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Highlights:  

- Viruses may cause cancers at early stages, but become dispensable over time to 

preserve its malignant phenotype 

- Tumour viruses may tumour cells to accumulate mutations and proliferate independently 

of viral presence 

- Viruses might be responsible for more cancers than previously thought 

- Vaccination programs might prevent many cancers if the ‘hit and run’ theory is true 
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Abstract 

Background: It is well-known that certain cancers are caused by viruses. However, viral 

oncogenesis is complex and only a small fraction of the infected people develop cancer. Indeed, 

a number of environmental factors can contribute to virally infected cells developing cancer 

hallmarks, promoting tumorigenesis.  

Scope of review: The hit-and-run theory proposes that viruses facilitate the accumulation of 

mutations and promote genomic instability until the virus becomes dispensable for tumour 

maintenance. Indeed, several studies have reported viral genome, episome and/or oncogene loss 

in tumour cells without losing malignant phenotype. 

Major conclusions: The current evidence supports the clear contribution of certain viruses to 

develop cancers. Importantly, the evidence supporting the sustained maintenance of malignancy 

after the loss of viral “presence” is sufficient to support the hit-and-run hypothesis of viral cancer 

development.  Long-term tracking of vaccination outcome over the decades will test this theory. 

General significance: If the hit-and-run theory is true, viruses might cause more cancers than 

previously thought and will have implications in the prevention of many cancers through 

implementing vaccination programs.  

Keywords: virus, oncogene, oncogenesis, viral loss, hit-and-run theory 

Abbreviations: ATL, adult T-cell leukemia; BL, Burkitt’s lymphoma; BKV, BK polyomavirus; EBV, 

Epstein-Barr virus; HBV, Hepatitis B virus; HCC, hepatocellular carcinoma; HCV, Hepatitis C 

virus; HTLV-1, Human T-lymphotropic virus type 1; HD, Hodgkin’s disease; HPV, Human 

papillomavirus; HPyVs, Human polyomaviruses; JCV, JC polyomavirus; KS, Kaposi’s sarcoma; 

KSHV, Kaposi’s sarcoma herpesvirus; MCC, Merkel cell carcinoma; MCD, multicentric 

Castleman’s disease; MCPyV, Merkel cell polyomavirus; NMSC, non-melanoma skin cancer; 

NPCs, nasopharyngeal carcinomas; PEL, primary effusion lymphoma; PLC, primary liver cell 

carcinoma; SCC, squamous cell carcinoma; SV40, Simian virus 40; VZV, Varicella-zoster virus. 
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1. Viruses Associated with Human Cancer 

It is estimated that 15% to 20% of all cancers are associated with viral infections. Indeed, human 

gammaherpesvirus 4 (Epstein-Barr virus, EBV), human gammaherpesvirus 8 (Kaposi’s sarcoma 

herpesvirus, KSHV), hepatitis B virus (HBV), hepacivirus C (Hepatitis C virus, HCV), human T-

cell leukemia virus type 1 (HTLV-1), Merkel cell polyomavirus (MCPyV) and human papillomavirus 

(HPV) are responsible for over 12% of all human cancers. Even though several of these viruses 

play a key role in the development of malignancy, none of them causes cancer in the majority of 

infected individuals. In fact, virus-mediated cancers development occurs in a persistent infection 

context and might appear years to decades after the acute infection.  Viral tumours result from 

the interplay of multiple physiological factors together with a viral infection, including immune 

suppression, specific gene mutation, chronic inflammation and long-term interaction between the 

virus and host (reviewed in (1)). Indeed, a number of cancers are associated with viruses and 

viral oncogenes (Table 1). Viruses associated with human cancers have common features. For 

instance, they are either persistent latent or pseudo-latent infections and have their lytic replication 

reduced or inhibited. Is it possible that viruses might be associated with more cancers than 

previously thought? The hit-and-run theory proposes that viruses have a triggering role in cancer 

formation, where the viral genome can be entirely lost after the host cell accumulates numerous 

mutations (Figure 1). Therefore, relying on the presence of the virus to establish a viral aetiology 

may underestimate the number of cancers driven by a virus, since virus-positive cancers might 

represent only a fraction of all virally driven cancers. It begs the question of whether cancer 

malignancy absolutely requires the persistent infection of these viruses. Here, we aim to provide 

a concise up to date review on the commonly associated cancer-causing viruses. 
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Table 1 – Cancer type and oncogenes associated with viruses 

VIRUS CANCER ONCOGENES WHO/IARC GROUP REFERENCE(S) 

EPSTEIN-BARR VIRUS Lymphoid and epithelial 

tumours, Burkitt’s 

lymphoma, Hodgkin’s 

lymphoma, extranodal NK T-

cell lymphoma, AIDS-

associated lymphomas, 

undifferentiated 

nasopharyngeal carcinoma 

(NPC), gastric carcinoma, 

carcinomas of the salivary 

glands, thymic carcinoma, 

the mesothelial tumour 

leiomyosarcoma, and 

possibly breast carcinoma 

LMP1, LMP2A, LMP2B, 

EBNA1, EBNA2 

1 (2) 

KAPOSI’S SARCOMA 

HERPESVIRUS 

Kaposi’s sarcoma, 

multicentric Castleman 

disease (MCD), primary 

effusion lymphoma (PEL) 

and KSHV-associated 

inflammatory cytokine 

syndrome (KICS) 

LANA-1, vCyclin, vGPCR, 

vBcl-2, vFLIP, vIL-6, 

vIRF3 and K1 

1 (3)  

MERKEL CELL VIRUS Merkel cell carcinoma T antigens, VP1 2A (4) 

BK VIRUS Possibly Prostate and 

urinary tract cancer 

T antigens 2B (5) 



5 
 

JC VIRUS Possibly colon, gastric, brain 

and esophageal cancers 

T antigens 2B (6) 

SIMIAN VIRUS 40 Possibly lymphomas, 

malignant mesothelioma, 

bone and brain tumours 

T antigens 3 (7) 

HEPATITIS B Hepatocellular Carcinoma HBx 1 (8) 

HEPATITIS C Hepatocellular Carcinoma Core, NS3, NS5A 1 (9) 

HPV Cervix, vagina, vulva, anus, 

penis, intraepithelial 

neoplasia and a subset of 

head and neck 

E5, E6, E7 1 (HPV 16, 18, 31, 33, 

35, 39, 45, 51, 52, 56, 

58, 59)/ 2A (HPV 68)/ 

2B (HPV 5, 8, 26, 30, 

34, 53, 66, 67, 69, 70, 

73, 82, 85, 97) 

(10) 

HTLV-1 Adult T-cell leukemia (ATL), 

cutaneous T-cell lymphoma 

Tax 1 (11) 

WHO/IARC group 1: Carcinogenic to humans; WHO/IARC group 2A: Probably carcinogenic to humans; WHO/IARC group 2B: Possibly carcinogenic to humans; 

WHO/IARC group 3: Not classifiable as to its carcinogenicity to humans. 
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1.1. Epstein-Barr virus  

Epstein-Barr virus (EBV), an enveloped double-stranded DNA (dsDNA) virus and 

herpesvirus family member, is the first ever reported human tumour virus. It is estimated that 1.8% 

of all cancer deaths are due to EBV-associated malignancies (12), notably Hodgkin’s disease 

(HD), Burkitt’s lymphoma (BL) and B cell lymphomas. EBV encodes nearly 100 viral proteins, 

among which only five (i.e. oncoproteins) are necessary to transform primary B cells into 

uninterruptedly proliferating lymphoblastoid cell lines (13). 

Primary exposure typically occurs early in life, commonly transmitted by contact with 

respiratory secretions. This promotes access and entry into the oropharynx epithelium, where it 

probably initiates a lytic infection that leads to virus replication resulting in B cell transformation in 

pharyngeal lymphoid tissues. This is succeeded by a latent infection in the memory B cell pool, 

which provides a lifelong source of virus reactivation (14). During the latency stage, EBV persists 

as an episome in the nucleus of lymphocytes, epithelial cells and possibly T cells, natural killer 

cells, monocytes and smooth muscle cells without virion production. Here, its DNA circularizes, 

and a limited number of genes are expressed. This is composed of three different latency 

programs (I, II and III) and the virus expresses a different set of genes depending on its latency 

program (15). However, EBV-driven cancer development is complex and remains unclear despite 

the importance of the infection latency stage and its products in carcinogenesis. EBV latent 

membrane proteins, LMP1 and LMP2, and the Epstein-Barr nuclear antigens, EBNA1, and 

EBNA2, have known carcinogenic activities, though LMP1 and EBNA2 are most commonly 

associated in tumorigenesis (16). 

LMP1 is expressed in latency II/III and is a key oncogenic factor. Indeed, tumour cells 

become more sensitive to chemotherapy after LMP1 inhibition (15). LMP1 stimulates the 

expression of vascular endothelial growth factor (VEGF), which contributes to metastatic and local 

invasion and contributes to immune escape and tumour progression (17). Importantly, LMP1 has 
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been detected in over 80% of nasopharyngeal carcinomas (NPCs), and its presence has been 

shown to promote an immunosuppressive microenvironment (18). LMP1 activates a plethora of 

signalling pathways related to p53-associated cell death inhibition, including nuclear factor-kappa 

B (NF-kB), c-Jun N-terminal kinase/AP-1, bcl-2, A-20 and phosphoinositide 3-kinase (PI3K)/Akt 

pathways (19).  LMP1 can also increase aerobic glycolysis, a common cancer cell energy source, 

which contributes to increased cell proliferation (17). LMP1 also promotes cell survival by 

enhancing anti-apoptotic proteins expression (e.g. survivin and Mcl-1) and inactivating pro-

apoptotic proteins (e.g. Bad and Foxo3a) (20). Contribution of LMP2 to tumour progression is also 

well-described (21). The expression of Bcl-xL, an anti-apoptotic protein family member, and the 

activation of the Ras/PI3K/Akt pathways are increased by LMP2 resulting in enhanced cell 

survival. LMP2 also stimulates cell cycle progression by downregulating p27, a cyclin dependent 

kinase inhibitor (19). LMP2 is also known to play a role in the migratory and invasive capabilities 

in NPCs (22). LMP2 blocks the shift to lytic infection, thereby preserving its latency state. It allows 

infected B cells to evade apoptosis by mimicking an activated B cell receptor (BCR) (23). 

EBNA1 is expressed in all three latency stages and is responsible for viral DNA replication 

and integration into the host cell genome allowing virus persistency. It is the only protein found to 

be expressed in all EBV-related tumours (21). EBNA1 increases the ability of B cell transformation 

and can regulate anti-apoptotic activity, possibly by enhancing survivin expression and reducing 

p53 and Mdm2 expression (24). On the other hand, EBNA2 is expressed in latency stages II and 

III and is one of the first viral proteins produced during an EBV infection (25). EBNA2 is also 

important for EBV-mediated B cell transformation by activating the required viral and cellular gene 

transcription programs (15). Additionally, it further upregulates the expression of viral membrane 

proteins, LMP1 and LMP2 (23). 

1.1.1. EBV and carcinogenesis – A hit-and-run affair?  
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In the hit-and-run theory, it is thought that the virus starts the process of cancer formation 

(the ‘hit’) but as mutations are accumulated over time by through carcinogenesis, the need for the 

viral genes is no longer there and so they are lost (the ‘run’). It is known that the EBV genome is 

preserved in multiple episomal copies within an infected cell in a latent stage. BL EBV-positive 

cell lines usually contain from 10 to 100 viral episomes per cell (26). In vitro studies have shown 

that EBV episomes are lost in the absence of selective pressure for its preservation (27). Though 

cells overexpressing EBNA1 under antibiotic selection will replicate, without this selection, cells 

lose the episome in each cell cycle until the virus is eliminated. However, the loss of EBV does 

not affect the malignant cell phenotype. Loss of EBNA1 expression in BL cells after cloning in soft 

agar has been reported, without loss of tumorigenic phenotype (28). Furthermore, the complete 

and spontaneous loss of EBV episome in a BL cell line, Mutu, did not compromise its tumorigenic 

phenotype (26). Indeed, fragments of EBV DNA have been found to be integrated into the host 

genome and in EBNA1-negative BL tumours lacking viral episomes (26). Gastric carcinoma and 

NPC cells grown in tissue culture commonly lose viral episome during passaging probably due to 

the loss of EBNA1, which is essential for the maintenance of the viral episome (29). 

Weiss et al. (30) first documented EBV association with HD, and documented numerous 

HD tissues carrying EBV genomes. Two independent studies have reported a case of loss of EBV 

at relapse in HD, where EBV DNA, EBV-specific RNAs (EBER), LMP-1, and EBNA proteins were 

detected in the initial tumour, but were not detected in the relapse of the tumour (31, 32). Loss of 

EBV did not affect the pathological features or behaviour of the tumour, suggesting that EBV is 

not necessary for tumorigenic phenotype maintenance. In contrast to EBV loss seen in BL, where 

viral DNA integration in the cellular genome was observed (26), fragments of the viral genome 

were not detected in HD (33). These cases, where no evidence of DNA is left behind, might justify 

EBV-negative cases. These findings suggest that EBV has an initial role for tumorigenesis, but 

that viral DNA may be lost during malignant progression (27). In addition, cells which have 
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spontaneously lost the viral episome and preserved the malignant phenotype may have an 

advantage due to its capability to avoid immune surveillance (33).  

Overall, there are evidences that tumour cells preserve their malignant phenotype even 

after losing EBV. These observations support the hypothesis that EBV may use a hit-and-run 

mechanism in tumorigenesis. 

1.2. Kaposi’s sarcoma herpesvirus  

In 1872, Moritz Kaposi reported five cases of a rare cutaneous malignant tumour on the 

feet, and the term “Kaposi’s sarcoma” (KS) was designated in 1895. But it was only in 1994 that 

Chang and Moore (34), using a PCR-based technique, isolated unique sequences from KS 

lesions in acquired immunodeficiency syndrome (AIDS) patients and identified the causative 

agent of KS, human herpesvirus 8 (HHV8) (also known as KS-associated herpesvirus (KSHV)). 

KSHV is a member of the γ-herpesvirus family and has a linear double-stranded DNA genome, 

enveloped in a lipid bilayer containing glycoproteins. KSHV is also aetiologically associated with 

two B cell lymphoproliferative conditions; primary effusion lymphoma (PEL) and multicentric 

Castleman’s disease (MCD) (3). Moreover, KSHV has been linked to other lymphomas and 

diseases, including BL, angioimmunoblastic lymphoma, multiple myeloma, angiosarcomas, 

germinotropic lymphoproliferative disorder, primary pulmonary hypertension, and malignant skin 

tumours. Current evidence suggests that KSHV is transmitted mostly by saliva, and typically 

occurs during childhood (35), where KSHV is transmitted from mother to child and among siblings. 

Together with the high prevalence of Kaposi’s sarcoma in human immunodeficiency virus 

(HIV)/AIDS patients (34), KSHV is sexually transmitted and can be found in semen. There is also 

a potential for transmission by blood or blood products, solid organ transplantation and drug 

injection (36). 
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KSHV enters cells mainly via the endocytic pathway. During entry, innate immune sensors 

activate an antiviral response allowing the virus to enter into the latency phase.  KSHV has been 

detected in endothelial, epithelial, B cells, and monocytes in vivo (37), whilst, it can infect a wider 

range of cells in vitro (B cells, fibroblasts, keratinocytes, monocytes, and plasmacytoid dendritic 

cells) (38). Like other members of the γ-herpesvirus family, KSHV life cycle is divided into two 

infection phases, the lytic and latent phase (39). During latency, KSHV upregulates many cellular 

proteins and viral oncogenes, including latency-associated nuclear antigen (LANA), viral cyclin 

(vCyclin), viral G protein-coupled receptor (vGPCR), viral B-cell lymphoma 2 (vBcl-2), viral FLICE 

inhibitory protein (vFLIP), viral Interleukin-6 (vIL-6), viral interferon regulatory factor 7 (vIRF3), 

and K1 (40). One exclusive characteristic of KSHV is its ability to express viral oncogenes 

homologous to that of host cellular proteins (e.g. vGPCR, vCyclin, IL-6, vBcl-2 and vIRFs), to fulfil 

its host immune evasion properties. 

1.2.1. KSHV and carcinogenesis – A hit-and-run affair? 

KSHV genome loss in KS cell lines have been reported after several passages in vitro, 

suggesting that KSHV episome is not stable in KS cells and that growth can be maintained 

independently of KSHV (41-43). vCyclin hyper phosphorylates checkpoint molecules, such as 

retinoblastoma protein (RB), in infected cell lines, consequently inactivating these molecules and 

deregulating the host cell cycle machinery (44). vCyclin expression is highly expressed in 

advanced KSs (45). Kennedy et al. (44) found that vCyclin transcription was higher in early stages 

of KS. Importantly, using an in vivo Cre-lox model to promote virus-infected cell transformation, 

viral genome absence was reported in almost all emerged virus-driven tumours (46), supporting 

the hit-and-run theory.  

1.3. Human polyomavirus 5 (Merkel Cell Polyomavirus) 
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Human polyomaviruses (HPyVs) are small non-enveloped, icosahedral viruses and have a 

circular double-stranded DNA genome. Ludwig Gross discovered the first polyomavirus while 

studying leukemia induced by a murine leukemia virus (47). The second polyomavirus to be 

identified was Macaca mulatta polyomavirus 1 (Simian virus 40, SV40) in a monkey kidney cell 

culture used for a poliovirus vaccine study (48). In 1971, the Human polyomavirus 1 (BK 

polyomavirus, BKV) was isolated from a renal transplant patient urine sample (49). On the other 

hand, human polyomavirus 2 (JC polyomavirus, JCV) was isolated from a progressive multifocal 

leukoencephalopathy patient brain biopsy sample (50). In 2008, a new polyomavirus was 

identified to be associated with Merkel cell carcinoma (MCC), a rare malignancy of cutaneous 

neuroendocrine cells, so-called Human polyomavirus 5 (MCPyV) (51). Since the discovery of 

mouse polyomaviruses (MuPyV) in 1953, polyomaviruses have been associated as potential 

aetiologic agents in several human cancers. Indeed, studies show that 69 to 85% of MCC tumours 

presented MCPyV DNA (52). MCPyV transmission occurs in early childhood via respiratory, fecal-

oral or cutaneous routes, culminating in asymptomatic primary infection. The virus is preserved 

as an encapsidated virion mostly in the skin as part of the normal microbiota. The virus can 

reactivate as a result of UV radiation, immune system suppression, AIDS, or natural aging (53). 

1.3.1. MCPyV and carcinogenesis – A hit-and-run affair? 

It is known that MCPyV is present prior to clonal expansion of tumour cells and that the virus 

is neither a passenger nor an incidental infection. Numerous studies have reported that between 

15% to 30% of MCC patients had no detectable MCPyV DNA in tumour biopsies (52). 

Interestingly, 23% of MCC patients negative for MCPyV DNA were seropositive for antibodies 

against MCV viral protein, VP1 (4). This suggests that MCPyV may be important for early cancer 

initiation, but not for malignant phenotype preservation in some MCC patients. It has been 

proposed that there exist two different subgroups of MCC (54). The first group is a less aggressive 

type linked to MCPyV infection and is presented with a high viral load, the presence of the T 
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antigen in the tumour site and high anti-MCPyV antibody titres. The T antigen is the major MCPyV 

oncogene that mediates tumour development. The more aggressive type, however, is not linked 

to MCPyV infection and is characterised with low MCPyV copy number per cell, lack of the T 

antigen and low MCPyV antibody levels. It is reasonable to hypothesise that the loss of viral 

oncogene addiction is the first step for the hit-and-run mechanism, where the virus infection 

stimulates cell transformation, but some transformed cells can overcome the virus loss by 

accumulating mutations and become more aggressive. Indeed, knockdown of the T antigen had 

no effect on the growth of the MCPyV-positive cell line, LoKe (55). This cell line may have acquired 

additional mutations, thereby permitting cells to continue growing without the need of the T 

antigen. Alternatively, MCPyV could be required for early tumour development and as the tumour 

progresses, additional genomic aberrations contribute to the loss of MCPyV.  

1.4. Hepatitis viruses 

Hepatitis B virus (HBV) is a small partially double-stranded DNA virus belonging to the 

Hepadnaviridae family. HBV transmission occurs through blood or body fluid contact during 

sexual intercourse and could also be vertically transmitted from mother to child. Though HBV 

persists as an episome in the infected cell, viral DNA integration into the host genome is not 

crucial for its life cycle (56). HBV is the causative agent for acute and chronic hepatitis and 

hepatocellular carcinoma (HCC). 

1.4.1. Hepatitis B and C Virus and malignancies – A hit-and-run affair? 

A model, developed by Hessein et al. (57), could explain how the virus acts in a hit-and-run 

fashion. The model suggests this happens through the acquisition and loss of HBV-DNA 

integrations during the tumour formation. In this model, progressive HBV DNA integration in the 

host cell followed by allele loss in clonally related regenerative nodules was observed in different 

liver segments. Genetic instability in HBV DNA during HCC development has been reported, 
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possibly due to viral DNA integration near a fragile site (specific chromosomal loci that is 

vulnerable to breakage) (58). In such cases, the persistence of the viral genome would be 

achieved through integration in stronger sites (regions not susceptible to breakage). Indeed, the 

viral allelic loss is more frequent in some chromosomes than in others (59). Though HBV is shown 

to be crucial for initiating the malignant transformation in primary liver cell carcinoma (PLC), it may 

not be essential for maintaining its malignant state. HBV DNA have not been detected tumours of 

most PLC cases (60) and in about 50% of hepatitis B viral protein (HBe)-positive patients with 

hepatoma and 11% of anti-HBe antibody-positive patients (61). HBV DNA integration detected in 

some PLC patients represents a possible preceding integration, which was expanded during 

clonal growth of tumour cells (61).  

Hepatitis B or C (HCV) chronic infection is the main risk factor for HCC development (62). 

Hepatitis C virus, a member of the Flaviviridae family, is a single-stranded RNA enveloped virus. 

Although HCV RNA failed to be detected in HCV-associated hepatocellular carcinoma (HCC), it 

is highly detectable in non-cancerous liver cells (63, 64). Taking into account that HCV is known 

to promote genomic mutations, it is possible that HCV-induced tumour formation could occur via 

hit-and-run mechanism, where the transformed cell accumulates mutations and no longer require 

the viral oncogenes. 

1.5. Human papillomavirus  

Human papillomavirus (HPV) is a non-enveloped virus with a double-stranded DNA 

belonging to the Papillomaviridae family, which includes 16 different genera. Of these there are 

five major genera, alpha, beta, gamma, mu and nu. The genus Alphapapillomavirus is associated 

with mucosal tumour development in humans, while Betapapillomavirus is associated with 

cutaneous tumour. The genus beta was initially associated with skin cancer when HPV 5 and 8 

were isolated in patients with an autosomal recessive disorder, called epidermodysplasia 

verruciformis (EV), which provides high susceptibility to beta HPV infection and, consequently, 
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non-melanoma skin cancer (NMSC) development (65). HPV is broadly divided into two groups; 

low and the high-risk HPV types. Over 200 types have been described based on their capsid 

protein L1; however, only the mucosal high-risk HPV types have been clearly linked to 

oncogenesis. Indeed, high-risk HPVs are associated with intraepithelial neoplasias, head and 

neck, cervical, anogenital cancers (10) and possibly breast cancer (66). HPV oncogenes 

associated with cellular transformation are E5, E6 and E7 (67). HPV is transmitted by contact 

within infected areas when the virus gains access to the basal epithelial layer through micro-lesion 

of the skin or mucosa and enters the cell through a cell surface receptor. HPV can persist as an 

episome, depending on the host cell replication for encoding important genes for the HPV life 

cycle. In this stage, the expression of E6 and E7 is necessary to maintain the cell being mitotically 

active; moreover, E1, E2, E4 and E5 gene expression promote the amplification of HPV (68). 

When the virus enters the basal epithelial layer, it activates the late viral genes leading to capsid 

protein formation and viral DNA replication. Once the viral particle is produced, the particles are 

released, exposing other cells to a possible infection. During the normal viral life cycle, HPV 

replicates extrachromosomally, but eventually integrates into the host genome in the E1/E2 

region, which together with hypermethylation mechanisms might disrupt the E2 gene (68), which 

has a role for down-regulating E6 and E7 oncogenes. This leads to E6 and E7 overexpression 

and consequently the ability to progress to cancer. The changes caused by the virus integration 

might eventually cause genomic instability due to cell cycle disruption. 

1.5.1. HPV and carcinogenesis – A hit-and-run affair? 

It was long believed that HPV cancers are “oncogene addicted”. That is the expression of 

E6 and E7 is always required for these cells to grow. Indeed, this has been shown for cervical 

and head and neck cancers (69). However, it has long been speculated that this might not always 

be the case for all HPV cancers and that a “hit-and-run” event might be occurring. The idea is that 

E6 and E7 oncogenes start the process of cancer formation but as mutations are accumulated 
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over time through carcinogenesis, the need for the viral genes is no longer there and so they are 

lost. This was thought to explain the presence of HPV DNA in a range of other cancers such as 

breast cancer and prostate cancer (70, 71). Indeed, no HPV DNA sequences were detected in 

two out of eleven high-risk HPV 18-induced transformed cell lines, but these cells maintained the 

ability to induce tumour growth in mice after transplantation (72). In another study, higher HPV 

genome copy numbers were detected in pre-malignant actinic keratosis lesion rather than in 

malignant squamous cell carcinoma (SCC) lesions (73). Hasche et al. (75) used the mouse 

papillomavirus 1 (MnPV1)/mouse model to study the role of cutaneous papillomaviruses in NMSC 

development. This model simulates UV-induced NMSC formation in humans and the results 

demonstrated that MnPV1-positive mice exposed to UV developed frequently more skin tumours 

than virus-free mice exposed to UV or MnPV1-positive unirradiated mice. Importantly, seminal 

work by Viarisio et al. (76) have shown that an accumulation of UV-induced mutations are 

promoted when transgenic mice expressing β-HPV type 38 E6 and E7 oncogenes are exposed 

to chronic UV irradiation. Consequently, the mice develop severe skin lesions; whereas, the wild-

type mice exposed to the same UV radiation do not develop pre-malignant lesions. These findings 

indicate that HPV have an initial role in tumour formation, promoting cellular transformation and 

may be dispensable for preserve the transforming state after full establishment of non-melanoma 

skin cancer.  

1.6. Human T cell lymphotropic virus type 1 and malignancies – A hit-and-run affair? 

Human T-cell leukemia virus type 1 (HTLV-1) is a single-stranded RNA retrovirus, which 

causes adult T-cell leukemia (ATL) and tropical spastic paraparesis/HTLV-associated myelopathy  

(77). It mainly infects T lymphocytes, but it also infects B lymphocytes, endothelial cells, myeloid 

cells, fibroblast, dendritic cells, plasmacytoid dendritic cells and monocytes (78, 79). Virus 

transmission occurs vertically, from mother to child through breast milk, and infected T cells in 

blood and semen (80). HTLV-1 encodes the oncoprotein Tax, which plays a central role in the T-
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cell transformation. Tax is crucial for HTLV-1 replication and gene expression (80). Many cellular 

and viral genes are regulated by Tax, some resulting in growth and cell cycle control disruption 

(81). Loss of Tax gene in ATL patients have been reported (82, 83). It is possible that Tax is 

playing a role in the initial stages of cell proliferation and immortalization and that only infected 

cells that escape the immune system are maintained and can accumulate additional genetic 

alterations to result in acute ATL. For this purpose, the Tax expression loss allows ATL cells to 

survive via a possible hit-and-run mechanism since it permits the cell to escape from cytotoxic T-

lymphocytes (84). 

1.7. Other cancer-causing viruses – Possible hit-and-run mechanisms? 

1.7.1. Human polyomaviruses 

Among all polyomaviruses, only MCPyV is clearly associated with oncogenesis and having a 

putative role in the onset of carcinogenesis. Though there is little evidence to prove the 

association of Human polyomavirus 1 (BKV) and Human polyomavirus 2 (JCV) with human 

cancers, in vitro and in vivo investigations have reported that both polyomaviruses direct promote 

tumour formation via persistent expression of T-antigen oncoproteins (85). As a result of sufficient 

evidence in animals and the difficulty in replicate in humans to prove their direct role in human 

cancers, they were classified as possibly carcinogenic to human (group 2B) by the International 

Agency for Research on Cancer (86). 

1.7.1.1. Human polyomavirus 1 (BKV) 

BKV primary infection is asymptomatic and it is during primary infection that the virus 

disseminates to various organs, especially the kidney, where it is maintained in a latent state (87). 

There are two BKV proteins associated with oncogenesis: the small t antigen (tag) and the large 

T antigen (Tag). Tag binds and blocks the functions of tumour suppressor proteins, p53 protein 

and RB, while tag cooperates with Tag and inactivates the protein phosphatase 2A (PP2A), 
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another tumour suppressor protein (87). BKV oncogenicity is also associated with its ability to 

cause chromosomal damage (88). Tognon et al (87) hypothesized that low viral load and low 

reported cases of BKV Tag-positive cells in human tumours are justified for the hit-and-run 

mechanism, by which BKV stimulates chromosomal mutations in the cells. Once chromosomal 

aberrations are consolidated in host cells, the viral sequence might be dispensable to preserve 

the malignant phenotype. There is evidence that viral DNA and viral products are present in the 

prostate pre-cancerous lesion. It is also speculated that BKV has a co-factorial role in prostate 

cancer development, where the virus could promote cancer development in the initial phase, and 

then, disappear or act as a bystander, which explains the sporadic virus detection in advanced 

tumours (89). 

1.7.1.2. Human polyomavirus 2 (JCV) 

JCV is the opportunistic aetiologic agent of progressive multifocal leukoencephalopathy. It 

was speculated that approximately 80% of the human population are infected with both JCV and 

BKV in early childhood and may establish a subacute chronic infection in the kidney (6). 

Additionally, several others have proposed that JCV could be associated with human 

malignancies as a consequence of the transforming potential of Tag (6, 90). Furthermore, the 

presence of JCV DNA have been detected in colon, gastric, brain and esophageal cancers (91-

93). Importantly, numerous studies have proposed that colorectal cancer could be associated with 

JCV infection (94). JCV Tag expression loss was reported in a neuroectodermal tumour cell line 

after several passages in vitro, and the oncogenic phenotype preserved (6, 95, 96). Furthermore, 

the detection of viral DNA is higher than Tag expression in the central nervous system and colonic 

tumours, possibly as a result of the loss of viral genome sequences in advanced tumours. 

Evidence of extensive Tag expression in the initial stage of carcinogenesis rather than in already 

established tumours supports this hypothesis (96). Therefore, Tag may be necessary in the early 

stages of tumorigenesis, promoting genetic mutations, cell-cycle shifts, and chromosomal 
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instability; these modifications in the cell might promote the deletion of the viral DNA and T-

antigen. The presence of JCV DNA has been reported in colorectal adenocarcinomas but was 

absent in normal surrounding tissue (97). Moreover, JCV DNA detection was significantly higher 

in poorly/moderately differentiated adenocarcinoma than in polyps in advanced stages of 

tumorigenesis. This finding suggests that JCV is important in early phases of tumorigenesis and 

is associated with premalignant lesions. 

1.7.2. Macaca mulatta polyomavirus 1 (Simian Virus 40) 

Simian Virus 40 (SV40) can infect and replicate in humans, even though it is a natural 

monkey virus. SV40 has a tropism for the gastrointestinal tract. Notably, SV40 is suggested to be 

an oncogenic virus. Indeed, several studies have reported the SV40 transforming potential in vitro 

and its ability to induce tumours in hamsters (98). Moreover, SV40 have been identified in human 

tumours, such as lymphomas, malignant mesothelioma, bone and brain tumours (86). However, 

given the lack of evidence that SV40 naturally infects human and that it is transmitted from human 

to human, SV40 is classified as non-carcinogenic to humans (group 3). The role of SV40 in some 

tumours have been explored. In fact, it is suggested that this virus acts as a cofactor in 

tumorigenesis (7). SV40 T antigen, Tag, loss after passages in vitro have been reported (96, 99). 

Likewise, transformed cells losing Tag expression over time have been documented in transgenic 

mice (100, 101). It is possible that SV40 viral replication is not necessary for tumour preservation, 

the entire viral genome is often eliminated. However, in some cases, SV40 episomal DNA may 

persist (96, 102). 

1.7.3. Adenovirus 

Adenovirus, a member of the Adenoviridae family, is a non-enveloped double-stranded 

DNA. This virus is linked with a variety of clinical disorders in humans. With over 50 distinct 

serotypes, a portion of them have been reported to promote tumour transformation (103). The 
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persistent expression of adenovirus early proteins, E1A and E1B, transform cells into an 

oncogenic phenotype. These oncoproteins are known to inactivate RB and p53 (103). The 

complete loss of integrated adenovirus DNA after numerous passages in vitro have been reported 

and the oncogenic phenotype was not affected as it continues to induce tumours into hamsters 

after reinjection (104-106). Furthermore, adenovirus E1A proteins have been reported to 

associate with cytomegalovirus IE1 and IE2 proteins to promote oncogenic transformation in 

primary rat cells (107). Cytomegalovirus DNA loss occurred after oncogenic progression. 

Additionally, the presence of these oncoproteins are temporary during tumour development since 

mutations are accumulated in the host cell, and the continued accumulation of mutation impairs 

cell survival. 

1.7.4. Human alphaherpesvirus 3 (Varicella-zoster Virus) 

Varicella-zoster virus (VZV), a double-stranded DNA α-herpesvirus, is the etiological agent 

of generalized vesicular skin rash (varicella), and localized dermatomal skin rash (herpes zoster). 

Even though herpes zoster is associated with cancer mostly in immunosuppressed patients, 

numerous population-based studies have proposed that VZV infection increases cancer risk (108, 

109). Moreover, it has been demonstrated that VZV can promote mammalian cell transformation 

in vitro (110, 111). Gelb and Dohner (112) demonstrated that VZV is present at an early stage 

and induces in vitro cell transformation; even so, transformed cells do not exhibit virus DNA traces 

after transformation, supporting the hit-and-run theory. 

2. Discussion 

In this review, we have presented an up to date summary of the evidence on viruses’ 

association with various cancer types. Many viruses, such as Epstein-Barr virus, Merkel Cell 

Virus, and HPV, to name a few, were found to closely associate with a number of cancer types. 

However, the majority of the available data has analysed causality based on the presence of the 
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virus, or its genetic material, in the sampled tumours. While this approach is a great tool as a 

starting point to identify possible links, it does not take into account the early stages of 

tumorigenesis, nor the possibility of loss of the viral genetic material during the development of 

the tumour. Although some cancers were found to be addicted to the continued expression of viral 

oncogenes, this might not be the case for all virally initiated cancers. Here, we hypothesize that 

the absence of viral genes from the tumour does not necessarily exclude the viral aetiology. The 

hit-and-run theory suggests that the viruses have a triggering role in the cancer formation, and 

the viral genome can be entirely lost after the host cell accumulates numerous mutations (Figure 

1). If this mechanism occurs, it would imply that many cancers not associated with viruses might, 

in fact, have arisen firstly as virus-positive cancers that have lost viral DNA. If this is true, a 

transitional genotype would be detected, where both virus and key mutations are detectable. 

A recent Pan-Cancer Analysis of Whole Genomes (PCAWG) Consortium studied the viral 

load of 2,658 cancers and identified more virus-positive samples than previously reported, 

suggesting that currently implemented methods may be insufficient for detecting viral traces (113). 

The analysis also revealed a transitional stage during which the tumour loses dependency on the 

viral oncogenes by implementing driver mutations within the host cells’ genome, such as p53 and 

PIK3CA. This was evident by the presence of three subgroups of carcinogenesis; viral, genomic 

mutations, and a combination of both, resembling the ‘transitional’ state. In this proposed 

‘transitional’ stage, the presence of a virus will result in the accumulation of mutations in the host 

cell caused by the cell’s natural defence mechanism. This may be driven by the instability of the 

integrated viral genes and the documented significant abundance of T-cell and M1 macrophage 

expression (113), which will aggressively attempt to expel foreign viral nucleic acids. The result 

of this transformation is the loss of tumour dependency on the viral oncogenes to survive. 

However, the rate of this transformation may be diverse based on the infection location and the 

integrated viral genes among other factors. Hence, the transformation in some cancer types, for 
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instance HPV-positive cervical cancers, may require a longer period than practically possible to 

detect, while other, such as HPV-positive head and neck cancers, which occur on regions of high 

mutagenic load and environmental exposure, are more prone to malignant transformation. More 

studies are required to further understand the possible roles of viruses in the establishment and 

progression of cancers.  

The difficulty to prove that the virus contributed to the tumour development and then 

disappeared is notable. Though, to test this theory, it is necessary to monitor the outcomes of 

national vaccination campaigns against viruses. Furthermore, the development of reliable models 

using gene editing tools in vivo (e.g. CRISPR, Cre-Lox recombination, TALENs and ZFN) to delete 

viral oncogenes and evaluate the progression of tumour growth would aid to test this theory, as 

supported by Viarisio et al. (2018) study (76). Ultimately, we might be underestimating the tumour 

virus burden and if this theory is proven true. It would significantly contribute to our understanding 

of viruses and cancer association and will have momentous implications in the early detection, 

prophylaxis and therapy of many cancer types. 
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Figure legends 

Figure 1 Schematic representation of how viruses might contribute to human 

carcinogenesis through hit-and-run mechanism. 

 

  


