic variant (sBL) occurs outside of Africa
and i rarely associated with EBV infection, the endemic variant (eBL) arises mainly in Africa
and is associated with malaria endemicity and EBV infection in almost all cases. Epidemiologi-
cal studies have shown that malaria and EBV combined do not fully explain the distribution of
€BLin high risk regions[2). Malaria and EBV are in fact ubiquitous within the lymphoma belt
of Africa, suggesting that other etiologic agents may be involved|3]. However, itis unclear
‘what other epidemiological factors could play a role in the genesis of eBLs.

‘Three types of EBV latency have been described in EBV -related lymphomas according to
the patter of EBV nuclear antigen (EBNA) and the latent membrane protein (LMP) expres-
sion, namely latency I, I, and T1T[4]. Specifically, latency T is usually associated with eBL and it
denotes a transcriptional program in which an EBV infection does not produce virions and
expresses a single protein, EBNA-1. While the latency I program has been extensively charac-
terized in vitro,  different form of latency has been recently reported in 15% of eBL that uses a
different set of promoters. Termed Wp-restricted latency(5], this program shows a homoge-
neous host expression signature[6] characterized by down-regulation of BCL-6 and up-regula-
tion of IRF-4and BLIMP-1. Other reports have described latency program heterogeneity at
single cell level[7] and low expression of LMP genes in a fraction of cases[8,9]. Heterogeneous
EBV transcription profiles with LMP expression have been recently reported in some cases of
AIDS-related and sporadic BL[10], but extensive data on endemic cases are not available yet.
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‘These studies indicate that the transcriptional EBV programs of primary eBL could be more
‘complex than expected across cases and within individuals. Therefore, the exact role of EBV
has remained elusive and further investigation is required.

‘The genetic hallmark of allthree dlinical variants of BLis the t(8;14) translocation involving
the juxtaposition of the immunoglobulin heavy chain locus (IGH) with the MYC oncogene
[11]. However, although transgenic mice expressing MYC under the control of the intronic
IGH enhancer (Ey) develop B cell lymphomas[12], successive molecular characterization dem-
onstrated that this model does not fully recapitulate the human disease. The comparison
between the gene expression profile (GEP) of BL and diffuse large B-cell lymphoma (DLBCL)
highlighted a distinct signature of BL characterized by the expression of both MYC targets and
‘germinal-center B-cell genes{13]. Furthermore, hypermutation and different breakpoint pat-
terns of IGH/MYC translocation[ 14,15 suggests that the origin of human BL derives from
aberrant class switching in the germinal center (GC), while transgenic IGH/MYC mice typically
arise from precursor/naive B-cells. The more accurate PI3K/MYC transgenic mouse model by
Sander et al[16] better recapitulates the human phenotype of BL and highlights the importance
of the PI3K pathway in the disease. Moreover, GEP analysis has demonstrated that the tran-
Scriptional profile of eBL is different from that observed in sBL(17]. Recent studies have
unveiled the genetic landscape of B characterized by mutations affecting the B-cell receptor
(BCR) pathway and in particular the transcription factor TCF3, its negative regulator ID3, the
cell-cycle G1/S regulator CCND3[18.19), and the chromatin-remodeling gene ARIDIA[20].
Onthe contrary, very litdle is known about the spectrum of alterations in eBL, how it might dif-
fer from that of sBL, the correlations between host mutation and viral infection, and the spe-
cific viral/host transcriptional programs.

In this study, we aim to characterize the presence of other potential agents, to define the
EBV transcriptional profile and to link these profiles to the mutational status of new and previ-
ously reported genes. We provide a characterization of the mutational and viral landscape of
€BL using 20 cases from Uganda. RNA-Seq in combination with targeted sequencing technol-
ogy ona larger cohort of cases, allows the identification, validation and assessment of the recur-
rence of new somatic mutations. In addition, in contrast with earlier microarray-based
expression studies, RNA-Seq provides the opportunity to identify and associate microbial and
tumor mutational and expression profiles.

Results
Endemic BL is associated with multiple viral infections

To identify new pathogens in eBL, we applied Pandora, a new pipeline for the characterization
of tumor microbiomes, to a discovery cohort of 20 RNA-Seq samples. We established a read
cutoff on the basis of those samples that tested positive for RNA in situ hybridization (ISH) of
the EBER transcript. Since ISH validated all the RNA-Seq samples as positive, we established
the threshold to call a virus present in a particular sample as the minimal number of reads
detecting EBV (S1 Fig). Next, we established the EBV subtype by aligning RNA-Seq reads to
the genomes of both EBV type I and type If and deduced type I as the closest genotype. In addi-
tion to EBV, RNA-Seq revealed the presence of other viruses. In particular, 5/20 cases con-
tained human herpesvirus 5 (HHVS, cytomegalovirus, CMV), 4/20 human herpesvirus 8
(HHVS, Kaposi sarcoma herpes virus, KSHV), and 1/20 human T-lymphotropic virus 1
(HTLV-1) (Fig 1A, 52 Figand $3 Fig). Human immunodeficiency virus (HIV) was not
detected in any case, confirming that pediatric eBL is rarely associated with the immunodefi-

ciency syndrome[21]. Nested PCR and immunohistochemical (IHC) analysis performed on all
20 original samples confirmed the presence of all the viruses in the discovery cohort (SLA
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Table). To assess whether RNA-Seq findings generalize for EBV, CMV, KSHV, and HTLV-1,
weassayed for the presence of these four viruses in 20 additional cases from western Kenya by
THC (S1B Table). In this Kenyan cohort, EBV was detected in 20/20 samples, CMV in 8/20
samples (Fig 1B and 54 Fig), KSHY in 7/20 samples (Fig 1C and 1D, and §5 Fig), and HTLV-1
in 0/20 samples. Therefore, over the 40 cases, we report the overall viral infection frequencies
of 40/40 (100%) for EBV, 13/40 (32.5%) for CMV, 11/40 (27.5%) for KSHYV, and 1/40 (2.5%)
for HTLV-1. THC analysis demonstrated the presence of CMV in the stromal cells and.
macrophages localized within the tumors and in the adjacent reactive lymphoid tissue (Fig 15,
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2 Fig and S4 Fig). KSHV wasidentified not only in normal B-lymphocytes and endothelial
cells from the adjacent reactive lymphoid tissue (53 Fig and 5 Fig), but also in one case in
about 5-10% of neoplastic cells (Fig 1C and 1D). HTLV-1 was detected in reactive T-lympho-
cytesin the only positive case of the discovery cohort. Sections of the samples incubated with
the secondary antibody alone and sections of reactive lymphoid tissue were used as negative
controls. Sections of lymph nodes with infectious mononucleosis were used as positive control
for EBV. Next, we compared the viral landscape of endemic and sporadic cases by analyzing 27
RNA-Seq sBL samples from Schmitz ef al [19] with Pandora. The analysis showed the presence
of EBV and HIV respectively in 4/27 (15%) and in 1/27 (4%) cases, consistent with several liter-
ature sources(22].

Epstein-Barr virus latent and lytic infection in BL

Beyond identification of EBV presence, RNA-Seq enabled us to quantitatively analyze the viral
transcriptional program. In addition to EBER-1 and EBER-2 transcripts, expression analysis of
the viral genes showed the expression of EBNA-1,a gene associated to latency I type, in 18/20
cases (Fig 24). We also detected either LMP-1 or LMP-24, characterizing the latency IT type, in
13/20 samples (65%), and also EBNA-2 in 1/20 cases (5%). Interestingly, 2/20 cases (10%) were
characterized by the expression of EBNA-3A/B/C/LP, together with the lytic gene BHRF-1, sug-
gesting a Wp-restricted program|[23]. However, the specific analysis of EBV isoforms showed
the presence of H2-HF splicing event, which is hallmark of lytic BHRF-1 expression[24-26](S6.
Fig). Unsupervised hierarchical clustering of expressed EBV genes demonstrated two main
clusters distinguished largely by gene products involved in EBV replication (BALF-2, BCRF-1,
BHRF-1, BILF-1, BMRF-1, BNLF-2a, BZLF-1). The expression of these genes suggests a non-
canonical latency program of the virus with a subset of viral episomes initiatinglytic reactiva-
tion[23].

Due to the heterogeneity of the viral transcriptional programs, we aimed to validate the
latency type by performing RT-qPCR for the EBNA-1, LMP-1, LMP-24, EBNA-2, EBNA-3C,
and BHRF-I transcripts across an additional series of 26 cases from an extended cohort of sam-
ples from Kenya. EBNA-I was detected in 26/26 (100%), LMP-1 and LMP-2 in respectively 5/
26(20%) and 20/26 (75%) cases (53 Table and S7A Fig), EBNA-2 in 0/26 (0%), and the combi-
nation of EBNA-3C and BHRF-1 in 4/26 (15%). These results are largely consistent with the
RNA-Seq data with the exception of LMP-1 that has been detected at higher frequency in
RNA-Seq (52 Table). Next, we evaluated the lytic cycle activation and found BILF-1, BALF-4,
and LF-2in all 26 cases, whereas we observed the expression of BALF-2in 23/26 (90%), BHRF-
1in20/26 (80%), BZLF-1 and BMRF-1 in 15/26 (60%), BNLF-2a in 13/26 (50%), and BCRF-1
in 11/26 (45%) of the cases (S3 Table and 7B-S7D Fig).

‘We then validated the expression of all the available encoded-proteins by IHC using strin-
gent positive and negative controls as reported in Materials and Methods. Overall, THC evalua-
tion confirmed a non-canonical latency associated program with the expression of some
proteins characterizing latency 1 (i.e. LMP-1 in 2/26 and LMP-24 in 17/26 of the cases
however, there was heterogencity in the intensity of protein staining and in the proportion of
positive tumor cells. LMP-1 was detected in few cells, whereas LMP-2A wasidentified in a pro-
portion of cells ranging from 25% to 50% (Fig 28 and 2C). EBV replication was assessed by
nuclear expression of the immediate-early BZLF-1/ZEBRA and early BMRF-1/Ea-D, BHRF-1/
Ea-R lytic proteins (Fig 2D-21). There was positive staining in the neoplastic cells for BZLF1,
BHRF-1/Ea-R and BMRF-1/Ea-D, respectively in 11/26 (40%), 16/26 (60%), and 13/26 (50%)
of the cases ($3 Table).
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Finally, we compared the patterns of latent and lytic gene expression between endemicand
sporadic BLs using the 4 EBV-positive sBLs of the 27 RNA-Seq samples from Schmitz et al."®
We observed the expression of BHRF-1 and BMRF-1 in 1 case; BZLF-1 was present in 2 cases
and LMP-2A in 4 cases.

Mutational landscape of eBL and correlation with EBV presence

To identify the genes that are somatically mutated in eBL, we applied the SAVI algorithm|
to the cohort of 20 RNA-Seq samples (see Material and Methods for gene selection criteria)
Our analysis identified 13 genes recurrently mutated in more than 4 samples. We confirmed
the presence of mutations in genes previously reported in BL literature[15,19,25] (Fig 3A-3C
and $4 Table),including MYC in 10/20 (50%), DDX3X in 7/20 (35%), ID3 in 6/20 (30%),
ARIDIA in5/20 (25%), RHOA in 4/20 (20%), TCF3 and TP53 in 3/20 (15%), CCND3 in 1/20
(5%) of the cases. In addition, we found recurrent mutations in one gene not reported so far:
CONF, detected in 4 out of the 20 cases (20%). Since RHOA mutations have not been previ-
ously detected in eBL and CCNF mutation was a new discovery, their prevalence as specific
mutations was further assessed using Sequenom technology on an extended panel of 66 neo-
plastic samples plus 7 cases with matched normal controls (S84 and S3B Fig). Recurrent muta-
tions in RHOA were found in 6/73 eBL cases (8%), and in 0/7 normal samples. Two of the 6
RHOA mutations occurred in paired eBL/normal cases, confirming that the alterations are
somatic (S5 Table). Recurrent mutations in codon 451 of CCNF were found in 14/73 eBL cases
(19%), and in 0/7 normal samples. One of the 14 CCNF mutations occurred in a paired eBL/
normal case, showing that also CCNF alteration is somatic. Direct sequencing of genomic
DNA confirmed all the mutations identified by Sequenom tecnnology and RNAseq (59 Fig and

0Fig

‘The distribution of somatic mutations and viral presence across both eBL and sBL samples
exhibit two interesting features (Fig 3B). First, in eBL samples we observed lower mutational
frequencies in the genes MYC, D3, TCF3, DDX3X, CCND3 and TP53, as compared to their
reported recurrence in sBL, and higher mutational frequencies in ARIDIA, RHOA, and CCNF
[18,19]. Second, in sBL cases an almost mutual exclusivity can be seen between EBV presence
and mutations in TCF3/ID3 both known to be driver genes in sBL (p-value < 0.02, Fisher exact
test). To explore this hypothesis, we performed a hierarchical clustering of both endemic and
sporadic cases on TCF3 target genes (previously reported in Schmitz ef al.[19]) and we demon-
strated that the first bifurcation of the dendrogram dlassifies the samples into EBV-positive
and EBV-negative BL independently on the specific subtype with an accuracy of 96% (45/47).
(Eig 4A). The results show that the TCF3 pathway is more activated in EBV-negative cases, as
indicated by the significant negative enrichment of TCF3 target genes in EBV-positive samples.
Furthermaore, we observe that when considering the overall panel of both endemic and sporadic
BL samples, the mutually exclusivity between TCF3/ID3 mutations and EBV infection yields a
more significant effect (p-value < 0.0008, Fisher exact test). To farther investigate the host
transcriptional programming related to EBV presence, we performed GSEA C2 analysis on
genes differentially expressed between EBV -positive and EBV-negative cases. Interestingly, we
detected a significant enrichment for the LMP-1 gene set signature, reported by Sengupta ef al.
[29] in nasopharyngeal carcinoma, which s consistent with the detected LMP-I expression in
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Fig 3. (A) The presence of mutations in genes previously described in BL is reported, including MYC (50%), DDX3X (35%), ID3 (30%), ARIDTA
(25%), RHOA (20%), TCF3 and TP53 (15%), and CCND3 1720 (5%). In addition, a new mutation is shown, involving CCNF and detected in 20% of the
cases. (B) Bar plot showing the frequency comparison of virus presence and driver mutations between endemic and sporadic BL. For each
‘comparison we report the p-value associated with rejecting the null hypothesis of equal eBL and sBL prevalences. (C) Distribution of mutations in
5driver genes. Red points indicate endemic BL, while blue points the sporadic ones.
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RNA-Seq data (Fig 4B). Moreover, since 13/20 RNA-Seq cases were positive for LMP2A, we
investigated the role of this viral gene in the context of eBL and GSEA C2 analysis has been per-
formed on gene differentially expressed between LMP-2A positive and LMP-2A negative sam-
ples. Interestingly, the E2F, E2F3 and cell cycle G1/S gene sets presented the highest significant
enrichment score (see $11 Fig), together with the down-regulation of retinoblastoma pathway.
These results can be explained as an effect of the interaction between MYC and LMP2A. In
fact, previous studies showed that LMP-2A promotes MYC-induced lymphomagenesis[30],
and E2F is a know target of MYC during cell division and proliferation[31). Moreover, several
‘works associate LMP-2A expression to the PI3K/Akt pathway activation[32-35] and the study
from Brennan et al. (Oncogene, 2002 [36]) shows that the activation of PI3K pathway in lym-
‘phoblastoid cell lines can promote E2F transcription activity to affect cell cycle and cellular
proliferation.

Discussion

Over the past few years, the concept that many discases can be etiologically linked to infection
by more than one pathogen has drawn increased attention[37-40]. Whether endemic Burkitt
Iymphoma should also be considered a polymicrobial disease and what role genetic alterations
play in the tumor are still open questions. In this paper, we analyzed the presence of pathogens
other than EBV in 40 ¢BL primary tumors by RNA sequencing, PCR, and immunohistochem-
istry, and found the presence of CMV and KSHY. We detected these viruses, which are fre-
‘quently reported in the African population[41], primarily in the surrounding non-neoplastic
tissue. Their prevalence in areas endemic for EBV, along with their absence in the sporadic
cases, suggests that CMV or KSHV could contribute to the chronic antigenic stimulation in
‘which eBL occurs.

‘The presence of these additional cofactors may also induce EBV lytic cycle through B-cell
reactivation and spreading EBV infection out of ts natural niche of memory B-cells, character-
ized bya latency 0/1 program[42,43]. In fact, in our samples we showed a non-canonical
latency program of the virus characterized by a large number of cases expressing LMP-1/-2A/-
2Bina significant proportion of cells along with lytic reactivation. Our results are in agreement
‘with recent studies showing more complex EBV protein expression in Akata and Mutu cell
lines, commonly used to study the role of EBV in Burkitt lymphomal44]. By using an alterna-
tiveapproach based on RT-QPCR array platform, Tierney ef al. report a quantitative character-
ization of EBV transcripts in different experimental infection models that were validated in
‘endemic Burkitt lymphoma samples[24]. Interestingly, in this study a significant expression of
LMP-2 gene was revealed. Moreover, our results are in accordance with a previously published
study in primary AIDS-related lymphomas (ARL) by Arvey and colleagues[10], although a
rigorous comparison is limited by the small number of ARL BLs. Al together, our findings
confirm recent evidence that LMP-2A cooperates in reprogramming the function of normal B-
Iymphocytes and enhance MYC driven lymphomagenesis through the activation of PI3K-path-
way[45,46]. This pathway s a crucial to MYC mediated transformation as shown by PI3K/
MYC transgenic mouse that produces a model that represent a phenocopy of human tumors in
terms of histology, gene and protein marker expression, and somatic hypermutations([47]. This
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‘scenario suggests that LMP-2A activation of PI3K is an alternative/convergent mechanism to
the one driven by TCF3/ID3 mutations.

‘The expression of genes characterizing the lytic phase of EBV found by RNA-Seq was con-
firmed by THC staining for the three main genes involved in the initiation ofthe lytic phase,
'BZLF-1/ZEBRA, BMRF-1/Ea-D and BHRF-1/Ea-R. In early latent infection, EBV can be
induced to enter the lytic cycle by a variety of causes including B-cell receptor stimulation,
Toll-like receptor-9 activation, hypoxia, and growth factors[48,49]. Although lytic infection
kills the host cell, it also allows horizontal spread of EBV from cell to cell and may increase the
pool of latently infected B-lymphocytes from which transformed cells arise. Additionally, lyti-
cally infected B-cells secrete factors that may promote tumorigenesis, including growth and
angiogenesis factors and immunosuppressive cytokines. Recent evidence has challenged the
view that only the latency phase of EBV infection i significant for the development of EBV-
associated malignancies, proposing that lytic EBV replication may be of pathogenic relevance.
[50] Humanized mice infected with lytic active viral strains develop more lymphomas than ani-
‘mals infected with replication-defective strains[39], suggesting that Iytic EBV infection may be
of importance also in the context of an active immune response. In the present study we gave
evidence for the first time that this occurs in vivo in the neoplastic cells of the primary tumors.
Physiologically, lytic gene products are expressed in three consecutive stages: immediate-carly,
carly, and late. Immediate-early lytic gene products initiate the process by inducing the activ
tion of transeription of the other genes. Early genes control replication and metabolism of neo-
plastic cells[51]. Fatty acid synthase expression isinduced by the BRLF-1 immediate-carly
protein, and interestingly BL tumors are characterized by altered lipid metabolism|.
gene products code for viral capsid antigens and proteins involved in immune evasion. BNLF-
24, detected in a significant number of our cases, may protect infected B-cells from immune
recognition and climination[53]. Finally, the EBV transcriptome during the reactivation may
involve the contribution of a wide array of other virus-encoded RNAS, such as BARF-0, BARF-
1, BcLF-1, and RPMSI-1[54], that are not translated and may function as non-coding RNA
‘molecules which could participate in regulating gene expression[55]. Heterogeneity in lytic/
latent expression programs can be observed not only between patients but also within indi
ual tumors, on a cell-to~cell basis. Intra-patient heterogeneity might be related to the activation
of the immune response following the expression of the viral genes. Therefore, the tumor is
under selective pressure and needs alternative mechanisms to survive and proliferate[56].

Our data on the mutational landscape of ¢BL scems to support this hypothesis. In fact, ¢BL
samples were characterized by a lower number of point mutations in genes previously found
altered in sBL, including MYC, ID3, TCF3, DDX3X, CCND3, and TP53. These results are con-
sistent with previous studies by Schmitz et al. [19]in which TCF3/ID3 mutations were more
common in sBL (70% of the cases) than eBL (40%). In particular, we observed a near mutual
exclusivity between TCF3/ID3 mutations and the presence of EBV, indicating that TCF3 path-
‘way is more significantly activated in EBV-negative cases.

‘The inverse correlation we observed between the presence and expression of EBV and the
number of cellular mutations in the different BL cases, may represent an in vivo picture of the
dynamic process by which a neoplastic cell initially dependent upon EBY, switches-off viral
‘genes and switches-on cellular mutated genes to survive and proliferate. These results are con-
sistent with previous analysis of pediatric BL[20]. Based on our findings, one should infer that
BL may arise from pathogenic pathways that are partially distinct from those driving sBL, sug-
gesting dual mechanisms of transformation in BL, mutationally versus virally driven. On the
other hand, ARIDIA and RHOA were more often mutated in eBL than in sBL. ARIDIA is one
of the subunits of the Switch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling
complex and is currently thought to behave like a tumor suppressor gene. Consistently,
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ARIDIA mutations frequently occur as insertion/deletion, and in most of our cases involved
the amino acid G1630. This gene has been reported as frequently mutated in the context of
pediatric BL, with a significant association to EBV negative cases[20], suggesting that the high
prevalence in eBL compared to the sBL may be due to the pediatric nature of the endemic case.
However, other EBV-associated cancer types show frequent deregulation of ARIDIA[57-61].
In particular, in EBV-associated gastric cancer a strong correlation between ARIDIA deactiva-
tion and EBV presence has been reported[62-64]. RHOA, which belongs to the Ras homolog
family,is a small GTP-ase protein recently found to be mutated in three tumors associated
with EBV infection, namely peripheral T-cell lymphoma (where it relates to follicular helper T-
cells[65-67]), diffuse gastric carcinomal68] and paediatric sBL[28). The distribution of RHOA
‘mutations in our cohort overlaps with the already reported mutations (codons 5, 17, 42 and
69) suggestinga similar functional role.

Finally we identified recurrent mutations involving the amino acid R451C in one gene not
previously detected in endemic or sporadic BLs, CCNF, altered in 20% of our cases. CCNF
encodes a member of the cyclin family belonging to the F-box protein family; it acts as an
inhibitor of centrosome reduplication during G2 phase and protects the cell from genome
instability[69]. Therefore, it is reasonable that CCNF mutations may cooperate in inducing
Iymphomagenesis by promoting chromosome instability and a hypermutator phenotype
[zo71).

Understanding the mechanisms regulating EBV lymphomagenesis will hopefully lead to the
development of highly specific therapies. To avoid the tumor evasion from the already available
therapies, we need to identify and target the multiplicity of pathways that are deregulated in
the neoplastic cells and decrease tumor survival and proliferation.

Materials and Methods
Cases selection

Atotal of 20 BL samples preserved in RNAlater (RNA stabilization Reagent-QIAGEN, Valen-
cia, CA) were collected from the Department of Human Pathology of the Lacor Hospital
(Uganda, Africa), in endemic areas. For all of them, formalin-fixed and paraffin-embedded
(FFPE) samples have been available. All diagnoses were reviewed by 2 expert hematopatholo-
gists and were formulated according to the 2008 WHO dlassification. The clinical and histo-
pathologic characteristics of the 20 BL cases are summarized in 6 Table. Briefly, all cases were
t(8;14)-positive, and the immunophenotype was consistent with the diagnosis of BL (CD20
positive, CD10 positive, BCL-6 positive, Ki§7>> 98%, BCL-2 negative). Epstein-Barr virus was
detected by using in situ hybridization with EBER probes (INFORM EBER, Roche Diagnostics,
Basel, Switzerland). EBV infection in tumor cells was observed in 100% of the samples, assessed
by strong nuclear expression of small EBV-encoded RNA genes, EBER-1 and -2. These cases
have been previously studied for gene expression profile analysis and showed a molecular pro-
file consistent with molecular BL[17].

‘We used two distinct series of cases for validation of RNA-Seq results. The first included 26
‘primary tumors collected at the Moi University, Eldoret (Western Kenya). Of these, 20 were
used for virus data validation and 26 for EBV latency validation. The second was comprised of
66 neoplastic samples plus 7 cases for which matched normal controls were available (1 liver, 6
Iymph nodes) collected from endemic area in Africa, and was used for Sequenom validation.

RNA extraction

‘Total RNA extraction was perfomed by RNeasy Plus Mini Kit(QIAGEN, Valencia, CA)
according to the manufacture instructions. The amount and quality of RNA were evaluated by
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measuring the optical density (OD) at 260 nm, the 260/230 and the 260/280 ratios using a
Nanodrop spectrophotometer (ND-100, Nanodrop, Thermo Scientific, Celbio, Ttaly).

RNA sequencing

Paired-end libraries (2x75 base pair) were prepared according to the TruSeq RNA sample prep-
aration v2 protocol (Tllumina, San Diego, USA). Briefly, 2 pg of Poly(A)" RNA was purified
from total RNA using poly-T oligo attached magnetic beads and then used for fragmentation
into 130-290 bp fragments. First, single stranded cDNA was synthesized using reverse tran-
Seriptase (SuperScript I, Invitrogen, Life Technologies,US A) and random hexamer priming,
followed by generation of double-stranded cDNA. AmpureXP beads (Beckman Coulter, Brea
CA) were used to purify the ds cDNA and end repair step was performed to convert the over-
hangs, resulting from fragmentation, into blunt ends by 3'to 5 exonuclease activity. A single
“A” nucleotide was added to the 3" ends ofthe blunt fragments to prevent them from ligating
to one another during the adapter ligation reaction. This approach wasadopted to ensure 2 low
rate of chimera (concatenated template) formation. Subsequently, sequencing adapters were
added to the ends of the ds cDNA fragment and a PCR reaction was used to selectively enrich
those ds cDNA fragments that had adapter molecules on both ends, amplifying the amount of
ds cDNA in the final libraries. Lastly, PCR library products were purified by AmpureXP beads
and quality control analysis was assessed using a DNA-1000 (Agilent, USA). The quantification
was performed by Quant-it PicoGreendsDNA Assay Kit according to manufacturer’s protocol
(Invitrogen, Life Technologies,USA). The resulting libraries were sequenced on an Ilumina
HiScan SQ (Tllumina, San Diego, USA) following the manufacturer's instructions.

Point mutation identification using RNASeq

Sequence variants were obtained using the SAVI (Statistical Algorithm for Variant Identifica-
tion)[72.73] algorithm independently for each sample. Candidate somatic mutations were
obtained by eliminating common germline variants (dbSNP 132 and variants from 10 reactive
Iymph nodes). Genes recurrently mutated in more than 4 samples and expressing the corre-
sponding transcript with RPKM:3 were selected. Mutations occurring in the exact same posi-
tion in more than 4 samples have been discarded. Conversely, genes previously reported in BL
[19.7475] were selected, even at low recurrence, to allow the comparison between endemic and
sporadic subtypes (53 Table). Sanger sequencing was used for technical validation.

Pandora: A pipeline for pathogen discovery using RNASeq

Characterization of the tumor microbiome is accomplished with Pandora, a new RNA-Seq
pipeline for pathogen identification and discovery (S12 Fig). The algorithm takes raw RNA-Seq.
data as input and outputs annotated microbial spectra present in the tumor sample. Pandora
implements a subtractive algorithm consisting of discrete modules. First, the Host Removal
‘phase sequentially aligns the input reads to the host reference using bowtie2[76], blastN[77]
and Megablast,[78] and filters out the data originating from the host. Second, the unaligned
(non-host) reads are passed as input to the Microbe Identification phase where the reads are
aligned to curated sets of NCBI microbial sequences representing viruses/viroids, bacteria,
fungi, and select taxa of eukaryotic parasites. Third, the NCBI records matching each non-host
read are input to the Reporting phase where microbial load, gene expression, and relevant
clinical parameters are computed as the final output. The microbial load is computed as the
number of reads mapping to the organism or virus normalized by the genome length. Gene
expression quantification is computed as transcript per million (TPM)[79], which provides a
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more accurate relative quantification of mRNA abundance compared to other normalization
methods such as RPKM.

EBV genome analysis and expression

RNA-Seq reads were aligned to the GRCh37/hg19 reference genome using Bowtie2(76], Blastn
[77] and Megablast[75]. Reads not aligning to homo sapiens (non-host reads) were mapped to
human herpesvirus 4, type I (NCBI accession number NC_007605.1) using TopHat, a splicing
aware alignment program [80] (59 Table and $10 Table). EBV viral gene expression was nor-
malized as transcripts per million (TPM)[79]. For each viral product the TPM expression was.
normalized by the expression of A73 genes, which s consistently expressed in all the HEIV4
positive BL samples. Hierarchical clustering was computed with Pearson distance and Ward's
linkage method.

Expression analysis

Gene expression analysis was performed on both endemic and sporadic[19] RNA-Seq samples
of Burkitt Lymphoma. All the reads were aligned to human reference genome (GRCh37/hg19)
by means of TopHat version 1.3.3. Transcript abundance quantification was computed as
FPKM using Cufflinks, Cuffquant and Cuffnorm version 222.1{81]. Hierarchical clustering was
performed with Pearson distance and Ward's linkage method. Gene set enrichment analysis
was obtained by running GSEA software on pre-ranked list of log2 ratio of the FPKM mean
fold change between two conditions[2].

DNA extraction

The DNA was extracted from formalin-fixed paraffin embedded (FFPE) of the original neo-
plastic samples using NucleoSpin Tissue (Machery-Nagel, Italy) following manufacture’s
instructions. The amount and quality of DNA were evaluated by measuring the optic density
(OD) at 260 nm, the 260/230 and the 260/280 ratios using a Nanodrop spectrophotometer
(ND-100, Nanodrop, Thermo Scientific, Celbio, Italy).

PCR amplification

To detect the presence of HTLV-1, CMV and KSHY, a nested PCR assay was performed on
DNA of original tumor samples as previously reported[83][84] (57 Table and 8 Table). DNA
from HTLV- 1-positive cells, CMV-positive cells, and KSHV-positive cells were used as positive
controls, whereas DNA from HeLa293 cells was used as negative control. Several precautions
have been taken to prevent false-positive PCR results: (a) rooms for pre- and post-PCR proce-
dures were physically separated; (b) reagents were prepared in large batches and stored in
small aliquots; (c) equipment such as the microcentrifuge, water baths, pipettes, tube racks,
and other small equipment was designated for PCR work only; (d) gloves were changed fre-
‘quently; and (e) aerosol-barrier pipette tips, PCR tubes, and autoclaved, diethylpyrocarbonate-
treated water were sterilized by UV irradiation prior to PCR. Finally, 15 pl aliquots of the PCR.
mixture were electrophoresed on a 2% agarose gel and directly visualized by ethidium bromide
staining under ultraviolet light[85].

Validation in an extended panel

‘The MassARRAY Assay Design Suite software was used to design 8 different multiplex reac-
tions for investigating 115 SNPs. Genotyping was performed using iPLEX Gold technology 57
MassARRAY high-throughput DNA analysis with matrix-assisted laser desorption/ionization
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time-of-flight mass spectrometry (Sequenom), according to the manufacturer’s protocol. 66
‘neoplastic cases plus 7 samples with matched normal controls (1 liver, 6 lymph nodes) were
analysed.

Real-time quantitative reverse transcription PCR (RT-gPCR)

The expression of EBV-encoded genes (EBNA- 1, EBNA-2, EBNA-3¢, BALF-2, BALF-4, BCRF-1,
'BHRF-1, BILF-1, BNLF-2a, BMRF-1, BZLF-1, LMP-1, LMP-2A LF-2), which characterize the dif-
ferentlatency programs, has been investigated on an additional series of 26 samples by RT-gPCR
using the QuantiTect SYBR Green PCR Kit (Qiagen, CA) as previously reported (7 Table). All
samples were run in triplicate. The stably expressed housckeeping gene hypoxanthine-guanine
phosphoribosyltransferase (HPRT) was used as an endogenous control and reference gene for
relative quantification of each target gene. The relative expression is expressed as 2*”, where ACt
is defined as the difference in mean cycle thresholds of the gene of interest and HPRT[86). The
samples were defined as “not expressed” if the ACt value exceeded 50 cycles[87].

Immunohistochemistry

To further validate the presence of HTLV-1and HHV-8, immunohistochemistry for viral
products (HTLV-1-TAX 1: 70, Abcam, Cambridge, United Kingdom; HHVS-LANA 1:50,
Leica Biosystems, Newcastle Lid, United Kingdom; HHVS clone AT4C11 1550, Abnova, Taipey
City, Taiwan) was performed on formalin-fixed paraffed-embedded (FFPE) sections of the
original samples and in an additional series of 20 cases. CMV was detected using in situ hybrid-
ization (ISH) with Bond ISH Probe.

The protein expression of EBNA-1 (1:150, AbCam, Italy), EBNA-2 (1:100, AbCam, Ttaly),
LMP-1 (1:100, Novus Biologicals, Italy), LMP-2A (1:100, AbCam, Italy), BZLF-1/ZEBRA
(1:100, Novus Biologicals, Italy), BMRF-1/Ea-D (1:150, AbCam, Ttaly), BHRF-1/Ea-R (1:150,
Novus Biologicals, Italy), was assessed by immunohistochemistry on FFPE sections of the orig
inal samples and on an additional series of 26 primary tumors. Sections of the samples incu-
bated with the secondary antibody alone and sections of reactive lymphoid tissue were used as
negative controls. Sections of lymph nodes with infectious mononucleosis were used as positive
control. Immunoreactivity was performed on Bond Max automated immunostainer (Leica
Microsystem, Bannockburn, IL, USA), with controls in parallel. No epitope retrieval was used.
Ultravision Detection System using anti-Polyvalent HRP (LabVision, Fremont, CA, USA) and
diaminobenzidine (DAB, Dako, Milan-Ttaly) as chromogen was used. Two independent inves-
tigators assessed immunoreactivity. Case were considered positive when more than 20% of the
cells were stained for latent gene products and when more than 5% of the cells were stained for
Iytic gene products.

Ethics statement

Ethics approval for this study was obtained from the Institutional Review Board at the Univer-
sity of Siena (Italy), from the Ethics and Research Committee at the Lacor Hospital (Uganda)
and from the Ethics and Research Committee at Moi University, Eldoret (Kenya). Written per-
‘mission and informed consent have been obtained before sample collection in accordance with
the Decration of Helsinki

Supporting Information

S1 Fig. Number of viral reads per million of human reads across the 20 ¢BL of the discovery
cohort. The red line indicates the minimal number of viral reads to detect any of the viruses in
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the corresponding sample.

(TIFF)

52 Fig. CMV detection on discovery cohort samples by THC.
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$3 Fig. KSHV detection on discovery cohort samples by THC.

(TIFF)

$4Fig. CMV detection on Kenyan cohort samples by THC.

(TIFF)

$5 Fig. KSHYV detection on Kenyan cohort samples by THC.

(TIFF)

56 Fig. The specific analysis of EBV isoforms showed the presence of H2-HF splicing event.
(TIFF)

§7 Fig. Validation of latency and lytic genes expression by RT-qPCR for LMP-24 (4),

BZLF-1 (B), BMRF-1 (C), BHRF-1 (D) in additional series of 26 cases is shown.
(TIFF)

$8 Fig. A-B Results of Sequenom analysis on an extended panel of 66 neoplastic samples
plus 7 cases with matched normal controls are demonstrated.
(TIFF)

59 Fig. A-C Examples of mutations in RHOA (A-B) and in CONF (C) detected by Sequenom
technology and validated by Sanger sequencing are shown.
(TIFF)

$10Fig. A-F Examples of mutations in ARIDIA (4), DDX3X (B), CCNF (C), RHOA (D),
ID3 (E), TCF3 (F) detected by RNA-Seq technique and validated by Sanger sequencing are
shows

(TIFF)

S11Fig. A-B The E2F, E2F3 and cell cycle G1/S gene sets presented the highest significant

enrichment score together with the down-regulation of retinoblastoma pathway.
(TIFF)

$12Fig. Characterization of the tumor microbiome by Pandora.
(TIFF)

S1Table. (A) PCR Nested and THC validation results on original samples. (B) THC valida-
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Supplementary Fig 1. Number of viral reads per million of human reads across the 20 eBL of the discovery cohort. 
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Supplementary Fig 2. CMV detection on discovery cohort samples by IHC. 
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Supplementary Fig 3. KSHV detection on discovery cohort samples by IHC. 
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      Supplementary Fig 4. CMV detection on Kenyan cohort samples by IHC. 
[image: image35.jpg]


 
    Supplementary Fig 5. KSHV detection on Kenyan cohort samples by IHC. 
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Supplementary Fig 6. The specific analysis of EBV isoforms showed the presence of H2-HF splicing event. 
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Supplementary Fig 7. Validation of latency and lytic genes expression by RT-qPCR for LMP-2A (A), BZLF1 (B), BMRF1 (C), BHRF1 (D) in additional series of 26 cases is shown. 
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Supplementary Fig 8. A-B Results of Sequenom analysis on an extended panel of 66 neoplastic samples plus 7 cases with matched normal controls are demonstrated. 
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Supplementary Fig 9. A-C Examples of mutations in RHOA (A-B) and in CCNF © detected by Sequenom technology and validated by Sanger sequencing are shown. 
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Supplementary Fig 10. A-F Examples of mutations in ARID1A (A), DDX3X (B), CCNF (C), RHOA (D), ID3 (E), TCF3 (F) detected by RNA-Seq technique and validated by Sanger sequencing are shown. 
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Supplementary Fig 11. A-B The E2F, E2F3 and cell cycle G1/S gene sets presented the highest significant enrichment score together with the down regulation of retinoblastoma pathway. 
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Supplementary Fig 12. Characterization of the tumor microbiome by Pandora. 
Supplementary tables  
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Samples samples
eBL 15 Positive Positive Positive Positive Positive Positive K1 Positive Negative | Negative
eBL 19 Negative Negative | Negative | Negative | Negative [ Negative K2 Negative Negative | Negative
eBL 20 Negative Negative | Negative | Negative | Negative [ Negative K3 Negative Positive | Negative
eBL 22 Positive Negative | Negative | Positive | Negative [ Negative K4 Negative Positive | Negative
eBL 23 Negative Negative | Negative | Negative | Negative | Negative K5 Positive Positive | Negative
eBL 27 Negative Positive Negative | Negative | Positive Positive K6 Negative | Negative | Negative
eBL 30 Negative Negative | Negative | Negative | Negative [ Negative K7 Negative | Negative | Negative
eBL 35 Negative Negative | Negative | Negative | Negative [ Negative K8 Positive Positive | Negative
eBL 40 Negative Negative | Negative | Negative | Negative [ Negative K9 Positive Negative | Negative
eBL 43 Negative Positive Negative | Negative | Positive | Negative K10 Positive Negative | Negative
eBL 45 Negative Negative | Negative | Negative | Negative [ Negative K1 Negative | Negative | Negative
eBL 48 Positive Negative | Negative | Positive | Negative [ Negative K12 Positive Negative | Negative
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eBL 50 Negative Negative | Negative | Negative | Negative [ Negative K14 Positive Negative | Negative
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eBL 69 Positive Negative | Negative | Positive | Negative [ Negative K17 Negative | Negative | Negative
eBL 80 Negative Negative | Negative | Negative | Negative [ Negative K18 Positive Negative | Negative
eBL 81 Negative Negative | Negative | Negative | Negative [ Negative K19 Negative Positive | Negative
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Supplementary Table 1. (A) PCR Nested and IHC validation results on original samples. (B) IHC validation results on extended cohort from Kenya. 
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Supplementary Table 2. Validation of latency type by RT-qPCR in comparison with RNAsequencing results. 
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Supplementary Table 3. Immunoistochemical results in single case. 
Supplementary Table 4. List of selected mutations detected in RNA-Seq (As the size of the file, the table has been attached as excel file in e-mail sent to reviewers and members of Ph.D Dissertation Board). 
Supplementary Table 5. List of variants detected through sequenom Technology (As the size of the file, the table has been attached as excel file in e-mail sent to reviewers and members of  Ph.D Dissertation Board). 
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Supplementary Table 6. Clinical and histopatologic features of discovery cohort BL patients. 
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Supplementary Table 7. Primer sequences for detection and typing of human lymphotropic herpersviruses. 
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Supplemenatry Table 8. Primer sequences for detection of EBV- encoded genes. 
Supplementary Table 9. List of variants detected through sequenom Technology (as the size of the file, the table has been attached as excel file in e-mail sent to reviewers and members of  Ph.D Dissertation Board). 
Supplementary Table 10. Table of read counts of all the human genes and transcripts detected in RNA-Seq (as the size of the file, the table has been attached in e-mail sent to reviewers and members of  Ph.D Dissertation Board). 
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Abstract

Background: Burkitt lymphoma is an aggressive B-cell lymphorma presenting i three clinical forms: endemic,
sporadic and immunodeficiency-associated. More than 90% of endemic Burkitt lymphoma carry latent Epstein-Barr
virus, whereas only 20% of sporadic Burkitt lymphoma are associated with Epstein-Bar infection. Although the
Epstein-Barr virus is highly related with the endemic form, how and whether the virus participates in its pathogenesis
remains to be fully eluddated. In particular, the virus may impair cellular gene expression by its own encoded
microRNAs,

Methods: Using microRNA profiing we compared Epstein-Barr-positive and Epstein-Barr-negative Burkit lymphora
cases for both cellular and viral microRNAS The array results were validated by GRT-PCR, and potential targets of viral
microRNAS were then searched by bioinformatic predictions, and classified in functional categories, according to the
Gene Ontology. Our findings were validated by in vitro functional studies and by immunohistochemistry on a larger
series of cases.

Results: We showed that a few cellular microRNAS are differentally expressed between Epstein-Barr-positive and
Epstein-Barr-negative Burkit lymphorma cases, and identified a subset of viral microRNAs expressed in Epstein-Barr-
positive Burkit lymphomas. Of these, we characterized the effects of viral BART6-3p on regulation of cellular genes. In
particular, we analyzed the IL receptor genes (I-6Ra and IL657), PTEN and W1 expression for their possible relevance
to Burkitt lymphorma. By means of immunohistochemistry, we observed a down-regulation of the IL receptor and
PTEN specifically in Epstein-Barr-positive Burkict lymphoma cases, which may result n the impairment of key cellular
pathways and may contribute to malignant transformation. On the contrary, no differences were observed between
Epstein-Bar-positive and Epstein-Barr-negative Burkitt lymphoma cases for WT1 expression.

Conclusions: Our prefiminary resuits point at an active role for the Epstein-Barr virus in Burkitt lymphomagenesis and
suggest new possble mechanisms used by the virus in determining dysregulation of the host cell physiology.
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Introduction
Burkitt lymphoma (BL) has represented a key model for
understanding multi-stage tumorigenesis [1]. It was the
first tumor for which the association with an infectious
agent was demonstrated [2). The discovery in the 1960s
of its association with the Epstein-Barr virus (EBV) be-
came a foundation stone of human tumor virology [3].
Later, in the 1980s the identification of ¢-MYC/Jg fusion
at the site of t(8;14) translocation has set a path that has
opened the molecular basis of oncogenic changes in
many other tumor context [45]. BL is now listed in the
World Health Organization (WHO) dlassification of tu-
‘mors of hematopoietic and lymphoid tissue as an aggres-
sive B-cell non-Hodgkin's lymphoma with three subsets,
endemic (eBL), sporadic (sBL) and immunodeficiency-
associated (ID-BL), which mainly differ for geographic
distribution, clinical presentation and association with
EBV [6].

More recently, focus has been restored on BL in a way
that again highlights its potential in revealing new in-
sights. Whole genome analysis elucidated the existence
of common gene-coding mutations in BL [7].

Gene expression profile (GEP) has demonstrated that
BL has a unique molecular profile, distinct from those of
other B-cell non-Hodgkin lymphomas (B-NHL) and, es-
pecially, from that of diffuse large B-cell lymphoma
(DLBCL) [89]. In addition, we have described differences
in terms of gene and microRNA expression among sBL
and eBL [10,11]. ¢BL cases show an enrichment of genes
involved in the B-cell receptor-signalling pathway, suggest-
ing a direct role of chronic antigenic stimulation in Burkitt
Iymphomagenesis [10]. Most eBL are associated with EBV
and occur in areas in which malaria is endemic, but there
is still no satisfactory explanation of how and whether the
virus participates in BL pathogenesis. EBV may impact on
host cell homeostasis in various ways by interfering with
cellular microRNAs (miRNAs) expression and by encod-
ing its own genes and miRNAS; in fact we have recently
demonstrated that EBNAL is able to induce the expression
of cellular miRNAs in BL [12]. The EBV genome encodes
for 45 mature microRNAs from 25 precursors, which are
mapped in 2 regions of the genome: BHRFI (Bam HI
fragment H rightward open reading frame I) and BART
(Bam HI-A region rightward transcript) [13]. The BART
region encodes the cluster 1 and cluster 2 EBV-miRNAs,
whereas the BHRF1 region contains only 3 miRNAs [14].
EBV-encoded miRNASs are differentially expressed among
the different katency programs, being the latency IIl re-
stricted to BHRFL miRNA expression and the latency T
and IT to BART miRNA expression [15]. However, to date,
little information is still available about the expression
of EBV-encoded mRNAS in primary tumours, and their
possible contribution in dysregulating host cell gene ex-
pression [16-20].
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With the aim to assess the contribution of EBV-
encoded miRNAs in Burkitt lymphomagenesis, we pro-
filed a number of EBV-positive and EBV-negative BL
cases for cellular and viral miRNA expression. Then we
validated our findings by in vitro functional studies and
by immunohistochemistry on samples from 2 lkrger
well-characterized cohort of cases, with the attempt to
shed light on new possible mechanisms used by the
virus to contribute to malignant transformation and to
favor the design of more specific treatments for EBV-
associated malignancies. Our preliminary results point at
an active role for the Epstein-Barr virus in Burkitt lym-
phomagenesis and suggest new possible mechanisms
used by the virus in determining dysregulation of the
host cell physiology.

Methods
Ethics statement

The study was approved by the Ethics Committee of
Nairobi Hospital, CNIO Madrid, Spain and Siena Uni-
versity Hospital, Italy. Study participants or their legal
guardians provided written informed consent.

Cases selection
For this study 71 BL cases, collected at the Department
of Pathology, Nairobi Hospital, Kenya, CNIO biobank,
Madrid, Spain and at the Department of Medical Bio-
technologies, University of Siena, Italy, have been used.
Cases were reviewed by expert pathologists and diagno-
ses were confirmed according to the WHO [6]. Among
the 40 eBL cases, 38 were EBV positive, whereas only 3
out the 31 sBL cases were EBV positive.

For miRNA profiling, 18 BL cases (six EBV-positive and
twelve EBV-negative) have been used. Immunohistochem-
ical studies were performed on representative sections of
35 EBV-positive and 18 EBV-negative formalin-fixed and
parafiin embedded (FFPE) BL samples.

EBER-in-situ hybridization (ISH) and EBV latency analy:
‘The presence of EBV was assessed by in situ hybridization
for EBERs using Epstein-Barr Virus (EBER) PNA/Fluores-
cein (Dako, Milan-Ttaly), a mixture of PNA probes com-
plementary to the two nuclear EBER RNAs encoded by
EBV, in conjunction with Dako PNA ISH Detection Kit,
according to manufacturer's instructions. A control
slide, prepared from a paraffin-embedded tissue block
containing metastatic nasopharyngeal carcinoma in a
lymph node, accompanied each hybridization run.

The expression of EBV-encoded genes (EBNAL LMPI,
EBNA2, Zebra), which characterize the different latency
programs, has been investigated by qRT-PCR using Taq-
man probes, as previously described [21]. In addition, the
expression of the relative proteins were checked by
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immunohistochemistry. Of these, BL cases expressed only
EBNAI at gene and protein level.

MicroRNA extraction
Total RNA was extracted from FEPE sections of primary
tumors and reactive lymph nodes using the PPPE miRNA
Easy kit (Qiagen, CA), and from fresh tissues of eighteen
cases of BL (six EBV-positive BLs and twelve EBV-
negative BLs) was extracted using the miRNA Easy Kit
(Qiagen, CA), according to the manufacturer’s instruc-
tions. The amount and quality of RNA were evaluated by
measuring the optic density (OD) at 260 nm, the 260/230
and the 260/280 ratios using a Nanodrop spectrophotom-
eter (ND-1000, Nanodrop, Thermo Scientific, Celbio-
Italy). The cases were subjected to the Agilent’ Human
microRNA microarray technology (Agilent, Cernusco sul
Naviglio-Italy) following manufacturer instructions.

MicroRNA microarray expression profiling
Total RNA was extracted from fresh tissues of eighteen
cases of BL (six EBV-positive BLs and twelve EBV-
negative BLs) using TRIZOL reagent (Invitrogen, CA).

For miRNA detection, 100 ng of total RNA were
hybridized on a one color Agilent Human miRNA Micro-
array (Agilent Technologies, Inc, Santa Clara, CA) follow-
ing manufacturer instructions [22]. Scanning was carried
out using the Microarray Scanner System (Agilent). Micro-
array images were processed using feature extraction soft-
ware (Agllent technologies). Background subtraction and
quantile normalization has been applied by using a script
developed in collaboration with CNIO bioinformatics unit.
To compare EBV-positive versus EBV-negative samples, a
Ttest that includes correction for multiple testing was per-
formed using the web site: hitp://pomelo2 bioinfo.cnio.es/
[23]. miRNAS showing FDR (False Discovery Rate; q-value)
below the value of 005 were considered differentially
expressed between the two groups. A heatmap of miRNAS,
whose FDR was below 0.0, has been constructed using
the web site: wwwgepas.org. The microarray data has been
deposited at the National Center for Biotechnology Infor-
mation Gene Expression Omnibus database (accession
number: GSE52916).

Computational analysis and gene ontology
Target genes of the differentially expressed miRNAS iso-
lated by profiling were identified by computational ana-
lysis, using web-available resources (Mimaviewer, PicTar,
Tarbase [24], miRBase) [25] and miRGate. miRGate is a
tool developed in collaboration with bioinformatics unit at
CNIO (Madrid). Target genes common to more than one
prediction algorithm were considered. Functional studies
‘were then performed on selected genes possibly of interest
for BL. Genes were dassified in functional categories ac-
cording to the Gene Ontology [26].
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Real-time quantitative reverse transcription PCR (qRT-PCR)
Validation of both cellular (hsa-miR181d, hsa-miR609,
hsa-miR574, hsa-miR197, hsa-miR142-5p, hsa-miR7,
hsa-miR501-5p, hsa-miR510) and viral miRNAs, and the
expression level of a selection of possible target genes,
was obtained by RT-qPCR, using the specific Tagman
microRNA Assays for cellular and viral miRNAs (Ap-
plied Biosystems, Germany), following manufacturer’s
instructions. For target gene validation, reverse tran-
scription was performed using the QuantiTect Reverse
Transcription Kit (Qiagen, CA) and qPCR was made
using the QuantiTect SYBR Green PCR Kit (Qiagen,
CA), according to the manufacturer’s instructions. qRT-
PCR was performed using 2 Rotorgene machine (Qiagen,
CA). Exported result files were then loaded into Data
Assist Software v2.0 (Applied Biosystems) for statistical
analysis of differences in gene and miRNA expression.
Normalization was made on RNU43, GAPDH and 185
RNA which were stably expressed among the samples,
and relative quantification was performed using  the
AACt method [27]. Statistical analysis was performed
using the T-test [23].

Immunohistochemistry
Representative sections (4-um _thick) were placed on
positively charged glass slides (ProbeOn Plus; Fisher Sci-
entific, Pittsburgh, PA, USA). The staining was carried
out on Bond IIT automated immunostainer (Leica Micro-
system, Bannockburn, IL, USA) and diaminobenzidine
(DAB, Leica Microsystem, Bannockburn, IL, USA) was
used as chromogen. A large panel of antibodies (See the
st of stains) was applied and reactive lymph nodes were
used as control. Expression level of both chains of
Interleukin-6 (IL-6) receptor (p80 and gp130), PTEN
and WT-1 protein was assessed using immunohisto-
chemistry in 53 BL primary tumors (35 EBV-positive
and 18 EBV-negative). A detailed list of the antibodies
and working condition is reported in Table 1. Immuno-
reactivity was assessed by two blinded investigators and
the expression levels were dlassified semiquantitatively
combining the proportion and intensity of positively
stained cells [28]. The percentage of positive-staining
cells was scored as follows: 1 (<5% positive cells), 2 (5-
50% positive cell), and 3 (>50% positive cells). Staining
intensity was scored as follows: 1 (weak or not detect.
able staining), 2 (moderate staining) and 3 (strong stain-
ing). The sum of the staining intensity score and the
percentage score was used to define the protein expres-
sion level, calculated as HSCORE [28: 1, low expression;
2, moderate expression; 3, high expression. Differences
in protein expression between EBV-positive and EBV-
negative BL cases were analyzed using the Chi-square
test. The level of statistical significance was established
atp<005.
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Table 1 List of antibog
concentrations

and their respective

Primary antibody _Dilution_Company

20 (HO) RTU  Novocasra- Leyca system, Milan (fa)

10 (HO) RTU Novocastra- Leyca system, Miln (taly)

Bc6 (HO) RTU  Novocastra- Leyca system, Milan (faly)

Bck2 (HO) RTU Novocastra- Leyca system, Milan (taly)

€038 (HO) RTU Novocastra- Leyca system, Milan (taly)

D44 (HO) RTU  Novocastra- Leyca system, Milan (taly)

1gM (IHC) 1100 Dako, Mian (tah)

K67 (HO) 1100 Novocastrr Leyca system, Mian (tab)

P8O (IHC) 110 Abcam, Combridge (UQ

9p130 (HO) 150 Abcam, Combridge (UQ

PTEN (IHO) 150 Dako, Mian (tahy)

W1 (IHO) RTU Novocastra- Leyca system, Milan (taly)

PTEN (WB) 1500 Dako, Mian (tah)

9p130 (WB) 1500 Abcam, Cambridge (UQ

P80 (WE) 1500 Abcam, Cambridge (U

phospho IkB-a (WB) 11000 Cel Signaing More, iy

Phosphor Akt (W8) 1500 Cel Signaing More, aly

EBNAT WB) 1100 Santa Cruz Biotechnology, Sarta Cruz,
A Ush

Actin (W8) 1100 Abcam, Cambridge, UK.

RTU:ready to wse

Cel culture
BL-derived cell lines were used for i vitro studies. Briefly,
Ramos (EBV-negative), Raji (EBV-positive) were obtained
from the American Type Culture Collection (ATCC). The
Akata cell line (EBV-positive) and its defective counterpart
Alata 2A8 (which is an EBV-negative variant of the Akata
cell line) were kindly provided by Prof. Trivedi (University
La Sapienza, Rome, Italy). Ramos and Raji cells were cul-
tured in RPMI 1640 medium supplemented with 10% Fetal
Bovine Serum (FBS), 2 mM glutamine, 100U/ml penicillin
and 100 pg/ml streptomycin (all from Lonza, Swiss). Akata
cells were cultured in the same medium as Ramos cell line,
supplemented with 1 mM sodium pyruvate and 100 nM
MEM non-essential amino acids (both from Gibco-Life
Technologies, Monza-Ttaly). For inhibition of the endogen-
ous EBV-Bart6-3p, cells were grown in growth medium, as
previously described before transfections. Proliferation rate
‘was measured by Tripan blue staining.

Cell transfection
Based on the highest level of expression of BART6-3p,
in vitro studies using mimic and inhibitor sequences of
BART6-3p were performed in Akata cells. Briefly, tran-
sient transfections of the Akata cell line were performed
using an Amaxa nudleofector apparatus (Amaxa, Cologne-
Germany), program G23 and transfection solution V'
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according to the manufacturer’s instructions. 5x10° cells
were transfected with 100 nM of BART6-3p inhibitor
(Custom synthesized by Dharmacon- Thermo Scientific,
Germany), 10 nM of negative control of mRNA inhibitor
(1-300145-01; Dharmacon-Thermo Scientific, Germany) or
the transfection solution as a mock. Transfection efficiency
was assessed using transfecting 2 pg of pmaxGFP and
detecting both fluorescence and cell viabilty by flow cy-
tometry. Cells were harvested 24 hours after transfection
for RNA extraction and qRT-PCR and 48 howrs post-
transection for protein extraction and western blotting.

Western blotting

Wiestern botting was performed as previously described
[17). Briefly, cells pellets were lysed on ice for in EBC
buffer (50 nM Tris-HCl pH 80, 130 mM NaCl, 1% Tri-
ton X-100, 0.1% SDS) supplemented with protease in-
hibitor cocktail (Sigma, Milan-Ttaly). Cell lysates were
separated by 10% SDS-PAGE gl followed by transfer to
Hybond ECL nitrocellulose membrane (GE Healthcare,
‘Milan, Italy). Secondary antibodies conjugated with HRP
were used at a dilution of 1:5000 and the reaction was
revealed using the ECL Western Blotting Kit (Promega,
‘Milan-Ttaly) according to the manufacturer’s instructions.
Antidody dilutions are reported in Table 1. Secondary
antibodies conjugated with HRP were used at a dilution of
1:5000 and the reaction was revealed using the ECL West-
‘e Blotting Kit (W1001, Promega, Milan-Italy) according
to the manufacturer’s instructions.

Detection of apoptosis

Apoptosis was analyzed by flow cytometric analysis of
cells stained with FITC-conjugated Annexin V and
50 pg/ml PI using Annexin V apoptosis Detection kit
FITC (eBioscence). Samples were analyzed in a FACScan
flow cytometer (Becton Dickinson, San Jose, CA) using
CellQuest software. Doublets were excluded and 20.000
events were acquired for each sample.

Results

Epstein Barr-positive Burkitt lymphoma and Epstein
Barr-negative Burkitt lymphoma differ for both cellular
and viral miRNAS

With the aim of identifying the EBV-encoded miRNAs
expressed in BL primary tumors, we performed a micro-
RNA profiling comparing EBV-positive versus EBV-negative
BL cases, using a platform containing both cellular and
viral miRNAs. The profiling identified 8 out of 470 cellular
miRNAS, which were differentially expressed between
EBV-positive and EBV-negative BLs (FDR <0.05). In
particular, 3 of these were up-regulated (hsa-miR-7,
hsa-miR-501-5p, hsa-miR-510) and 5 miRNAs were
down-regulated (hsa-miR-181d, hsa-miR-609, hsa-miR-
574, hsa-miR-197, hsa-miR142-5b) in EBV-positive BL
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cases (Figure 1a). In addition, 13 out of 45 EBV miR-
NAs were found to be expressed in EBV-positive BL
cases, all of which were from the BART coding region,
including both BART cluster 1 and BART cluster 2 (Fig-
ure 1a). None of BHRF coding region miRNAs was found
to be expressed in EBV-positive BL cases, confirming that
BHRF miRNAs are not expressed in latency . Validation
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and confirmation of the array results on celluar miRNAs
was performed by qRT-PCR (Figure 1).

Key cellular pathways may be affected by dysregulated
cellular and viral miRNAs

Potential target genes of cellular and viral dysregulated
miRNAs were identified by prediction algorithms, and
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then subsequently classified in functional categories, ac-
cording to the Gene Ontology [26]. This analysis revealed
their involvement in cell cycle, proliferation, signal trans-
duction, apoptosis and differentiation (Table 2).

Based on these predictions, we focused on BART6-3p, as
it is supposed to regulate the expression of cellular genes
involved in relevant cellular pathways, including tumor
suppressors and signal transducers, whose imbalance may
cruclly contribute to malignant transformation (Table 3).

In particular, BART6-3p is predicted to regulate the ex-
pression of PTEN, WTI and of both chains of IL-6 recep-
tor (p80 and gp130), which are involved in key cellular
functions such as proliferation, apoptosis, and immune
surveillance. The expression of these genes was therefore
analyzed by immunohistochemistry in additional 35 EBV-
positive and 18 EBV-negative BL primary tumors. Both
chains of IL-6 receptor and PTEN expression significantly
differed between EBV-positive and EBV-negative cases,
being both proteins strongly down-regulated in the for-
mer. p80 showed a cytoplasmic pattern with a membrane
reinforcement whereas gp130 displayed a membrane and
somewhat cytoplasmic expression. PTEN exhibited a
strong nuclear positivity. Higher p80, gpl30 and PTEN
expression was observed in EBV-negative BL cases in com-
parison with EBV-positive BL cases (p <0.001). The cor-
relation between p80 and gp130, and PTEN expression in
all BL samples is given in Tables 4, 5 and 6. In the EBV-
positive cases showing IL-6 receptor and PTEN expression,
the positivity was mild. Macrophages served as internal
positive control for all the antibodies (Figure 2). On the
contrary, no differences were appreciated between EBV-
positive and EBV-negative BL cases for WT-1, that resulted
not expressed in all of 53 cases (data not shown).

BART6-3p modulates the expression of IL6 receptor and
PTEN in vitro

To confirm the possible regulation by BART6-3p on
the expression of the IL-6 receptor and PTEN, we

Table 2 Target genes functional categories
Protein  Cell
binding _ prolferation
AAPSPTEN
e cos
MRP wT1
NeksE

=

PIN7

casp2

INPPSD.

CcHUK

sop2

Signal
transduction

Receptor
activity
TiRs

o &
L6 receptor
MAPK12
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Table 3 Target genes of BART6-3p and their respective
functions

Target genes Functional categories
AP Protein binding
A Protein binding
o1 Cel profferation
cHK Protein binding
oxan Sigral tansducton
P80 Signal tansduction
9p130 Sigral tansducton
INNPPSD. Protein binding
MAPK12 Signel tansduction
PrEN Cel profferation
NFKBIE Protein binding
pexs Protein binding
proN7 Protein binding
Ll Cel profferation

performed a series of in vitro experiments using BL-
derived cell lines, expressing the same latency program
as BL primary tumors. First of all, we analyzed several
EBV-positive BL-derived cell lines for the expression
of BART6-3p, to select an appropriate cell model for
functional studies.

Our results indicated the Akata cell line as the most
suitable cell model, because of the high endogenous
levels of BART6-3p (Figure 3a).

We then monitored whether the expression of the se-
lected target genes could be modulated upon inhibition
of the endogenous BART6-3p, in the Akata cell line.
Therefore, to confirm that the differential expression of
these genes was specifically dependent on BARTG-3p,
we ectopically modulated the expression of the endogen-
ous BART6-3p in the Akata cells, by transiently trans-
fecting a synthetic BART6-3p inhibitor.

The expression level of both subunits of the IL-6 re-
ceptor and PTEN was then checked by qRT-PCR 24 hrs
after transfection; inhibition of BART6-3p was also
evaluated, as a control. As expected, inhibition of the

Table 4 Correlation between p80 expression and EBV
status

BLEBVpositive  BL EBVnegative  Total (n)
PE0 positive 2 7 0
cases (n)

P8O negative 3 1 1
cases (n)

Total (n) » 18 5

B B lymphoma; - number of cases.
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Table 5 Correlation between gp130 expression and EBV
status

BLEBVpositive  BLEBV-negative  Total (n)
lmpeii 4 G T
cases (n)

iR 31 3 3
cases (n)

Total (n) 3 8 B

BL B lymphoma n- number of cases.

endogenous BART6-3p was achieved, and this resulted
in the up-regulation of both chains of the IL-6 receptor
and PTEN, both at the mRNA (Figure 3b) and protein
levels (Figure 3c).

We then evaluated whether the up-regulation of these

genes, consequent to BART6-3p inhibition, may affect
their respective downstream pathways. Following binding
of IL-6 with its receptor, a downstream signaling is trans-
duced through the activation of NF-B. This requires
cleavage of NF-kB, which occurs through phosphorylation
and consequent degradation of its inhibitor IxB-c. To de-
termine whether IL-6 receptor up-regulation resulted in
NE-kB activation, we measured the levels of phosphoryl-
ation of its inhibitor IkB-a.
n of the IL6 receptor, resulting from
ion, leads in turn to the activation of
NE-kB signaling, as demonstrated by increased phos-
phorylation of IxB-a. On the other hand, PTEN nega-
tively regulates the activation of Akt, which occurs
through phosphorylation of the Akt protein. Activation
of PTEN, following BART6-3p inhibition, results in a de-
crease of the Akt phosphorylation and consequent Akt
activity (Figure 3¢).

BARTG-3p influences cell proliferation and cell death
W investigated whether this viral microRNA could have
an effect in terms of cell viability. The effects of BART6-
3p on cell proliferation were monitored upon inhibition
of the endogenous viral microRNA by an antagomir.
Silencing BART6-3p resulted in a decrease of the prolif-
eration rate (Figure 4a); in addition, our results showed

Table 6 Correlation between PTEN expression and EBV
status.

BLEBV-positive _ BLEBVnegative  Total (n)
PTENpositive 2 7 0

cases (n)

PTENnegative 35 1 3

cases (n)

Total (n) » 8 B

B BuA lymproma n number of cases.
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that cells transfected with BART-6-3p inhibitor had a
higher mortality rate, when compared to negative control,
measured by Tripan blue staining (data not shown). To
specifically detect whether cell death could be due to in-
duction of apoptosis, we performed Annexin V staining
on cells transfected with the inhibitor of BART6-3p. Our
results demonstrated that inhibition of BART6-3p resulted
in an increase of apoptosis (Figure 4b).

Discussion
Since its discovery as the first human tumor virus, EBV
has been implicated in the development of a wide range
of Bcell lymphoproliferative disorders, the first being
BL [29-31]. However, the exact mechanism by which
EBV promotes oncogenesis is still matter of discussion
[32-34]. EBV may contribute to transformation through its
encoded genes and/or miRNASs [35,36]. There is increasing
evidence of a complex interplay between viruses and the
cellular miRNA machinery, with viruses that encode their
own miRNAs and viruses that actually employ cellular
mIRNAs as co-factors for replication [20]. EBV-encoded
miRNAs may compete with cellular miRNAs and target
cellubr genes, thus dysregulating cellubar pathways [35].
Therefore, the EBV-encoded miRNAs dramatically in-
crease the complexity of potentially biologically active mol-
ecules produced by EBV during latent infection and could
also have consequences on the pathogenicity of the infec-
tion [37,38].

To address a better knowledge of the role of EBV in
BL, in this study we have compared EBV-positive versus
EBV-negative BL cases by miRNA expression profile.
Interestingly, the platform we used included both cellu-
lar and viral miRNAS, to highlight the contribution of
EBV-encoded miRNASs in regulating host cellular gene
and miRNA expression.

Our results identified few cellular miRNAs differentially
expressed between EBV-positive and EBV-negative BL, be-
ing in line with recent studies, although different platforms
and different techniques may be responsible for subtle dif-
ferences [10,18,19]. Among the differentially expressed cel-
lular miRNAS, hsa-miR-197 was found to be specifically
down-regulated in EBV-positive BL tumors. This finding
may be of interest, as this miRNA s predicted to regulate
BCL, which is a key regulator of germinal center exit and
differentiation towards plasma cells. Previous studies from
our group report that B-cell differentiation is impaired in
EBV-positive BL due to the combinatory expression of
hsa-miR-127 and EBNAI [11,18). Therefore, hsa-miR197
down-regulation may add complexity to the regulatory
network of B-cell differentiation in BL.

We focused on EBV-encoded miRNAS, as their pos-
sible relevance for Burkitt lymphomagenesis has been
poorly explored. Interestingly, we observed that all of
the viral miRNASs expressed in EBV-positive BL cases
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Figure 2 Immunohistochemistry of BARTS-3p target genes. The expression level of p80, 3p130 and PTEN was evalusted In E8V-postive (ight)
‘and E8V-negative (Ifi) BL cases. p8O was strongly expressed in the cytoplasm (upper panel), gp130 showed membrane and cytoplasmic positivty
(middie panel PTEN was found in the nucleus (ower pane). Macrophages were used as infemal positive controks. pa0, gp130 and PTEN were
found to be meaningfully down-egulated in EBY postive BL cases (ight panel, upper, middle and lower images,respectivel).

(200« magnification).

are from the BART coding region, both dluster 1 and
cluster 2, whereas no miRNAS from the BHRF regions
were expressed. The absence of BHRF1 miRNAs from
EBV-associated tumors is consistent with the latency T
program expressed by BL, confirming previous reports
on EBV-encoded miRNA expression in EBV-associated
tumors [14). Among all the BART-derived miRNASs, in
this paper we focused on BART-6-3p, as it is predicted
to target several cellular genes involved in cell cydle, cell
proliferation, apoptosis, signal transduction, differenti-
ation. Dysregulation of these pathways may crucially
affect key cellular homeostasis. In particular, we evalu-
ated the expression of PTEN, WT1 and IL-6 receptor
(p80, gp130) genes, as they act as tumor suppressors and
signal transducers. A marked down-regulation of PTEN
and IL-6 receptor in EBV-positive cases was demon-
strated. To confirm that BART6-3p regulates the

expression of these genes, functional in vitro studies
were carried out revealing that modulation of BART6-
3p expression is inversely related to that of PTEN and
IL-6 receptor subunits. These results were also con-
firmed by analyzing PTEN and IL-6 receptor down-
stream genes.

PTEN functions as a tumor suppressor by negatively
regulating the AKt/PI3K signaling pathway, which is
overactive if PTEN is faulty or deficient, thus reducing
apoptosis and allowing proliferation by induction of
mTOR [39]. Impairment of PTEN may result in a growth
advantage of infected cells, which may eventually contrib-
ute to malignant transformation [40]. In line with this ob-
servation, we found that re-expression of PTEN following
BARTG6-3p inhibition results in increase of apoptosis, and
in a reduction of the proliferation rate, which is in line
with PTEN negative regulatory function.



 
[image: image59.jpg]Ambrosio ef . Infectious Agents and Cancer 2013, 912
hitpy/wwwinfe tagentscancer com/content/9/1/12

Page9of 12

® . o
= | . =
5 N
hmm | s am = e ) )
8 NC  Bart63p b
Inhibitor
P
B == 80
1 2w

— o gp130

1

I e

—— EBNA1

Figure 3 BART6-3p-regulated pathways in BL-derived cel lines. (a) The expression of BARTE-3p vas evalusted n two E8Vnegative
Bl-derived cel ines (Akata 248 and Ramos) and two EB\-positive Bl-derived cell ines (Aot and Fof),to seect that expressing BARTE-3p at the
highest level. The Alata cell ine shows higher expression level of BARTE:3p. (bl qRT-PCR of BARTE3p target genes following BARTE-3p inhibtion
A BARTE-3p antagomir was rnsfected in Alata cells and the expression kevel of p8( gp130.and PTEN was evaluated 24 frs post-tansfection.
Celstransfected with BART6-3p inhibitor showed a marked up-regulation of p80, gp130 and PTEN, in respect with cell transfected with the
negative control (NC) corfining reguiation of these genes by BARTE-3p. As a control, downegulaton of the endogenous BARTE-3p was
obsenved following transfection with the antagomir. The graphis representaive of three different qRT-PCR experiments. Eror bars epresent
standard deviation between duplicates. (c). Inhbtion of BARTE-3p by its antagormir reufsin the actvation of the downstream patways of the
1L+ receptor (p80 and gp130) and PTEN. The expression of pB0, gp130 and PTEN was evalusted at the protein level by WB. In addition, two
downstream signaling pathways were alo evaluated following BARTE-3p inhibtion, the actiation of NF-c8, which occurs through kéa
phosphoylation, and the decrease of the phosphorylated form of Akt which acts downstream from PTEN.Protein levels were evaluated 48 hours
posttransfection by Western bloting. The bands were then analzed by the Image J software and relative expression levels were normalized to
those of B-actin. Actvation of NF-<8 is consequent to <& phosphoryiation; PTEN activy resitsin the negative regulation of Ak, documented
by a lower phosphon/ation level EBNAI expression was measured as a control for EBV-pastiviy. The figure i represertatve of three.

difierent experiments

The IL6 receptor is a heterodimeric receptor, com-
posed by the subunit alpha (p80), which is specific for
IL-6 binding, and the beta chain (gp130), which is the
common transducer of different cytokines belonging to
the IL-6 family [41). The IL-6 receptor regulates key cellu-
lar processes as cell proliferation, cell survival, and re-
sponse to host pathogens following the binding of the
dimerized receptor with its specific cytokine (IFN-w, IL-12,

1L-27) [41,42]. Interestingly, a recent study has shown that
£p130 is down-regulated in EBV-positive nasopharyngeal
carcinoma primary tumors and determines the lack of acti-
vation of the Jak2/Stat pathway following IL-27 release,
resulting in an impairment of NK cell function and im-
mune surveillance [43). Here we give evidence for the first
time of the down-regulation of the IL6 receptor also in
EBV-positive BL primary tumors and derived cell lines.
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Our findings suggest that this may be due to BART6-3p
through either direct and indirect mechanisms, providing
room for additional functional effects of EBV in evading
the immune response and in contributing to the tumori-
genesis [44-46].

Collectively, our data confirmed that different patho-
genetic mechanisms may exist in EBV-positive and EBV-
negative BL tumors, and that EBV may have a driving
role in Burkitt lymphomagenesis. This may be achieved
through dysregulation of key cellular pathways by viral-
encoded miRNAs. In particular, EBV-BART-6-3p may
play an important role in the pathogenesis of BL, as it
may affect the function of important signal transducers
as NF-«B and AY/PIK [47). In addition, it may inter-
fere with innate and adaptive immune response, contrib-
uting to immune evasion of infected BL cells, and may
impact on cell proliferation, cell growth and apoptosis
by down-regulating PTEN, thus removing the inhibitory
brake on cell proliferation.

Condlusions
Despite the encouraging results on viral miRNAs, future
experiments are needed. Nevertheless, our study may
help to clarify the complex regulatory network between
host and pathogen, and may serve as a paradigm for all
the virus-related neoplasms in which pathogenic mecha-
nisms remain still poor understood.
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Abstract  
Plasmablastic lymphoma is an aggressive lymphoma, often arising in the context of immunodeficiency and associated with Epstein-Barr virus infection. The most frequently detected genetic alteration is the deregulation of MYC gene through the translocation - t(8;14)(q24;q32). The diagnosis of Plasmablastic lymphoma is often challenging because it has an overlap in morphology, immunophenotype, cytogenetics and virus association with other lymphomas and plasma cell neoplasms; further, its molecular basis remains elusive. In the present paper we attempted to better characterize its complexity by assessing Epstein-Barr virus latency through reverse transcriptionquantitative PCR and immunohistochemistry. Our analysis revealed a non-canonical latency program with the partial expression of some proteins characterizing latency II and the activation of an abortive lytic cycle. Moreover, we performed microRNAs expression profiling through next generation sequencing by comparing Plasmablastic lymphoma with extramedullary plasmacytoma and Burkitt lymphoma, two of its main mimics. Given the rarity of Plasmablastic lymphoma, we aimed to identify some key features that may help in achieving a correct diagnosis. We identified a peculiar microRNA signature in Plasmablastic lymphoma different from those of extramedullary plasmacytoma and Burkitt lymphoma that, upon appropriate validation, might also integrate the current diagnostic algorithms. Interestingly, by microRNA expression profile, two subgroups of Plasmablastic lymphomas were recognized, part clustering with extramedullary plasmacytomas and other with Burkitt lymphomas. This supports the view that Plasmablastic lymphoma cannot be exactly classified as a B-cell lymphoma or a plasma cell neoplasm and reflects the heterogeneous origin of the disease. The microRNAs founding to be differentially expressed in Plasmablastic lymphoma regulate key cellular pathways, thus effecting the neoplastic process.  

Our work, by adding new knowledge to Plasmablastic lymphoma biology, helps to better characterize its complexity and offer promise for improve the outcome and the therapies of a disease for which no standard of care has been established to date.  
Keywords: Plasmablastic lymphoma, microRNAs expression profiling, Burkitt lymphoma, extramedullary plasmacytoma, Epstein-Barr virus, EBV latency type, EBV lytic cycle 

Introduction   
Plasmablastic lymphoma (PBL) is currently defined in the 2008 World Health Organization (WHO) 

Classification of Tumours of Haematopoietic and Lymphoid Tissues as “a diffuse proliferation of large neoplastic cells most of which resemble B-immunoblasts, but in which all tumour cells have the immunophenotype of plasma cells” (1). It occurs most often in the context of Human Immunodeficiency Virus (HIV)-infection, or in other settings of decreased immune surveillance (1). A common feature is the presence of the Epstein-Barr virus (EBV) DNA in tumour cells in all HIVpositive cases and in 60-75% of the HIV-negative ones (1). The cell of origin in PBL is thought to be the plasmablast, an activated B-cell that has undergone somatic hypermutation and class switching recombination and is in the process of becoming a plasma cell (2). The molecular and genetic mechanisms underlying PBL pathogenesis remain largely unknown and are likely dependent on the complexity of biological interplays between immunodeficiency, molecular events (MYC gene rearrangements), co-infecting oncogenic viruses (EBV infection) (3) and chronic immune activation (expression of immune-checkpoint proteins) (4). However, whether MYC translocation represents the initiating or a late genetic event in PBL pathogenesis is unknown, and the latency program of EBV in neoplastic cells is still debated. In fact, although the type I latency is commonly detected, type III latency can be observed in patients with HIV infection and in those patients with post-transplant PBL (2).  

PBL has a well-defined morphology and immunophenotype (1); however, a more or less pronounced plasmacytic differentiation as well as a low expression of CD20 and PAX-5 can be encountered (5). Therefore, the diagnosis of PBL is challenging because it has an overlap in cytomorphologic and immunophenotypic features with plasma cell neoplasms and with lymphomas that show blastic appearance (2). Even using a comprehensive panel of immunostains, a confident differential diagnosis between PBL and anaplastic or plasmablastic extramedullary plasmacytoma (EMPC) is not always possible. Nonetheless, a proper distinction of these entities is mandatory as EMPC and PBL are provided with diverse prognosis and currently benefit from different therapeutic strategies. On the other hand, PBL share common features with Burkitt lymphoma (BL). Even if the differential diagnosis between the two diseases is often straightforward due to the lack of B-cell marker expression in PBL, numerous biologic similarities do exist, rendering PBL and BL the main aggressive B-derived lymphomas. In fact, at genetic level the most frequently detected genomic change in PBL is the deregulation of MYC expression (observed in a percentage of patients ranging from 40% to 75% in EBV-positive cases) through translocation - t(8;14)(q24;q32) involving the immunoglobulin heavy chain gene (IGH) and the MYC gene (1). Other overlaps include cell morphology and the starry sky appearance, the high proliferation rate, the MYC protein over-expression and the association with EBV infection. 

The heterogeneity of PBL has been discussed in several papers, revealing that it cannot be readily classified as a B-cell lymphoma or a plasma cell neoplasm (2); further, its molecular basis remains elusive.  

In the present paper we attempted to better characterize PBL complexity by assessing EBV latency type through reverse transcription-quantitative PCR (RT-qPCR) and immunohistochemistry, and by performing microRNAs (miRNA) expression profiling through next generation sequencing (NGS). We compared PBL with EMPC and BL, two of its main mimics. In fact, given the rarity of PBL we aimed to identify some key features that may help in achieving a correct differential diagnosis.  The challenge of diagnosing PBL is also compounded by its aggressive and relapsing clinical course, which questioning management and therapeutic approaches, and also by high rates of disease progression and fatality despite the use of state-of-the-art treatment modalities. Moreover, no standard of care has been established for it.  

Our work, by adding new knowledge in understanding PBL biology, offer promise for improved therapies and outcomes.  
Methods 

Cases selection, immunohistochemistry, fluorescent in situ hybridization (FISH) and EBER-in-situ hybridization 
For this study 13 PBL, 7 EMPC and 9 BL cases, collected at the Departments of Pathology of Aga 

Khan University Hospital, Nairobi (Kenya), Aga Khan Hospital, Kisumu (Kenya), and Siena University Hospital (Italy), have been used as discovery cohort for NGS-based miRNA profiling. Moreover, 10 PBL, 10 EMPC and 10 BL cases were used as validation set. One of those PBL samples had not been amplified by RT-qPCR and had been excluded from miRNAs analysis. The cases were reviewed by expert pathologists and diagnoses were confirmed by morphology on histological slides stained with Haematoxylin and Eosin (H&E) and Giemsa, and by immunophenotyping, according to the WHO (1, 7). The following clinical data were collected: age, sex, disease location at presentation and an associated context of immunodeficiency. 

Immunohistochemical studies were performed on representative paraffin sections from each case as previously reported (8, 9). A large panel of antibodies (CD20, PAX-5, CD38, CD138, CD79a, CD10, BCL6, BCL2, MUM1, CD56) was applied to evidence plasma cell differentiation. MYC protein expression and the proliferative index (by Ki-67) was evaluated. To rule out a diagnosis of ALK-positive large B-cell lymphoma or diffuse large B-cell lymphoma arising in multicentric Castlemann disease, immunohistochemical evaluation of ALK protein and HHV-8 was checked as well. Moreover, we validated the latency type of EBV by assessing the expression of some latent (EBNA-1, EBNA-2, EBNA-3, LMP-1, LMP-2A) and lytic proteins (EA-D, EA-R, BZLF1/ZEBRA, 
BLLF1/gp350). In addition, the expression level of the proteins (adipophilin, PPARGC1A, FOXK2, 

PBX2, and PTEN) encoded by the genes found to be dysregulated by the cellular and viral miRNAs  was checked in the different primary tumors to highlight their positive or negative regulation by miRNAs (10). Differences in protein expression between cases were analyzed using the Chi-square test with p < 0.05 being statistical significant.  

For all the stains, negative controls were obtained for each case by replacing the specific antibody with non-immune serum immunoglobulins at the same concentration as the primary antibody. Sections of reactive lymphoid tissue and of lymph node with infectious mononucleosis were used as positive control for plasma cell differentiation and EBV latency type and lytic phase. 

FISH analysis for MYC rearrangements was performed using both dual-fusion probes and splitsignal probes for IGH and IGL loci as well as an LSI IGH/MYC CEP 8 Tri-color dual-fusion probe (Vysis, Abbott Molecular IL, USA) (9). 
In situ hybridization for the non-coding EBERs was carried out in each sample as previously described (8). A control slide, prepared from a paraffin-embedded tissue block containing metastatic nasopharyngeal carcinoma in a lymph node, accompanied each hybridization run.  MicroRNA profiling 
Total RNA was extracted from formalyn-fixed paraffed-embedded (FFPE) sections of primary tumors and reactive lymph nodes using the FFPE miRNA Easy kit (Qiagen, CA), according to the manufacturer’s instructions. Small RNA libraries were prepared from 1 g of an high-quality RNA (RNA Integrity Number>=8)  with the TruSeq Small RNA kit (Illumina). 1x36 sequencing was performed on the Illumina MiSeq platform. 36 bp length raw sequences were demultiplexed using the Illumina pipeline CASAVA v1.8. A quality check of the run experiment was performed by FastQC  (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Low quality reads and adpater sequences were trimmed off using Trimmomatic (11). The high quality reads, with a length of 17– 36 bp wereclipped and subsequently aligned to the latest mirBase release  (v 21 July 2014) (12) by 

Novoalign (http://www.novocraft.com) MiRNA expression profiles were built by calculating the sum of read counts for each miRNA, according to the alignment criteria. Variance-stabilizing transformed count data were used to build an Euclidean distance matrix, followed by hierarchical clustering analysis to study the intra-samples correlations. miRNA differential expression analysis was performed using Bioconductor’s package DESeq (13). The obtained read counts for each identified miRNA were first normalized by scaling for library size factors in order to deal with variation among samples. The differential expression values were estimated using a negative binomial distribution model and local regression to estimate the relationship between the dispersion and the mean of each miRNA. Raw  values were considered as statistically significant for p <0.05. Heatmap of normalized count table and PCA was performed by R. Following alignment and normalization, the data were further analyzed using GeneSpring GX12 as previously described (1519), by applying Pearson correlation (for unsupervised clustering) and two-tails Student t-test with p-value <0.05 and fold change >2 (for supervised clustering). The experimentally validated targets for the viral and cellular miRNAs were searched in public databases. For the viral miRNAs, we used VIRmiRNA (http://crdd.osdd.net/servers/virmirna/) (20); for the cellular miRNAs, miRWalk 2 (

 HYPERLINK "http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/" \h http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) (21, 22). Gene set enrichment was calculated with the use of Gene Set Enrichment Analysis (GSEA) (23). miRNA expression profiles of normal B-cell subsets generated by RNA sequencing were retrieved from GEO database (GSE15299) (24). 
Reverse transcription-quantitative PCR (RT-qPCR)  

The expression of EBV-encoded genes (EBNA-1, EBNA-2, LMP-1, LMP-2, EBNA-3, BZLF-1 BMRF-1/Ea-D, BHRF-1/Ea-R, BLLF1/gp350) characterizing the different latency programs, has been investigated by RT-qPCR using the QuantiTect SYBR Green PCR Kit (Qiagen, CA). The stably expressed housekeeping gene hypoxanthine-guanine phosphoribosyltransferase (HPRT) was used as an endogenous control and reference gene for relative quantification of each target gene. 

The relative expression is expressed as 2ΔCt, where ΔCt is defined as the difference in mean cycle thresholds of the gene of interest and HPRT.  

The expression level of differentially expressed human (hsa-miR1304-3p, hsa-miR148a-3p, hsamiR148a-5p, hsa-miR192-5p) and viral miRNAs (EBV-miR-BART-10-5p, EBV-miR-BART-18-

5p, EBV-miR-BART-19-3p), selected based on the score in differential analysis and the known biological relevance, was evaluated by using Taqman probes specific for each miRNAs and for RNU6B (the endogenous control) (Apllied Viosystems, Applera, Italy). The relative expression of cellular miRNAs was calculated using the 2-∆∆ct formula; for viral miRNAs the following formula was adopted: 2-∆ct (25).  

Diagnostic accuracy evaluation 

A diagnostic accuracy analysis was designed to test the ability of a newly developed molecular classifier (in particular of the 4-miRNAs based support vector machine classifier) to discriminate PBL and EPCM. Calculations of sensitivity, specificity, positive predictive value, negative predictive value, positive and negative likelihood ratio, and odd ratio were made by CATmaker software (Centre for Evidence Based Medicine, Oxford University, http://www.cebm.net). The study was conducted according to the STARD guidelines for biomarker testing (Supplementary Table 1). 

Results  
Clinical, histologic, immunophenotypic and FISH features of discovery cohort patients 

All the clinic, morphologic, immunophenotypic and cytogenetic features of the discovery cohort patients are summarized in Table 1.  

RT-qPCR and immunohistochemistry reveal a non-canonical latency type and an abortive lytic cycle of EBV in neoplastic cells 

We checked the expression of EBNA-1, EBNA-2, EBNA-3, LMP-1, LMP-2A, EBER transcripts, BZLF-1/ZEBRA, BMRF-1/Ea-D, BHRF-1/Ea-R, BLLF1/gp350 across the 13 PBL cases (12 EBVpositive and 1 EBV-negative). EBNA-1 was detected in 12/13 cases (92.3%), LMP-1 and LMP-2 in 1/13 and 10/13 (7.7% and 76.9%, respectively), EBNA-2 and EBNA-3 in 0/13, and EBER in 12/13 (92.3%) (Figure 1A). BZLF-1/ZEBRA was found in 12/13 cases (92.3%) and both BMRF-1/Ea-D e BHRF-1/Ea-R in 10/13 (76.9%), while none of the cases expressed BLLF1/gp350 (Figure 1B).  We then validated the expression of all the encoded-proteins. Immunohistochemistry confirmed a non-canonical latency associated program with the partial expression of some proteins characterizing latency II (i.e. LMP-1 in 1/13 and LMP-2 in 6/13 of the cases) (Figure 1C). There was also the expression of proteins characterizing the lytic phase of the virus (i.e. BZLF-1/ZEBRA in 12/13, and BHRF-1/Ea-R and BMRF-1/Ea-D in  9/13 of the cases) (Figure 1D). BLLF1/gp350 was not detected in any case. These findings were confirmed on the validation set of cases. 

Plasmablastic lymphomas and plasmacytomas demonstrate a differential miRNA profile  

As the differential diagnosis between PBL and EMPC can be challenging, we compared the two diseases in term of miRNAs expression. When unsupervised approach was adopted, both principal component analysis (PCA, cumulative variance: 31.58%) and hierarchical clustering (HC) failed to clearly separate the two entities (Figure 2A-B). Then, by supervised analysis, we identified 48 differentially expressed miRNA, including 38 EBV-encoded and 10 cellular miRNA (Supplementary Table 2). Then we applied a cell classifier based on a support vector machine algorithm to our series, correctly classifying all cases (Table 2; Figure 2C) by as few as four miRNA, as evidenced by a linear discriminant analysis. The expression of these miRNAs (miR-665, miR-3613-5p, miR-1304-3p and miR-3609) was then validated by RT-qPCR in the same panel of cases (Figure 2D). Furthermore, for the potential diagnostic implication, we studied their expression by qPCR in an independent validation cohort, consisting of 20 cases (10 PBL and 10 EPCM). When the diagnostic algorithm was applied, 9/10 EPCM and 10/10 PBL were correctly identified (95% overall accuracy; Supplementary Figure 1A-B; Table 3). All the three anaplastic EPCM included in the analysis were correctly classified.  

Plasmablastic lymphomas and Burkitt lymphomas demonstrate a differential miRNA profile  

To define whether or not the similarities between PBL and BL might reflect other common pathogenic mechanisms than MYC abnormalities and EBV infection, we compared the two diseases samples in terms of miRNAs expression. The adoption of an unbiased, sequencing-based approach permitted us to explore possible contribution of EBV. By PCA the two diseases appeared relatively similar, without clear distinction (Figure 3A). By supervised analysis, we could identify a series of 42 differentially expressed miRNA (23 cellular and 19 EBV miRNA) (Figure 3B, Supplementary Table 3). Some of them (hsa-miR-148-5p, hsa-miR-1273f, hsa-miR-4488, hsa- miR-494-3p; EBVmiR-BART10-3p, EBV-miR-BART18-3p and EBV-miR-BART19-5p) were differentially expressed in the two diseases by both RNA sequencing and RT-qPCR (Figure 3C). With the exception of miR-148a-5p, all cellular miRNAs were up-regulated in PBL cases in respect to BL samples; an higher expression of all viral miRNAs was detected in BL in comparison to PBL group. 

These findings were also confirmed in our validation cohort (Supplementary Figure 2).  
Plasmablastic lymphomas can be divided into two groups based on the miRNA profiling 

At PCA we observed that 7 out of 13 cases were closer to EMPC, 5 out of 13 to BL, and 1 was notclearly classified (Figure 4A-B, Table 4). By a supervised analysis, we identified 136 differentially expressed cellular miRNAs (Figure 4C; Table 5): 123 were up-regulated in EMPC-related PBLs, while 13 were up-regulated in BL-related ones. Among others, the expression level of hsa-mir-1925p, hsa-mir-1304-3p, hsa-mir-148a-3p, hsa-miR-365-3p was validated by RT-qPCR. We observed that these miRNAs were up-regulated in the cases belonging to the EMPC-related cluster and downregulated in the BL-related samples (Figure 4D). These data were concordant with those detected in our validation set of cases (Supplementary Figure 3). Interestingly, the two groups of PBLs tended to differ also for some clinical features. The patients BL-related were younger (mean age: 50.2 years), with a slight male prevalence (M:F= 3:2), an extra-oral localization and a blastic appearance; the majority of them (4 out 5) were HIV-negative. The patients EMPC-related were older (mean age: 56.85 years), mainly male (M:F= 6:1), with an oral localization (4 out 7) and a more pronounced plasmacytic differentiation; the majority of them (4 out 7) were HIV-positive. 
Plasmablastic lymphomas differ in the miRNA profile based on HIV infection 

Since the association with HIV might affect PBL miRNA profiling, we directly compared HIVpositive versus HIV-negative cases. Unsupervised evaluation by PCA was already able to distinguish the two groups (Figure 5A). Further, the supervised analysis identified as many as 68 differentially expressed miRNA all of which were of cellular origin and were up-regulated in the HIV-positive group (Supplementary Table 4). By contrast, no EBV-encoded miRNA was differentially expressed. Based on the expression of such 68 miRNA, the cases were clearly distinct at HC (Figure 5B). None of the so far known HIV encoded miRNA emerged as significantly discriminating the two groups at NGS analysis. We therefore used a more sensitive RT-qPCR approach to investigate this further. Although at low level, we found that both the tested HIVencoded miRNAs (HIV-miR-N-367 and HIV-miR-TAR-3p) were expressed in HIV cases but not in the negative ones (Figure 5C-D). 

Key cellular signaling pathways and metabolic activities may be affected by dysregulated cellular and viral miRNAs 

To explore the involvement of all the detected miRNAs in PBL pathogenesis, we searched genes targeted by them (miRWalk 2.0 and VIRmiRNA) and evaluated their functional role by GSEA. MiRNAs regulated by Kruppel-like factor 1 (KLF1), enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2) and MYC appeared of particular interest due to the high scores and consistent recurrence (Supplementary Tables 5-8).  

Among the genes targeted by the dysregulated microRNAs, we found tumor suppressors (PTEN, PBX2), lipid metabolism controller (PPARGC1A, PLIN2/adipophilin) and signal transducers (CD79) whose expression levels are regulated by BART-19-5p, and FOXK2, a gene involved in the control of viral and cellular promoter elements, regulated by the hsa-miR148a-5p, has-miR-3609, has-miR-365. The expression level of the encoded proteins was checked by immunohistochemistry in all the cases.  

PTEN, PBX2, PPARGC1A, PLIN2/adipophilin, FOXK2 (Figure 6 A-E) and CD79a showed higher level of expression in PBL than in BL cases. Interestingly, stronger protein positivity was also observed in all the PBL cases that clustered closer to the BLs (p<0.001). The activation of lipid metabolism in PBL samples uncovers another, previously unreported, overlap between PBL and BL. 
Novel miRNA discovery  

We analyzed 13 PBL miRNA-seq libraries to identify candidate novel miRNA species that were dysregulated in this tumor type. After sequence filtering, we enumerated 133 candidate novel miRNAs, not identified in miRBase v21 (Supplementary Table 9). Differential expression analysis was carried out between PBL versus EMPC and PBL versus BL. We found 27 miRNAs differentially expressed between PBL and BL, and 7 between PBL and EMPC (Supplementary Tables 10-11). Further, 17 miRNAs discriminated the HIV positive cases from the HIV negative ones (Supplementary Table 12). Conversely, none of the putative novel miRNAs were differentially expressed in PBLs according to their relation with EMPC or BL. Of note, one of these novel putative miRNA mapped on the HIV genome; however, this finding needs further validation. 
Discussion 
Plasmablastic lymphoma represents a hard-to-diagnose and hard-to-treat heterogenous group of non-Hodgkin lymphomas. In fact, its diagnosis remains a challenge owing to its rarity, peculiar morphology and a genetic/immunohistochemical profile similar to other aggressive B-cell/plasma cells malignancies. 

The pathogenesis of PBL has not been clearly defined but most likely it involves dysregulation of terminal B-cell differentiation and apoptosis, via the effect of MYC gene rearrangements and possibly EBV infection (2). A number of clinico-pathologic reports have postulated a critical role for EBV latency I gene expression in the pathogenesis (2). In a recent case study, we detected a non-canonical latency of the virus (26). Therefore, to better understand the viral program expressed in PBLs, we performed a complete genetic assessment of the virus latency and lytic genes, demonstrating a non-canonical latency-associated program with the expression of latency II characterizing viral proteins along with lytic cycle reactivation. The absence of BLLF1/gp350 expression in all the cases suggests an abortive lytic cycle in neoplastic cells. These results are consistent with previous findings, which suggests that EBV lytic reactivation may have pathogenic relevance in the context of both active and depressed immune response (27). Intriguingly, we have recently demonstrated a non-canonical latency program with activation of the lytic cycle also in endemic BL cases thus highlighting another overlap between PBL and BL (8).  

The limited knowledge on PBL biology may contribute to the absence of effective targeted therapeutic approaches and poor prognosis of the patients. Therefore, in the present study we attempted to shed new light on the molecular bases of the disease to improve diagnosis and therapy. We studied for the first time the miRNAs expression profile of PBL, including the cellular and the EBV-encoded ones, and compared it with those of BL and EMPC. We showed that PBL is a distinct entity with a quite homogeneous miRNA profiling, distinct from those of EMPC and BL. Noteworthy, based on the expression of as few as 4 miRNAs, we could efficiently perform a molecular differential diagnosis between PBL and EMPC, even when anaplastic/plasmablastic EMPC were included. Particularly, we demonstrated the efficiency of the molecular diagnostic tool in an independent cohort of unselected cases, fulfilling the STARD criteria. Phase 4 diagnostic accuracy study are now warranted to prospectively evaluate the clinical utility of the test. 

Moreover, we showed a miRNA signature that can distinguish PBL in two subgroups displaying different clinical and histopathological features and HIV association and being different in expression of cellular and viral miRNAs. The molecular heterogeneity we observed in our PBLs cases might be due to a diverse histogenesis, genetic background (beside MYC abnormalities) and/or microenvironmental influences of the two subgroups. Part of the PBLs grouped with EMPC, providing further molecular evidence of the linking between these two tumors with morphological and immunophenotypic similarities, and supporting the notion that PBL may occur as a high-grade transformation from a pre-existing EMPC following EBV infection (25). Other mapped with BL, again underlying the numerous similarities between the two disease, including MYC gene translocation and MYC protein over-expression, EBV infection association, polymicrobial nature (correlation with HIV and HHV-8 viruses other than EBV) and chronic antigenic activation (4,8,28). 

Furthermore, we applied prediction algorithms to identify the genes targeted by the differential expressed miRNAs. This analysis indicated that these genes modulate cell cycle and proliferation, signal transduction, apoptosis, viral replication, cell metabolism, epigenetic regulation of transcription (via EZH2) and differentiation. Among the identified genes were tumor suppressors (PTEN, PBX2), lipid metabolism regulators (PPARGC1A, adipophilin), signal transducers involved in B-cell receptor signaling (CD79) and a gene involved in the regulation of viral and cellular promoter elements (FOXK2). As further validation of gene expression data, immunohistochemistry was used on primary tumors to evaluate the expression of the encoded-proteins according to potential biologic interest. This analysis unveiled another overlap between PBL and BL related to the metabolic reprogramming of the neoplastic cells (29). Both PBL and BL showed an activation of the lipid metabolism and high expression of adipophilin consistent with the MYC-driven high proliferation rate of both tumors. In fact, in line with our observation, it was previously reported that expression of several genes involved in lipid metabolism is regulated by MYC in B-cells (30, 31). 

Finally, since we observed that the clustering of PBL might also depend on HIV status, we explored the HIV microRNAs profiling. We identified a putative novel miRNA mapping on the HIV genome, the significance of which definitely need further analysis. On the other hand, we demonstrated by RT-qPCR the expression of some known HIV viral miRNAs that did not initially emerged in our database. This was likely due to the possible inferior sensitivity of RNAseq analysis versus RT-qPCR, especially when filters improving specificity and robustness are applied to RNAseq analysis. Our RT-qPCR was able to demonstrate that HIV-encoded miRNA were present in HIV-associated PBL although at a lower level. This is more likely consistent with the hypothesis that they were encoded in scattered T-cells, macrophages or dendritic cells rather than in the neoplastic clone. Nevertheless, their potential pathogenetic role in PBL cannot be excluded as miRNA are easily transferred through the tissues in the tumor microenvironment. It has been demonstrated that HIV-miRNAs may enhance viral particles production, promote viral transcription, control DNA methylation and affect the cellular microRNAs machinery. However their function is largely unexploited. Different mechanisms might be in place how HIV might contribute to PBL pathogenesis: duration and the degree of immunodeficiency, loss of immune control of oncogenic herpesviruses as EBV, chronic B-cell proliferation/exhaustion due to chronic antigenic stimulation, and/or factors unrelated to immune dysfunction, including a theoretically possible direct oncogenic effect. The involvement of HIV infection in PBL pathogenesis may explain the high frequency of this virus in PBL patients. 

In conclusion, the present study offer novel insights concerning PBL pathogenesis and classification that might be useful for future diagnostic and therapeutic approaches to this orphan disease. Particularly, our results may help to clarify the complex regulatory network between host and pathogens, and may serve as a paradigm for all the virus-related neoplasms in which pathogenic mechanisms remain still poor understood. Enhanced understanding of the multiple mechanisms regulating EBV reactivation will lead to the development of more specific therapies including miRNA-targeted therapy, specific EBV and MYC signaling pathways inhibitors and combination of EBV lytic phase induction and anti-EBV drugs (32). 
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Tables Table 1. Clinical, histologic, immunophenotypic and FISH features of discovery cohort patients 
	 
	Age 
(years) 
	Gender (M:F ratio) 
	Site  
 
	Morphology 
	IHC 
	MYC 
translocation 
(FISH) 
	EBV 
infection 
	I.S. 

	PBL 
patients 
	54.2 ys 
(28-76) 
	10:3 
	oral (n=5); extra-oral 
(n=9) 
	blastic versus more pronounced plasmacytic differentiation; necrosis, 
mitotic figures 
and apoptotic 
bodies with a “starry-sky” appearance  
	CD38, CD138 and MUM-1 pos.; BCL-2, BCL-6 and CD10 weak pos.; CD20, PAX-5, HHV-8 and ALK-1 neg.; 1/13 CD56 pos; 8/13 strong MYC pos. in >80% of neoplastic cells; 5/13 moderate MYC pos. in 50-60% of neoplastic cells 
	8/13 
	12/13 
	7/13 

	EMPC 
patients 
	65.2 ys 
(44-76) 
	5:2 
	oral (n=1); extra-oral 
(n=6) 
	proliferation of mature plasma cells; 3 cases more blastic appearance, 1 case anaplastic 
	CD38 and CD138 pos.; kappa chain restriction in 5 cases, lambda chain in 2; CD20 and PAX-5 neg.; 2/7 weak/moderate MYC pos. in 20-40% of 
neoplastic cells 
	2/7 
	2/7 
	n.d. 

	BL 
patients 
	17.7 ys 
(3-40) 
	4:5 
	lymph node (n=3), maxilla (n=1), neck (n=1), stomach (n=1), ileum (n=1), uterus (n=1), ovary (n=1) 
	medium-sized cells, with monotonous and uniform 
appearance, squared-off cytoplasm, cohesive growth and starry-sky 
appearance 
	CD20, CD10, BCL-6, CD38 pos.; BCL-2 and CD44 neg.; 9/9 strong MYC pos. in >80% of neoplastic cells; Ki-67 
99-100% 
	9/9 
	5/9 
	n.d. 


PBL: plasmablastic lymphoma; EMPC: extramedullary plasmacitoma; BL: Burkitt lymphoma; IHC: immunohistochemistry; I.S.: immune suppression; ys: years; pos.: positivity; neg.: negativity; n.d.: not detected. 

Table 2. Molecular diagnosis of PBL versus EMPC 
	Case 
	Cell type
	 Predicted
	 Confidence Measure

	H122 
	PBL 
	PBL 
	0.10629332 

	H276 
	PBL 
	PBL 
	0.5625428 

	H333 
	PBL 
	PBL 
	0.34820303 

	11224
	 PBL 
	PBL 
	0.106268324 

	13725
	 PBL 
	PBL 
	0.17695563 

	1529 
	PBL 
	PBL 
	0.7799435 

	1805 
	PBL 
	PBL 
	0.7533799 

	189 
	PBL 
	PBL 
	0.1062665 

	613 
	PBL 
	PBL 
	0.12631024 

	806 
	PBL 
	PBL 
	0.29971585 

	838 
	PBL 
	PBL 
	0.5132751 

	109 
	PBL 
	PBL 
	0.64939624 

	V376 
	PBL 
	PBL 
	1 

	11234
	 EMPC 
	EMPC 
	0.4558253 

	14663
	 EMPC 
	EMPC 
	0.45578885 

	16224
	 EMPC 
	EMPC 
	0.4558892 

	20152
	 EMPC 
	EMPC 
	 
 
0.45582 

	20256
	 EMPC 
	EMPC 
	1 

	3743 
	EMPC 
	EMPC 
	0.45595104 

	4156 
	EMPC 
	EMPC 
	0.47579044 

	
	
	
	


Table 3. Molecular diagnosis of PBL versus EMPC: diagnostic accuracy of the 4-miRNA based classifier in the validation set 
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Table 4. Correlation between PBL and BL or EMPC.  
	Identifier 
	Cell type 
	Predicted 
	 Confidence Measure 

	H122 (raw) 
	PBL 
	BL 
	0.09583959 

	V109 (raw) 
	PBL 
	BL 
	0.10874487 

	s838 (raw) 
	PBL 
	BL 
	0.1592613 

	s613 (raw) 
	PBL 
	BL 
	0.20450206 

	s806 (raw) 
	PBL 
	BL 
	0.23559976 

	s1805 (raw) 
	PBL 
	EMPC 
	0.27476195 

	H276 (raw) 
	PBL 
	EMPC 
	0.45076987 

	s1529 (raw) 
	PBL 
	EMPC 
	0.4700034 

	s13725 (raw) 
	PBL 
	EMPC 
	0.47044697 

	s11224 (raw) 
	PBL 
	EMPC 
	0.5045746 

	s189 (raw) 
	PBL 
	BL 
	0.59934336 

	H333 (raw) 
	PBL 
	EMPC 
	0.6791907 

	V376 (raw) 
	PBL 
	EMPC 
	0.95444125 


Table 5. miRNA differentially expressed in the two PBL groups (BL-related versus EMPC-related) 
	miRNA 
	p  
	Fold change 
	Regulation in  BL-related group 

	hsa-let-7a-5p 
	0.028575 
	256 
	down 

	hsa-let-7b-5p 
	0.006063 
	10809.406 
	down 

	hsa-let-7d-3p 
	0.044231 
	2.6918004 
	down 

	hsa-let-7d-5p 
	0.012786 
	3.482202 
	down 

	hsa-let-7e-5p 
	0.028014 
	4.3297553 
	down 

	hsa-let-7f-5p 
	0.018527 
	159.15468 
	down 

	hsa-let-7g-5p 
	0.046021 
	13.387893 
	down 

	hsa-miR-101-3p 
	0.002134 
	48.502926 
	down 

	hsa-miR-103a-3p 
	0.004657 
	21.5344 
	down 

	hsa-miR-103b 
	0.011111 
	18.74678 
	down 

	hsa-miR-106b-3p 
	0.02385 
	4.594794 
	down 

	hsa-miR-106b-5p 
	0.025859 
	13.125367 
	down 

	hsa-miR-10b-5p 
	0.045394 
	1.17E+07 
	down 

	hsa-miR-125a-5p 
	0.022511 
	40.58451 
	down 

	hsa-miR-125b-1-3p 
	0.002118 
	2.6918004 
	down 

	hsa-miR-126-3p 
	0.012516 
	128 
	down 

	hsa-miR-126-5p 
	0.0226 
	159.15468 
	down 

	hsa-miR-127-3p 
	0.030994 
	86.13763 
	down 

	hsa-miR-128-3p 
	0.00253 
	8.659511 
	down 

	hsa-miR-1304-3p 
	0.039182 
	5.0730634 
	down 

	hsa-miR-130a-3p 
	0.015367 
	5.0730634 
	down 

	hsa-miR-130b-3p 
	0.024846 
	5.278032 
	down 

	hsa-miR-132-3p 
	0.003019 
	3.8446627 
	down 

	hsa-miR-139-5p 
	0.037432 
	2.122426 
	down 

	hsa-miR-140-3p 
	0.004751 
	436.9814 
	down 

	hsa-miR-140-5p 
	0.038232 
	2.164878 
	down 

	hsa-miR-143-3p 
	0.023024 
	40743.586 
	down 

	hsa-miR-145-3p 
	0.034978 
	4.780439 
	down 

	hsa-miR-145-5p 
	0.019368 
	26.250734 
	down 

	hsa-miR-146a-5p 
	0.002346 
	111.43049 
	down 

	hsa-miR-146b-5p 
	0.003099 
	1176.267 
	down 

	hsa-miR-148a-3p 
	0.003072 
	1.38E+10 
	down 

	hsa-miR-148b-3p 
	0.001742 
	13.387893 
	down 

	hsa-miR-151a-3p 
	0.017852 
	49.47307 
	down 

	hsa-miR-155-5p 
	0.042635 
	62.74499 
	down 

	hsa-miR-15a-5p 
	0.01427 
	4.9735837 
	down 

	hsa-miR-15b-5p 
	0.029421 
	3.0920668 
	down 

	hsa-miR-16-5p 
	0.002014 
	5967.2734 
	down 

	hsa-miR-181a-3p 
	0.00621 
	2.390219 
	down 

	hsa-miR-181a-5p 
	0.003179 
	26353.643 
	down 

	hsa-miR-181b-5p 
	0.028867 
	218.4907 
	down 

	hsa-miR-181c-5p 
	0.024008 
	5.0730634 
	down 

	hsa-miR-182-5p 
	0.041277 
	141.3235 
	down 

	hsa-miR-183-5p 
	0.017472 
	34.638054 
	down 

	hsa-miR-186-5p 
	0.006628 
	182.82076 
	down 

	hsa-miR-191-5p 
	0.003595 
	6854.601 
	down 

	hsa-miR-192-5p 
	0.003457 
	10.146127 
	down 

	hsa-miR-193b-3p 
	0.003606 
	179.23567 
	down 

	hsa-miR-195-5p 
	0.037465 
	3.3469734 
	down 

	hsa-miR-196a-5p 
	0.033883 
	9.373392 
	down 


	hsa-miR-197-3p 
	0.02192 
	13.387893 
	down 

	hsa-miR-199a-3p 
	0.043553 
	8.489703 
	down 

	hsa-miR-210-3p 
	0.020199 
	5.1745324 
	down 

	hsa-miR-2110 
	0.020158 
	2 
	down 

	hsa-miR-212-3p 
	0.037432 
	2.122426 
	down 

	hsa-miR-21-3p 
	0.027591 
	25.73597 
	down 

	hsa-miR-214-3p 
	0.016095 
	5.1745324 
	down 

	hsa-miR-21-5p 
	0.016598 
	1.60E+09 
	down 

	hsa-miR-221-3p 
	0.009039 
	194.0117 
	down 

	hsa-miR-221-5p 
	0.019567 
	3.482202 
	down 

	hsa-miR-222-3p 
	0.001477 
	120.616684 
	down 

	hsa-miR-22-3p 
	0.021866 
	144.15012 
	down 

	hsa-miR-23a-3p 
	0.008328 
	48.502926 
	down 

	hsa-miR-23b-3p 
	0.03084 
	48.502926 
	down 

	hsa-miR-24-3p 
	0.047314 
	13.655676 
	down 

	hsa-miR-25-3p 
	4.42E-04 
	324.6761 
	down 

	hsa-miR-26a-5p 
	0.006917 
	8693.463 
	down 

	hsa-miR-26b-5p 
	8.58E-04 
	93.23874 
	down 

	hsa-miR-27a-3p 
	0.011841 
	1176.267 
	down 

	hsa-miR-27b-3p 
	0.011343 
	512 
	down 

	hsa-miR-27b-5p 
	0.048211 
	2 
	down 

	hsa-miR-28-3p 
	0.001606 
	50.4626 
	down 

	hsa-miR-28-5p 
	7.68E-04 
	6.0628657 
	down 

	hsa-miR-29b-3p 
	0.012198 
	5.6011167 
	down 

	hsa-miR-29c-3p 
	0.004106 
	7.3907156 
	down 

	hsa-miR-29c-5p 
	0.001043 
	3.482202 
	down 

	hsa-miR-301a-3p 
	0.00456 
	4.504692 
	down 

	hsa-miR-3074-5p 
	0.00282 
	5.3836007 
	down 

	hsa-miR-30a-5p 
	0.028991 
	70.66175 
	down 

	hsa-miR-30b-5p 
	0.006546 
	7.1037035 
	down 

	hsa-miR-30c-5p 
	0.003975 
	15.686253 
	down 

	hsa-miR-30d-5p 
	0.020276 
	86.13763 
	down 

	hsa-miR-30e-3p 
	0.009217 
	5.6011167 
	down 

	hsa-miR-30e-5p 
	0.012316 
	231.86519 
	down 

	hsa-miR-3184-3p 
	0.036321 
	3.8446627 
	down 

	hsa-miR-3184-5p 
	0.047828 
	29.562862 
	down 

	hsa-miR-324-5p 
	0.007311 
	2.8565736 
	down 

	hsa-miR-326 
	0.017578 
	2.6918004 
	down 

	hsa-miR-328-3p 
	0.040136 
	3.6228948 
	down 

	hsa-miR-340-5p 
	0.029992 
	2.6918004 
	down 

	hsa-miR-345-5p 
	3.51E-05 
	5.3836007 
	down 

	hsa-miR-34a-5p 
	0.025859 
	13.125367 
	down 

	hsa-miR-3613-5p 
	0.017127 
	3.2169964 
	down 

	hsa-miR-361-3p 
	0.018605 
	9.009385 
	down 

	hsa-miR-3615 
	0.006715 
	6.562682 
	down 

	hsa-miR-361-5p 
	0.011483 
	5.7131467 
	down 

	hsa-miR-365a-3p 
	0.024084 
	2.3433483 
	down 

	hsa-miR-374a-5p 
	0.001147 
	2.4867918 
	down 

	hsa-miR-374b-5p 
	7.10E-04 
	3.1539128 
	down 

	hsa-miR-378a-3p 
	0.010879 
	59.125725 
	down 

	hsa-miR-378d 
	0.007875 
	3.1539128 
	down 

	hsa-miR-381-3p 
	0.015433 
	2.122426 
	down 

	hsa-miR-423-3p 
	0.01819 
	64 
	down 

	hsa-miR-425-5p 
	0.025742 
	10.146127 
	down 

	hsa-miR-4448 
	0.043389 
	18.01877 
	down 

	hsa-miR-454-3p 
	0.008394 
	5.0730634 
	down 

	hsa-miR-4633-5p 
	0.030738 
	49.47307 
	down 

	hsa-miR-497-5p 
	0.008057 
	4.244852 
	down 

	hsa-miR-500a-3p 
	0.01973 
	3.0920668 
	down 

	hsa-miR-502-3p 
	0.015503 
	3.031433 
	down 

	hsa-miR-574-3p 
	0.018238 
	3.9215622 
	down 

	hsa-miR-615-3p 
	0.032965 
	3.1539128 
	down 

	hsa-miR-625-3p 
	0.016429 
	7.390717 
	down 

	hsa-miR-629-5p 
	0.012786 
	3.482202 
	down 

	hsa-miR-652-3p 
	0.037863 
	7.843124 
	down 

	hsa-miR-654-3p 
	0.042732 
	2.3433483 
	down 

	hsa-miR-660-5p 
	0.023198 
	2.5365317 
	down 

	hsa-miR-664a-3p 
	0.007032 
	2.4867918 
	down 

	hsa-miR-6737-5p 
	0.028424 
	2.0400033 
	down 

	hsa-miR-92b-3p 
	0.004056 
	1747.9257 
	down 

	hsa-miR-93-5p 
	0.014503 
	56.829643 
	down 

	hsa-miR-96-5p 
	0.027386 
	3.482202 
	down 

	hsa-miR-98-5p 
	0.037122 
	3.4139185 
	down 

	hsa-miR-3178 
	0.025964 
	66.58581 
	up 

	hsa-miR-3648 
	0.010903 
	4.080006 
	up 

	hsa-miR-4492 
	0.037656 
	91768.664 
	up 

	hsa-miR-4497 
	0.029851 
	3859.7363 
	up 

	hsa-miR-4508 
	0.039168 
	1108.4174 
	up 

	hsa-miR-5787 
	0.01597 
	22492.303 
	up 

	hsa-miR-6087 
	0.032981 
	14.207409 
	up 

	hsa-miR-6126 
	0.001043 
	12.125731 
	up 

	hsa-miR-663b 
	0.019219 
	5.6011167 
	up 

	hsa-miR-6739-5p 
	1.33E-04 
	3.482202 
	up 

	hsa-miR-6743-5p 
	0.029317 
	4.594794 
	up 

	hsa-miR-7704 
	0.026789 
	62990.94 
	up 

	hsa-miR-8072 
	0.034227 
	2.0808065 
	up 


Legends for Figures 
Figure 1. RT-qPCR and immunohistochemistry reveal a non-canonical latency type and an abortive lytic cycle of EBV in neoplastic cells. LMP-2A, BZLF-1/ZEBRA, BMRF-1/Ea-D, BHRF-1/Ea-R expression by RT-qPCR across the 13 PBL cases (A). One exemplificative PBL case showing intense staining for LMP2A, ZEBRA, Ea-D and Ea-R is shown; original magnification (O.M.): 40x (B). 
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Figure 2. Plasmablastic lymphoma and extramedullary plasmacytoma are distinct based on the miRNA profile. Principal component analysis of plasmablastic lymphoma (PBL) and extramedullary plasmacytoma (EMPC) cases (A). Supervised analysis (T-test) comparing PBL and EMPC cases identified a series of differentially expressed genes (B). In the matrix (B), the dendrogram was generated using a hierarchical clustering algorithm based on the average-linkage method. In the matrix, each column represents a sample and each row represents a gene. The colour scale bar shows the relative gene expression changes normalized by the standard deviation (0 is the mean expression level of a given gene). A cell type classifier based on a support vector machine algorithm was generated to discriminate PBL and EMPC based on the expression of differentially expressed miRNA (C). Grey zone represent value below significance (0.05). Differential expression of hsa-miR-665, hsa-miR-3613-5p, hsa-miR-1304-3p and hsa-miR-3609 in PBL versus EMPC group (D). Values are expressed as mean ± standard deviation (ST). Statistical significance was determined with Student’s unpaired t-test (p < 0.005). 
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Figure 3. Plasmablastic lymphoma and Burkitt lymphoma are distinct based on the miRNA profile. 
Principal component analysis of plasmablastic lymphoma (PBL) and Burkitt lymphoma (BL) cases (A). Supervised analysis (T-test) comparing PBL and BL cases identified a series of differentially expressed genes (B). In the matrix (B), the dendrogram was generated using a hierarchical clustering algorithm based on the average-linkage method. In the matrix, each column represents a sample and each row represents a gene. The colour scale bar shows the relative gene expression changes normalized by the standard deviation (0 is the mean expression level of a given gene). Cellular miRNAs (hsa-miR-1273f, hsa-miR-148a-5p, hsamiR-4488, hsa-miR-494-3p) and EBV-viral miRNAs (EBV-miR-Bart10-3p, EBV-miR-18-3p, EBV-miR19-5p) expression in PBL versus BL cohort groups (C). Values are expressed as mean ± standard deviation (ST). Statistical significance was determined with Student’s unpaired t-test (p < 0.005). 
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Figure 4. Plasmablastic lymphomas include two molecular subgroups related to either EMPC or BL. 
Principal component analysis of plasmablastic lymphoma (PBL), extramedullary plasmacytoma (EMPC) and Burkitt lymphoma (BL) cases indicated a basic relation between the three entities at miRNA level (A). A cell type classifier based on a support vector machine algorithm was generated to discriminate BL and EMPC based on the expression of differentially expressed miRNA. When the algorithm was applied to PBL, they were classified as either BL or EMPC indicating their heterogeneity reflecting the similarity to either one of the other two tumor types (BL and EMPC) (B). Grey zone represent value below significance (0.05). Supervised analysis (T-test) comparing BL-related versus EMPC-related PBLs identified a series of differentially expressed genes (C). In the matrix, the dendrogram was generated using a hierarchical clustering algorithm based on the average-linkage method. In the matrix, each column represents a sample and each row represents a gene. The colour scale bar shows the relative gene expression changes normalized by the standard deviation (0 is the mean expression level of a given gene). Differential expression of hsamiR-192-5p, hsa-miR-1304-3p, hsa-miR-148a-3p and hsa-miR-365-3p  in BL-related versus EMPC-related PBLs group (D). Values are expressed as mean ± standard deviation (ST). Statistical significance was determined with Student’s unpaired t-test (p < 0.005). 
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Figure 5. Plasmablastic lymphomas differ in their miRNA profile according to the presence of HIV. Principal component analysis of HIV-positive and HIV-negative plasmablastic lymphomas (PBLs) indicated a rough distinction of the two groups based on miRNAs expression (A). Supervised analysis (T-test) comparing HIV-positive versus HIV-negative PBLs identified a series of differentially expressed genes (B). In the matrix, the dendrogram was generated using a hierarchical clustering algorithm based on the averagelinkage method. In the matrix, each column represents a sample and each row represents a gene. The colour scale bar shows the relative gene expression changes normalized by the standard deviation (0 is the mean expression level of a given gene). 5C. HIV-miR-367 expression in HIV positive and HIV negative PBL cases (C). HIV-miR-TAR-3p expression in HIV positive and HIV negative PBL cases (D). 
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Figure 6. PTEN, PBX2, PPARGC1A, PLIN2/adipophilin, and FOXK2 protein expression in the two sub-groups of PBL. 
PTEN, PBX2, PPARGC1A, PLIN2/adipophilin and FOXK2 showed lower level of expression in all the PBL cases that clustered closer to the EMPC cases than to the BL cases; one representative case for each sub-group is depicted. A-E, O.M.: 40x. PBL: plasmablastic lymphoma; EMPC: 

extramedullary plasmacytoma; BL: Burkitt lymphoma. 
                                            EPCM-related                     BL-related 
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PLASMABLASTIC TRANSFORMATION OF A PRE-EXISTING PLASMACYTOMA: A POSSIBLE ROLE FOR REACTIVATION OF EPSTEIN BARR VIRUS INFECTION.

Ambrosio MR, De Falco G, Gozzetti A, Rocca BJ, Amato T, Mourmouras V, Gazaneo S, Mundo L, Candi V, Piccaluga PP, Cusi MG, Leoncini L, Lazzi S.
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Plasmablastic transformation of a pre-existing
plasmacytoma: a possible role for reactivation of
Epstein Barr virus infection

“The distinction between plasmablastic lymphoma (PBL)

and plasma ‘may be confidently made on the basis
of histopathological and clinical features, However, some
cases can be challenging owing to a morphological overlap.
The main significant differences include genetic aberrations

[ie. ¢(11;14); t(4;14), hyperdiploidy], and in particular the
presence of Epstein-Bar virus (EBV)-encoded RNA (EBER),
‘which is detectable in 75-100% of all PBL cases, in contrast
to plasmacytoma (10% of cases). The exact role of EBV in
the pathogenesis of PBL is stll poorly understood’
Although it has been suggested that PBL may occur as a
high-grade transformation from a pre-existing plasmacy-
toma fol EBV infection, this concept has not been
well established and definitive proof s lacking

In December 2011, 2 74-year old man presented for a
right maxillary sinus solitary mass, infiltzating the oral cav-
ity. Histological examination of the bioptic specimen
showed a uniform proliferation of plasma cells with abun-
dant cytoplasm, round eccentrically focated nuclei and
clockface chromatin without nucleoli_(Figure 1A)
Neoplastic cells expressed CD38, CD138, CD79a, MUM-
they were restricted for immunoglobulin heavy chain G

(IgG) and light chain lambda (gh). CD20 and PAX-5 were

gative. The proliferative index (Ki-67) was approximate-
Iy 10%. A complete workup with computer tomography
(CT) scan and bone marrow biopsy excluded other sites of
involvement; therefore, the final diagnosis was extra-
osseous plasmacytoma. The patient was treated with one
STl o ey vl bonesaeal 18 gt Days
1, 4,8, 11; melphalan 9 mg/m*Day 1-4; and prednisone 50
mgDays 1, 4, 8, 11 (VMP scheme), obtaining a 90% reduc-
tion of the mass. Subsequently, a 50 Gy of involved field
radiotherapy treatment led to a complete temission, which
was confirmed at CT/positron emission tomography. Ten
‘months later the patient relapsed. The histological eval
tion of the surgical specimen confirmed the previous diag-
nosis; however, an increase in the proliferative index was
detected (Ki-67 approximately 40%). The patient was
treated again with bortezomib associated with cyclophos-
phamide 500 mg Days 1, 8, and dexamethasone 20 mg.
Days 1, 4, 8, 11, achieving only a minimal response.
Therefore, he was switched to a third-line therapy with
lenalidomide 25 mg Days 1 and 21, cyclophosphamide 750
mg Days 1 and 8, and dexamethasone 20 mg every week
(RCD scheme), obtaining an excellent but short response
with a tapid growth of the mass in May 2013. The patient
underwent surgical excision of the neoplastic lesion; labo-
catory tests showed hemoglobin 13.9 g/dL, white blood cell
count 8.32 x 10%/L, platelets 408 x 10%/L. The histological

Figure 1. Morphological features of the samples. (4) A uniform popuiation of plasma cells with abundant cytoplasm, round eccentrally
located nuciel and dockface chromatin without nucleoll is observed. (8) A small percentage of tumor cells are EBER-positive.
(C) Neoplastic population is characterized by monoclonal IGHV rearrangement. (D) Histological specimen shows a diffuse and cohesive
proliferation of round- to ovalshaped large cells with scant cytoplasm, and prominent nucieoli. (E) EBER positivty s observed in 90% of
the neoplastic cells. (F) The same IGHV rearrangement of the plasmacytoma samples is shown. (G) EBNAL, and (H) EaD and () Ea-R
‘expression in blastic cels of the plasmablastic lymphoma sampl is present. [A, D: Haematoxylin and Eosin; B, E: EBER in situ hybridiza-
tion; G: EBNAL stain; H: Ea-D stain; | Ea-R stain. A-8, D, G- original magnificatior: 20x]
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examination of the specimen showed a diffuse and cohe-
sive monomorphic prolifeation of round- to oval-shaped
lasge cells with scant cytoplasm, and prominent nucleoli
(Figure 1D). Neoplastic cells were CD38, CD138 and
MUM-1 positive, IgG/. restaicted, and CD20, CD79%, and
PAX5 negative. The proliferative index (Ki-67) was approx-
imately 95%. EBER was present in 90% of the neoplastic
cells (Figure 1E). All of the neoplastic cells expressed the
MYC protein. FISH analysis using dual-color break-apart
probes did not identify any of the known translocations
involving the JYC gene. To evaluate whether we were
dealing with the transformation of the pre-exisisting plas-
ey, G106 i el DY pusitony v cherte g
all the specimens *Both plasmacytomas and plasmablastic
samples expressed CD56, whereas no cyclin D1 staining
was identified. In addition, IGH-VDJ rearrangement was
performed in all the specimens according to BIOMED-2
protocol by using framework regions 2 (FROVH) and JH
tegions primers (VHFR2JH) A productive IGHV
tearmangement (VH3-23, DH3-22, JH4*02) with 93.27%
identity of germline sequence was detected, thus confirm-
ing the clonal relationship of al the samples (Figure 1C and
F). The final diagnosis was plasmablastic transformation of
preexising plasmacytoma of the orel caviy: The patient
‘was treated with liposomial doxorubicin 50 mg/m* Day 1

and cytosine arabinoside 2 g Days 1-2, obtaining a minimal
tesponse. Thus, bendamustine 90 mg/m* Days 1-2 for two

IRNA relatve expression

o
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cycles was administrated but with no tesponse.
Since EBV reactivation has been observed following
bortezomib theapy, it was hypothesized that EBV was the
trigger responsible for the transformation of plasmacytoma
in PBL, determining the multiple rapid relapses of the dis-
ease. Therefore, we checked EBV also in the plasmacytoma
samples. Interestingly, in these cases, only a small percent-
age of tumor cells with blastic appeatance were EBER-pos-
itive, increasing from the first (10%) to the second (30%)
biopsy (Figure 1B). In addition, the first sample was n
tive for MYC, whereas in the second specimen 30% of e
neoplastic cells expressed the protein. Since the oncogenic
role of EBV is controersial, and the type of viral program
gn:ssed by plasmablastic lymphoma s stil a mateer of
ate, 2 complete genetic assessment of the virus latency
i Iytic genes by RT-qPCR and immunohistochemistry
was performed. The expression of EBNA1 and the negativ-
ity for LMP-1 and EBNA-2 in all the three biopsies suggest-
ed a type I atency (Fgure 1G). In the third bopsy, we
detected expression of some genes/proteins involved in the
lytic cycle (BZLF1, BMRF1, BHRF1 coding for the Zcbra,
Ea-D and Ea-R/p17 proteins, respectively) (Figure 1H-I).
‘The fact that we did not find BLLF1- gp350/220 expression
suggests an abortive lytic cycle in neoplastic cells It is
known that the reactivation of lytic cycle may play a role in
EBV-driven lymphomagenesis by increasing the total num-
ber of latently infected cells” In addition, viral lytic genes,

Figure 2. Head computed tomog:
raphy findings. A reduction of the
mass is observed between the
first (A) and the second (8) head
computed tomography (arrows).

aLymph nods samples

aMYG t+ BL samples.

aMYG t+ PBL sample

Figure 3. microRNAS relative _expression level. In
plasmablastic sample (PBL) a downregulation of hsa-
miR34b, hsamiRLSS, hsadet7a, hsa-miR29a and
290 is detected, in comparison to normal lymph
node and fo MYC transiocation-positive. (MYC 1+)
Burkitt lymphoma (BL) samples.
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or cellular genes induced by viral lytic proteins could poten-
dally encode paracrine factors that promote tumor
growth." A number of physiological stimuli and chemical
agents may favor the lytic form of EBV infection, including
Becell receptor stimulation, transforming growth factor,
hypoxia and DNA damage." Since no response has been

obeained by conventional therapy, and considering the high
viral load in the blood (264,000 DNA copies/mL), the same
therapy of post-transplant lymphoprolfecative disorders

(PTLD) was performed. Accordingly, rituximab 375 mg/m*
ekl o e s iy v clied Bl
tinuous lenalidomide treatment Days 1-28 per month at 15

‘with the aim of: ) increasi ntial response; i)
"t:guciiyxg e reservole of leenty nfecsed. cely and iy
decreasing viral burden. Emerging data have suggested that
rituximab may have therapeutic value also in patients with
tumors which do not express CD20 by climinating reactive
Blymphocytes in the microenvironment that may support
the growth and survival of neoplastic cells.** Depleting
reactive B cells may also enhance the antilymphoma
immune response. As far as the rationale of using acyclovir
is concemed, recent data on nasoph: Carcinoma
and glioblastoma indicate that antiviral drugs may improve
outcomes in viral-associated tumors by inhibiting lytic
replication.*

In our case, the therapy induced a marked reduction of
the mass, in parallel to a decrease in viral load (12,250 DNA
copies/mL) (Figure 2A and B). At the last follow up (cleven
‘months later) the patient was in complete remission.

In conclusion, the importance of our case consists in
drawing ateention to two main issues. First of ll it should
be underlined that MYC protein expression can oceur also
in the absence of MYC translocation and may probably be
due to altemative mechanisms, likely involving microRNA
(miRNA) dysregulation. In our case, a downregulation of
some miRNAs known to regulate MYC expression (ic.
'hsa-miR34b, hsa-miR155, hsa-let7a, hsa-miR29a and -29b)
has been detected, in comparison to normal lymph node
and to MYC translocation-positive Burkitt lymphoma cases
(Figure 3).° This finding may explain the upregulation of
MYC in the absence of the MYC translocation. On the
other hand, the pathologist should consider the possibii
S8 et Bl o othobly o gl 1
myclomas for EBV in order to identify those patients at

1 isk of transformation to PBL, which require a totally
ent and more aggressive therapeutic protocol and a
closer follow up. In those patients in whom plasmacytoma
de-differentiate to PBL, the therapeutic re; used in
PTLD to reduce the reservoir of latently infected cells and

to inhibit lytic replication should be taken into account to
improve the prognosis. Enhanced understanding of the
multiple mechanisms g EBV reactivation will,

hopefully, lead to the development of minimally toxic,
highly specific therapies. The use of routine chemotherapy

in combination with acyclovir appears to be a promising
approach for treating patients with EBV-positive tumors.
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UNVEILING ANOTHER MISSING PIECE IN EBV-DRIVEN LYMPHOMAGENESIS: EBV-ENCODED MICRORNAS EXPRESSION IN EBER-NEGATIVE BURKITT LYMPHOMA CASES.
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Unveiling Another Missing Piece In EBV-Driven Lymphomagenesis:
[image: image84.png]Numberof  Proportionof  Number of new cases Number of new cases attributable
newases  new cases attributable toinfectionbyagegroup
attributableto  toinfection by sex
eachinfectious
agent (%)
Males  Females <sOyears  50-69years _z70years
Helcobacte pyoi 70000 354% 500000 270000 91000 340000 330000
Human papillomavirus 640000 295% 66000 570000 270000 280000 90000
Hepatits B vius 40000 192% 300000 120000 84000 190000 140000
Hepatits Cvirus 170000 78% 10000 55000 26000 76000 66000
Epstein-Barrvirus 120000 55% 80000 40000 61000 44000 14000
Human herpesvius type 8 44000 20% 29000 15000 32000 7600 4500
Schistosoma haematobiom 7000 03% 4900 2200 B0 3700 2100
Human T-cell ymphotropic virus, type 1 3000 01% 1700 1200 630 1200 1200
Opisthorchisviverini or lonorchis sinenss 1300 o1% 820 470 130 670 490
Allinfectious agents 2200000 1000% 1100000 1100000 50000 950000 650000
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Abstract

Word count:
270
Epstein-Barr virus (EBV) is a gammaherpesvirus linked to a number of lymphoid and epithelial malignancies, including Burkitt lymphoma (BL) in which its frequency ranges from 30% in sporadic cases to 100% in the endemic ones. The possible contribution of EBV to BL pathogenesis is largely unknown. It has been suggested that EBV may be associated with all of the cases, including those diagnosed as EBV negative by a mechanism of hit-and-run. Early during oncogenesis, viral genes are essential for initiating disease. Progressively, viral genome is lost to escape the immune system and host mutations accumulate in proto-oncogenic cell. The main problem with the hit-and-run hypothesis is the lack of evidence in primary tumors. The routine methods applied to detect the virus [i.e. immunohistochemistry and EBV-encoded RNAs (EBER) in situ hybridization – ISH] have a low specificity and
 accuracy. The aim of this study was to identify the most suitable method to identify EBV infection in pathology samples by applying conventional and non-conventional methods (i.e. EBV-microRNAs detection and EBV viral load measurement). We investigated a total of 10 cases and we found that all the samples (n=6) diagnosed as EBV negative by immunohistochemistry and EBER-ISH demonstrated the presence of EBV-microRNAs and EBV genome. This points at the possibility that EBV might have contributed to lymphomagenesis in all our patients, and propose microRNAs detection as the most specific and sensitive tool to recognize EBV vestiges. It is worth noting that our data would have considerable implications for EBV-related diseases control. By using anti-EBV vaccines, one could potentially prevent also some cancers less suspected of a viral origin because of viral genome loss.
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accuracy. The aim of this study was to identify the most suitable method to identify EBV infection in pathology samples by applying conventional and non-conventional methods (i.e. EBV-microRNAs detection and EBV viral load measurement). We investigated a total of 10 cases and we found that all the samples (n=6) diagnosed as EBV negative by immunohistochemistry and EBER-ISH demonstrated the presence of EBV-microRNAs and EBV genome. This points at the possibility that EBV might have contributed to lymphomagenesis in all our patients, and propose microRNAs detection as the most specific and sensitive tool to recognize EBV vestiges. It is worth noting that our data would have considerable implications for EBV-related diseases control. By using anti-EBV vaccines, one could potentially prevent also some cancers less suspected of a viral origin because of viral genome loss. 
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Introduction 

Epstein-Barr virus (EBV) is a gammaherpesvirus that persistently infects over 90% of adults, usually without consequence1. However, EBV is linked to a diverse array of lymphoid and epithelial malignancies, including Burkitt lymphoma (BL)1. The virus is detected in 30% of sporadic BL (sBL), 50% of immunodeficiency associated BL (ID-BL) and virtually all endemic BL (eBL)2. The possible contribution of EBV to BL pathogenesis is largely unknown and it is unclear how directly infection and disease are linked3. In fact, viral genes seem mostly to have triggering or accessory roles in disease, and are likely to be essential for cancer-cell survival only in the early phase of the neoplastic transformation in non-immunocompromised carriers4. Moreover, the role of EBV is further confounded by the less than total association of the virus with histologically similar tumors. This may be explained by the hit-and-run hypothesis for viral-induced lymphomagenesis which proposes that after eliciting a heritable change in the gene-expression pattern of the host cell, the genome of tumor viruses may be completely lost5,6. Following, cancers accumulate vast numbers of host mutations which become the main drivers of oncogenesis, promoting autonomous growth6. Thus, it seems inevitable that a cancer, with time, will evolve to be independent from viral gene functions, allowing viral genome loss. This results in an inverse correlation between the number of viral genes expressed in these tumor cells and their associated cellular mutations3 as it has been recently demonstrated in cell lines and tumor samples8. The main problem with the hitand-run hypothesis has been lack of evidence in primary tumors; in addition, the studies present in the literature on the role of EBV in tumorigenesis have analyzed mainly EBV-positive cancers. Focusing on virus-positive cancers provide little information about genome loss, and the difficulty of analyzing spontaneous cancers, where the molecular changes driving transformation are almost always unknown, makes firm functional conclusions hard to draw9.  

To assess the presence of the virus in a specific sample, different approaches can be used, most of which are characterized by a high sensitivity. To date, the most employed methods for diagnostic purposes are immunohistochemistry and in situ hybridization (ISH) for EBV-encoded RNAs (EBER). However, they have a low specificity, and the accuracy of such assays has been recently called into question by molecular studies that showed the presence of the virus in samples previously diagnosed as EBER negative10,11. More recently, microRNA (miRNA) expression has been shown to be a quite sensitive and specific tool to characterize normal and neoplastic cells, even for pathogens detection12. By miRNA profiling we recently observed the expression of EBVencoded miRNAs in one EBER-negative BL case8,13. Based on that, the aim of the present study was to identify the most suitable method to detect EBV infection in pathology samples by comparing different conventional (immunohistochemistry and EBER-ISH) and non-conventional (EBV-microRNAs detection and EBV viral load measurement) methods. We looked for EBV infection in 10 typical Burkitt lymphoma (BL) cases. Immunohistochemistry and EBER-ISH failed to identify the virus in 6 samples, whereas microRNAs expression profiling, quantitative reverse transcription PCR and viral load measurement identified a previous EBV exposure in all the specimens, also in those diagnosed as EBV negative by conventional tools. Our findings shed new light on the pathogenesis of EBV-related tumors, highlighting the role of the virus also in “EBVnegative” cases and proposing EBV-miRNAs searching as the most sensitive approach to identify also EBV vestiges. Because of the limitation of using EBV-miRNAs detection routinely, there is a lack of data to determine the true burden of EBV-associated cancers worldwide, and the data available is likely to under represent the epidemiology of EBV infection. Assessing that EBV might be responsible of a larger number of cancers than previously known may open the way for the opportunity of a large scale prevention tactic. 

Material and methods 

Patients The cases cohort was represented by 10 formalin-fixed and paraffin-embedded (FFPE) samples, retrieved by the Archives of Siena University Hospital, and characterized by clinic, morphology, immunohenotype and cytogenetic consistent with the World Health Organization diagnosis of BL. The mean age at diagnosis was 14.2 years (range: 3-41 years) with a male to females ratio of 5:5. The sites of involvement were: small intestine (n=4), lymph node (n=2), head and neck (n=1), ovary (n=1), stomach (n=1), uterus (n=1). None of the patient had underlying immunosuppression. All individuals were positive for IgG antibodies against viral capsid antigen (VCA) and EBV nuclear antigen (EBNA), whereas they were negative for IgM antibodies against VCA and early antigen (EA). 

Immunohistochemistry and EBER-ISH 

Immunohistochemical stainings were performed on all cases by an automated staining system (Ventana BenchMark ULTRA, Roche diagnostic, Monza-Italy) on FFPE 4 µm-thick sections with appropriate positive and negative controls included in each staining run. No epitope retrieval was exploited. UltraView Universal Detection Kit (Ventana) using HRP multimer and DAB (as chromogen) was employed. Each case was scored as positive or negative for EBNA-1 (Santa Cruz, Heidelberg, Germany). ISH for EBER was carried out in each sample on 5 µm-thick section as previously described8. A control slide, prepared from a paraffin-embedded tissue block containing metastatic nasopharyngeal carcinoma in a lymph node accompanied each hybridization run. 

Laser capture microdissection 

The neoplastic population of each sample was isolated from haematoxylin and eosin stain sections using immuno-guided laser capture microdissection to avoid the risk of including reactive lymphocytes that might alter our findings in the following analysis [i.e. quantitative reverse transcription PCR (q-PCR) and miRNA profiling]. Sections were microdissected using a PixCell IIe microscope (Arcturus Engineering, MGW, Florence, Italy) as previously described14. 

microRNAs profiling 

Total RNA was extracted from FFPE sections of 9 primary tumours using the FFPE miRNA Easy kit (Qiagen, CA), according to the manufacturer’s instructions. Small RNA libraries were prepared from 1 mg of a high-quality RNA (RNA Integrity Number >8) with the TruSeq Small RNA kit (Illumina). 1x36 sequencing was performed on the Illumina MiSeq platform. Thirty-six bp length raw sequences were demultiplexed using the Illumina pipeline CASAVA v1.8. A quality check of the run experiment was performed by FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Low quality reads and adapter sequences were trimmed off using Trimmomatic15. The high quality reads, with a length of 17– 36 bp were clipped and subsequently aligned to the latest miRBase release (v 21 July 2014)16 by Novoalign (http://www.novocraft.com). miRNA expression profiles were built by calculating the sum of read counts for each miRNA, according to the alignment criteria. Variance-stabilizing transformed count data were used to build a Euclidean distance matrix, followed by hierarchical clustering analysis to study the intra-samples correlations. miRNA differential expression analysis was performed using Bioconductor’s package DESeq17. The obtained read counts for each identified miRNA were first normalized by scaling for library size factors in order to deal with variation among samples. The differential expression values were estimated using a negative binomial distribution model and local regression to estimate the relationship between the dispersion and the mean of each miRNA. Raw values were considered as statistically significant when P-value <0.05. Heatmap of normalized count table and principal component analysis were performed by R. Following alignment and normalization (see above), the data was further analyzed using GeneSpring GX12 as previously described18.  

Quantitative reverse transcription PCR assay to confirm and quantify the presence of viral miRNAs  

Taqman primers and probes specific for each selected viral miRNA were applied to analyse by qPCR all cases. Total RNA was extracted using miRNAeasy FFPE kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. Three T-LLs samples, currently considered not to be affected by EBV were used as negative control. RNU6B was used as endogenous control (Apllied Viosystems, Applera, Italy) and the absolute expression was calculated using the 2-∆ct formula. Kruskal-Wallis Test was applied for statistical analysis.  

Quantitative reverse transcription PCR assay to quantify EBV genome load 

To further strengthen our findings and prove the presence of  EBV also in EBER negative samples, viral load measurement was carried out. DNA was extracted from FFPE tissue using proteinase K digestion and NucleoSpin Kit, according to the manufacturer’s instructions. Beta globin Human beta 2 microglobulin (B2m) and ApoB genes were used as a control for the efficacy of extraction and amplification of DNA from paraffin embedded tissue. According to the data from the literaturate19 a standard curve was generated using 10-fold dilutions of Namalwa DNA varying from 500,000 to 0,5 copies of EBV DNA, assuming that Namalwa cell line is diploid and carry two copies of EBV per cell, equivalent to 3x105 copies of EBV/µg DNA. All cases were screened by qPCR targeting BamH1 W and EBNA-1 conserved region of EBV genome. BamH1 W targets a reiterated sequence that is present at approximately 10 copies per EBV genome and it appears to be the most sensitive method to prove the presence of viral genome, detecting low level virus. EBNA1 targets a single copy highly conserved gene and is essential for maintaining the virus long term in dividing cells. Amplification reactions were performed in 50µl volumes as previously described19. Each experiment included DNA samples prepared from EBER-positive and EBER-negative cases, as well as water-only controls. Samples were considered negative if exceeded 40 cycles. The quantification results for experimental samples were extrapolated from the EBNA-1 and BAMH1 W calibration curve19.  

Results Immunohistochemistry and in situ hybridization findings 

We screened all our samples (n=10) for EBV infection by performing immunohistochemistry and EBER-ISH to identify the presence of EBV-related products. Four out of 10 cases showed the typical nuclear positivity for EBNA-1 staining in almost all the neoplastic cells. By applying ISH for EBV, we observed that only 4 samples retained the EBV-encoded RNAs, as demonstrated by the black signal revealed in the nucleus of about 70-95% of neoplastic cells (Figure 1a). Six cases were negative for EBNA-1 and ISH for EBER (Figure 1b). In these cases  no stain was detectable neither in the neoplastic cells nor in reactive small lymphocytes.  

microRNAs expression profiling results and quantitative reverse transcription PCR validation  

EBER-positive BL samples showed a clear expression of viral miRNAs but also all EBER-negative cases presented some degree of expression of at least one EBV-miRNA (Figure 2a). Specifically, in two cases we found 4 different miRNAs, in four cases we detected 2, 3, 9 and 17 miRNAs, respectively. In total, 19 different virus-encoded miRNAs were revealed. Some of them were consistently expressed in more than 2 samples, such as ebv-miR-BART10-3p (n=4), ebv-miRBART9-5p (n=4), ebv-miR-BART19-3p (n=3), ebv-miR-BART8-5p (n=3). Consistently, when unsupervised hierarchical clustering of BL cases based on the expression of EBV-miRNAs was performed, EBER-negative and EBER-positive groups were clearly distinct; again, some degree of miRNA expression in EBER-negative cases was observed (Figure 2b). When EBER-negative BL cases were clustered alone, differences among samples were more evident with a clearly variable expression of virus encoded miRNAs (Figure 2c). To validate miRNA profiling results, q-PCR analysis was employed and demonstrated a significant differential expression for all the tested miRNAs, namely ebv-miR-BART9-5p (p=0.006), ebv-miR-BART10-3p (p=0.002), and ebv-miRBART19-3p (p=0.004), viral miRNAs being expressed in all 10 BL samples but not in T-LL specimens (Figure 2d).  

EBV viral load measurement  

The quantification results were extrapolated from the EBNA-1 and BAMH1 W calibration curve where the linear relationship (R2) reached 0.998. The EBV genome was detected in 6/6 cases and all these samples contained low copy numbers of the EBV genomes, ranging of 2.07-21.03 copies/1000 cells per EBNA-1 and 1.23-15.28 copies/1000 cells per BAMH1 W (Figure 3a-b). Otherwise, Q-PCR analysis of EBER-positive cases revealed much higher viral loads (more than 25’000 copies/1000 cells per EBNA1 and 15’000 copies/1000 cells per BAMH1 W). EBV was regularly detectable in microdissected tumor cells from EBV-positive NPC controls while EBV was not detectable in T-LL negative controls.  

Discussion  

EBV is thought to play a causative role in the pathogenesis of EBV-positive BL. The aetiology of cases lacking its genome in neoplastic cells is poorly understood, but is has been suggested that EBV may use a hit-and-run mechanism in them. EBV supplies a normal B-cell information to survive and grow that are potentially oncogenic (hit). A healthy immune system removes these proto-tumor cells because they express recognized viral antigens3. EBV can avoid elimination of infected cells by inducing epigenetic alterations and silencing of targeted viral genes in the host cell (run) 1,20. These alterations are stable and heritable and would be maintained also after the loss of the virus1,20. Such ability of EBV to manipulate the host machinery to silence its own gene expression and to reshuffle the cellular epigenome resulting in long lasting cellular consequences, can act as a mechanistic framework for the hit-and- run oncogenesis1,20. Accordingly, selection favors a proto-tumor cell that evolves to reduce its dependence on the virus from proliferation and survival by gaining complementary cellular mutations21. In more evolved tumors, the only viral genes expressed are those poorly immunogenic and non-immunogenic (i.e. EBER and viralencoded miRNAs). Unfortunately the standard methods to detect EBV often fail to identify also these non-immunogenic molecules, but if the virus is truly responsible for all BL, all cases should theoretically show some evidence of the infection1. Therefore, the challenge is to devise investigative strategies to prove or exclude hit-and-run oncogenesis5. 

In our study we investigated this possibility by applying conventional and non conventional tools on a series of BL cases. In fact, the main problems with the hit-and-run hypothesis are the absence of proof in natural setting that led to track the fate of an infected cell, and the lack of evidence in primary tumors9. The only data we have concerns in vitro studies. It has been shown that in some cases of episome loss from BL cell lines in tissue culture, fragments of the EBV genome are incorporated into cellular DNA22. Furthermore, in a series of sBL, similar fragments of the EBV genome were found in tumors that by standard criteria (EBER-ISH or EBNA-1 immunohistochemistry) would be classed as virus-negative22.  

The present study adds new evidence to the existing literature demonstrating that the routine methods employed to identify EBV (i.e. immunohistochemistry and EBER-ISH) are disappointing as we identified EBV genome in cases diagnosed as EBNA-1 and EBER negative9,10. We also provide evidence to propose miRNAs detection as the most specific and sensitive tool to identify even EBV vestiges (e.g. EBV exosomes) and diagnose a previous infection in “EBV-negative” patients. According to the hit-and-run hypothesis, our findings support the possibility that EBV might have contributed to lymphomagenesis in our samples by initiating the oncogenic process. Then EBV genome was lost at each cell cycle and no longer detectable by conventional methods, being the tumor under the selective pressure exerted by the immune system. In fact, every population of proliferating EBV-positive cells loses 8% of the viral genomes each cell cycle; after 8 cycles, only 50% of the viral DNA will remain; after 50 cycles, only 1% will persist in the population4,23. The few remaining EBV genome in neoplastic cells would then be responsible for the production of the detected miRNAs. In this regard, selective release and transfer of RNA via exosomes might play a relevant role as recently demonstrated in other settings24. Though our findings do not represent a definitive proof of the presence of EBV inside the neoplastic cells, they highlight for the first time the possibility that EBV might contribute to the development of more cancers than simply those remaining viral genome-positive. In fact, the virus may impact on host cell homeostasis in various ways by interfering with cellular miRNAs expression and by encoding its own genes and miRNAs25. EBV-miRNAs may compete with miRNAs machinery and target cellular genes, thus dysregulating key pathways.  

Whether confirmed on a larger cohort of cases and different tumor types, the current study may further support the rationale for strengthening the effort toward EBV vaccines that could potentially prevent the development of EBV-associated neoplasms independently of the presence or absence of viral genomes in the neoplastic cells, thus affecting the worldwide epidemiology of lymphomas. This is an idea worth considering, and seems to be realistic, because it has been demonstrated that vaccinia against EBV superficial antigens could protect from or delay EBV infection in infants8. 
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Figures legend Figure 1. Immunohistochemical and in situ hybridization findings 

A: EBER-positive case is depicted; B: EBER-negative specimens are shown. Original magnification: 25X 

Figure 2. microRNA expression profiling results and reverse transcription validation  

A: normalized intensity expression values of EBV-encoded miRNA in Burkitt lymphoma cases; expression values of all EBV-encoded miRNA are plotted for each case and are represented by boxes; bars indicate the mean values. B: unsupervised hierarchical clustering of Burkitt lymphoma cases based on the expression of EBV encoded miRNAs; The dendrogram was generated using a hierarchical clustering algorithm based on the average-linkage method. In the matrix, each column represents a sample and each row represents a miRNA. The color scale bar shows the relative miRNA expression changes normalized by the standard deviation (0 is the mean expression level of a given gene). C: unsupervised hierarchical clustering of EBER-negative Burkitt lymphoma cases based on the expression of EBV-encoded miRNAs; The dendrogram was generated using a 

hierarchical clustering algorithm based on the average-linkage method. In the matrix, each column represents a sample and each row represents a miRNA. The color scale bar shows the relative miRNA expression changes normalized by the standard deviation (0 is the mean expression level of a given gene). D: differential expression of EBV-encoded miRNAs in EBER-negative and EBERpositive Burkitt lymphomas versus control samples (lymphoblastic lymphoma) by q-PCR. Expression values are reported on the y-axis. Standard error is indicated by bars. 

Figure 3. Detection of EBV genome by reverse transcription assay 

Serial dilution of Namalwa DNA containing 500,000 to 0,5 copies of EBV genomes were amplified using primer/probe combination specific for EBV EBNA-1 (a) and BamH1 W conserved region (b). The y-intercept corresponds to the number of cycles. The x-intercept corresponds to the copy number of each target expressed in log 10 scale.
Discussion

Approximately 18% of all human cancer have been linked to persistent infections from viruses, batteria, or parasites, offering challenging options for cancer prevention. These proportion vary considerably ranging from 9-10% of the total number of cancer cases in the most developed parts of western countries and 20% of the common cancers observed in developing regions. Epstein-Barr virus, classified as class I carcinogen by WHO for its ability of transforming B-cell, is one of the many factors that can be linked to human malignancies. It is estimated that EBV accounts for more than 200,000 cases of cancer each year and that 1.8% of all cancer deaths are due to EBV. The virus is transmitted from host to host via saliva and it initially replicates in epithelial cells of the oropharynx and infects naïve B cells in the tonsils. After active infection, the virus resides in a latent form with B-cells providing the main cellular reservoir. Latent infection can occur in three forms (latency I, latency II and latency III), each one being marked by a different viral gene expression profile that highlight the different ways of the virus in contributing to carcinogenic processes. EBV may modulate many cellular pathways, sustain both formation and maintenance of human diseases and contribute to the biological aggressiveness of some of the cancers associated with the viral infection. However, the mechanisms by which EBV contributes to the lymphoid malignancies and maintains its latent infection are not well known. Evidences suggest that the chronic inflammatory microenvironment or additional cofactor may promote EBV’s oncogenic functions and regulate the viral gene expression. Evidences of such hypothesis can be observed in Burkitt Lymphoma, the most common germinal center B-cell-derived childhood cancer in sub-Saharan Africa and the first human cancer described to be associated to EBV. In this case, despite the virus usually showed a latency type I as expressing only EBER and EBNA1, by which directly affects the transformation and immortalization of B-cells, a non-canonical latency program not only from cases to cases of BL, but also within the same cases from cell to cells can be seen in several BL samples. This different latency is characterized by a large number of cases expressing LMP1 or LMP2-A/-B in a significant portion of cells along with the expression of lytic genes i.e. BZLF-1/ZEBRA, BHRF-1/Ea-R, BMRF-1/Ea-D. The reactivation of EBV and spreading of the virus out of his niche of memory-B-cells could represent the effect of external factors (i.e. BCR-stimulation, presence of viruses including CMV, HHV-8 and KSHV) (Donati et al. 2006; Chene et al. 2007).) These factors may activate the immune response and induce the virus to adopt alternative mechanism to survive and proliferate. Accordingly, EBV is more frequently reactivated in children living in a malaria endemic region (48 paper ebv bl). Interestingly, in the same BL samples, the analysis of mutational profile showed an inverse correlation between the presence of the virus and the number of mutations at ARID1A, CCNF and RHOA level gene, rarely mutated in sporadic form. Otherwise, genes as MYC, ID3, TCF3, TP53 commonly mutated in the sporadic form, showed a lower number of mutations. This mutually exclusivity may suggest a dual mechanism of transformation, mutual versus microbial driven, where a neoplastic cell, initially addicted by EBV, switches-off viral genes and switches-on cellular mutated genes to survive and proliferate. 

By studying BL samples, we could also identify many differences in terms of cellular and viral miRNAs between positives vs negative EBV samples. Among miRNAs differentially expressed, we studied the EBV-miR-Bart6 considering the importance of some of its target genes such as PTEN, IL-6 and WT1. Although we could not confirm a statistically difference between this two groups regarding WT1, we could demonstrate that EBV-miR-Bart6 directly impact on the expression of PTEN and IL-6 and function as tumor suppressor and signal transducer in EBV-positive BL samples. 

The EBV contribution has been also investigated in Plasmablastic lymphoma, another EBV-related malignancy where the virus is detected in a portion of 70-100% of cells of all cases, but its role remains fully unclear. PBL is characterized by aggressive nature and plasmablastic differentiation (Stein et al., 2008); based on immunohistochemical, molecular and genetic studies is thought to derive from plasmablasts that have undergone somatic hypermutation, class switching recombination and are in the process of becoming plasma cells (Castillo and Reagan, 2010). By investigating miRNAs signature, we observed many differences between PBL cases, where the cellular and viral miRNAs (including EBV-miR-Bart-10, -18, 19) were strong expressed, and the normal counterpart, where these miRNAs were expressed at very low level. In addition, such miRNAs dysregulation impact on host human gene expression and reflects the ability of the virus to interfere with the expression of key genes involved in lipid metabolism and immune surveillance. Moreover, by investigating the viral latency state we observed the expression of a non-canonical latency-associated program characterized by the expression of latency II viral proteins together with BZLF-1, BHRF-1 and BMRF-1 lytic genes. As suggested by literature, these genes may contribute to have pathogenic relevance in the context of both active and depressed immune response activating cellular genes and potentially encoding paracrine factors to promote tumor growth. Interestingly, the expression of these lytic genes could be also seen in a case of PBL arised from a pre-existent plasmacitoma where, more likely, their expression could have induced such transformation.

Finally, we considered another aspect of EBV-induced transformation. It has been postulated that the virus may be causative associated with all of the BL cases by exploiting a mechanism of hit-and-run, including those diagnosed as EBV negative. The basic idea is that EBV can mediate cellular transformation through initial hit and progressively may be lost from of host cells to escape the immune system. However, such hypothesis has never been confirmed or excluded. The lack of evidence in primary tumors together with a low specificity and accuracy of the conventional methods (immunohistochemistry and EBER-ISH) applied to detect the presence of the virus represent the main problems to verify it. Based on that, we aimed to identify the most suitable method to detect EBV infection by analyzing BL specimens through conventional (EBER-ISH, immunohistochemistry) and non-conventional approachs (RT-qPCR, miRNA profiling). Surprisingly, all conventional methods were unable to detect the presence of the virus in BLs samples diagnosed as EBER-negative whereas the miRNA profiling revealed degree of viral products, confirmed by qPCR assay and further supported by the detection of viral genome segments (BamH1 W, EBNA1). These findings point at the possibility that EBV might have contributed to more cancers than simply those remaining viral-genome positive and in the same time propose microRNAs detection as the most specific and sensitive tool to recognize even EBV vestiges (e.g. EBV exosomes). The improving understanding of these conditions along with validation of these data on a larger cohort of patients could offer the hope of manning patients effectively and safely in the future. In addition, whether confirmed in different EBV-associated tumors, our findings may further support the rationale for strengthening the effort toward EBV vaccines that could potentially prevent not only viral-genomes positive cancers, but also clinically virus-negative tumours, thus affecting the worldwide epidemiology of lymphomas. Interestingly, the idea that, using vaccines, one could prevent, in principle, the development of human EBV-associated tumours independently of the presence or absence of viral genomes in the neoplastic cells seems to become realistic considering that a live recombinant vaccinia virus expressing the EBV major membrane antigen could protect against or delay EBV infections in infants and thus reduce the possibility of tumour insurgence. The human healthy could take great benefits from vaccines but additional studies are mandatory to prove their advantages.

Work in progress

Developing strategies to prove or exclude hit-and-run oncogenesis associated with episomal loss remains an interesting challenge. We propose that hit and run-oncogenesis may leave permanent traces through viral miRNAs expression. Based on that and extending our previous work, we will try to confirm the presence of EBV in a large cohort of Burkitt’s lymphoma patients and in other lymphomas including Hodgkin lymphoma, diffuse large B-cell lymphomas, follicular lymphoma and chronic lymphocytic leukemia, in terms of EBV-encoded viral miRNAs and conserved region of viral genome (BAMW H1 and EBNA1). In addition, we also consider the fact that tumour viruses or other carcinogenic agents may exert a short hit or a longer-lasting stimulus that results in the epigenetic reprogramming of the target cell. Indeed, latent infection by oncogenic herpesviruses is regularly associated with epigenetic dysregulation of the target cell genomes. For example, expression of the EBV-encoded oncoprotein LMP1 up-regulated the expression and activity of cellular DNMTs 1, 3a and 3b in vitro, thus resulting in the hypermethylation of the E-cadherin (CDH1) promoter. These epigenetic signatures may be permanently retained even after a traceless elimination of the respective viral genome from an established cancer cell and may be recognized as a footprint of past viral infection. Based on that, with the purpose to further support the hit and run hypothesis, we will also investigate the epigenetic and especially DNA methylation changes in samples initially classified as EBER-negative but in which we detected the presence of viral miRNAs.

Preliminary data: 

By analysing 18 cases of Diffuse Large B-cell lymphoma and 6 cases of Hodgkin’s lymphoma in terms of viral miRNAs (EBV-miR-Bart10, EBV-miR-Bart18, EBV-miR-Bart19) and conserved region of viral genome (BAMW H1, EBNA1) we reported the presence of EBV in few cases of diffuse large B-cell lymphoma (22%) whereas no viral miRNAs or fragments of viral genome were revealed in young adults HL cases we studied. 
	
	miRNAs detection (EBV-miR-Bart10, 18,19)
	BAMW 1H, EBNA1
	Percentage of positive cases 

	Burkitt’s lymphoma
	6/6
	6/6
	100 %

	Hodgkin’s lymphoma
	0/6
	0/6
	0 %

	Diffuse large B-cell lymphoma
	4/18
	4/18
	22 %
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Table 1. Human tumor-associated viruses and viral oncogenic mechanisms.
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