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Abstract: Cancer is a leading cause of human deaths worldwide. Besides inherited genetic disorders, a diverse range of 

physical, chemical and biological agents may induce cancer. About 15-20% of cancers are known to be originated due to 

pathogens. Viruses are considered to be the second (after smoking) most important risk factor in inducing human cancer. Viruses 

may either harbour a copy of oncogene or have an ability to alter the expression of cellular copy of the oncogenes. Both RNA and 

DNA viruses are can induce oncogenesis. Most of the DNA tumour viruses either integrate their genome (complete or part of it) 

into the host genome or express early genes that are required for early event of virus replication. These early genes are 

responsible for oncogenic transformation of host cells. Based upon the mechanism involved, oncogenic RNA viruses are divided 

into two groups-transforming and non-transforming RNA viruses. Transforming RNA viruses carry viral oncogenes that are 

homologous to the host oncogene, their expression in infected cells results in oncogenic transformation of the cell. 

Non-transforming RNA viruses induce oncogenesis similar to the DNA viruses. Contrary, oncolytic viruses selectively replicate 

in cancerous cells and induce cell death without any damage to the normal tissues. Typically, oncolytic viruses are nonpathogenic 

to humans that can naturally replicate in cancer cells by exploiting oncogenic cell signalling pathways. Pathogenic viruses can 

also be genetically manipulated which allow them to replicate in cancerous but not in normal cells. This review review describes 

the molecular mechanisms associated with virus induced oncogenesis and oncolysis. 
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1. Introduction 

Cancer or oncogenesis is referred to as unrestrained growth 

of the cells. It is a multi-step process which is usually initiated 

by mutations in protein-encoding genes that regulate cell 

division. As a result of these mutations, the cancer cells 

acquire a selective advantage to multiply more rapidly than 

the normal cells. When such tumour cells remain at their 

original location, they are considered benign. They are 

referred to as malignant if they become invasive/spread from 

their primary site to a different or secondary site (metastasize) 

within the host's body, where new tumours may form [1]. Out 

of approximately 35,000 protein-coding genes in the human 

genome, only a small number are associated with cancer. 

These genes which regulate biological changes in 

transforming cells can be broadly classified into two groups 

namely, growth stimulatory genes (proto-oncogenes), and 

growth inhibitory genes (anti-oncogenes or tumour suppresser 

genes) [2]. 

The mutated forms of proto-oncogenes which cause cancer 

are called oncogenes. The mutations in proto-oncogenes 

always remain in dominant form, therefore, only one copy of 

the gene needs to be mutated in inducing cancer [3]. There are 

numerous cellular genes which serve as targets for 
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oncogenesis, following viral infection. For example, (i) Akt 

signalling pathway-associated oncogenes such as Akt and 

PI3K regulate cell survival by maintaining cytoskeleton 

integrity and evasion of apoptosis [4]. (ii) Cell cycle control 

related oncogenes such as Cyclin and Cdk are associated with 

advancement of cell cycles from G1 to S/ M phase [5]. (iii) 

MAPK signalling pathway related genes such as Ras, RTK, 

Mos, p38, Myc and Fos/Jun regulate cell proliferation and 

growth [6]. 

Tumour suppressor genes encode proteins which impair 

cell divsion or induce apoptosis or programmed cell death. 

Mutations in tumour suppressor genes are always recessive. 

Therefore, mutation in both the copies of the gene is required 

for functional inhibition [7]. Two tumour suppresser genes are 

known to be directly linked with viral induced oncogenesis (i) 

Retinoblastoma (RB), which is associated with cell cycle 

control by binding with E2F transcription factor and (ii) p53 

which is associated with apoptosis [8]. 

The basic cause of cancers is environmental exposure to 

carcinogens such as cigarette smoking, exposure to 

UV/nuclear rays, ethidium-bromide, aluminium, arsenic, 

radon, lead, titanium dioxide, cobalt, tungsten carbide, indium 

phosphide and welding/mining fumes [9]. A minority of 

cancers also results due to inherited genetic mutations. 

Infections with certain viruses, bacteria, and parasites have 

also been recognized as risk factors for several types of cancer 

in humans/animals. 

About 15-20% of cancers are known to be originated due to 

pathogens [10]. Both RNA and DNA viruses are associated 

with cancers. Viruses are considered to be the second (after 

smoking) most important risk factor in inducing human cancer. 

Viruses which are involved in oncogenesis either have a copy 

of one of these genes or may have an ability to alter 

expression of cellular copy of these oncogenes. In 1908, Oluf 

Bang and Vilhelm Ellerman were the first to show that avian 

erythroblastosis (a form of chicken leukemia) is transmitted 

by cell-free extracts, which was subsequently confirmed for 

solid tumours in chickens in 1910-1911 [11]. During early 

1950s, there were evidences that viruses could incorporate or 

remove genetic material in cells [12]. The new genes acquired 

from the viruses could make the cell cancerous. Many of these 

viral oncogenes have been investigated and shown to induce 

cancer [12]. 

Virus-induced tumours can be divided into two classes; 

acute or slowly transforming. In acutely transforming viruses, 

the viral particles carry a gene that encodes for an overactive 

oncogene called viral-oncogene (v-onc), and the infected cell 

is transformed as soon as v-onc is expressed [13]. In contrast, 

in slowly transforming viruses, the integration of viral 

genome near a proto-oncogene in the host genome is 

obligatory [14]. The viral promoter or other transcription 

regulation elements in turn cause over expression of that 

proto-oncogene, which in turn induces uncontrolled cellular 

proliferation. Since viral genome insertion is not specific to 

proto-oncogenes and the chance of insertion near that 

proto-oncogene is low, slowly transforming viruses have a 

very long tumour latency compared to acutely transforming 

viruses [13]. Advances in cancer research lead to 

development of anti-cancer vaccine. HPV was the first 

vaccine to be developed to prevent hepatocellular carcinoma 

[15]. Later on, in 2006 U.S. Food and Drug Administration 

approved a human papilloma virus vaccine (Gardasil) which 

protected against four HPV types which cause cervical 

cancers and genital warts [15]. 

2. Oncogenic DNA Viruses 

Following infection, most of the DNA tumour viruses 

either integrate their genome (complete or part of it) into the 

host genome or express early genes that are required for early 

event of virus replication. These early genes are responsible 

for oncogenic transformation of host cells by diverse 

mechanisms (Table 1) explained below. 

Table 1. Oncogenic DNA viruses. 

Virus family Virus Animal species Tumour References 

Papillomaviridae 

Bovine papilloma virus 4 (BPV-4) Cattle Cancer of the upper gastrointestinal tract 

[16, 17] 

BPV-16 Human Cancer of the upper gastrointestinal tract 

BPV-1/2/4 Cattle Cancer of the urinary bladder 

HPV-16/18 Human Cancer of the genital tract 

HPV-16/5 Rabbit Skin carcinoma 

Polyomaviridae 

Simian Viruses 40 Rodents and Human 
Brain tumours, bone tumours, mesotheliomas, and 

non-Hodgkin's lymphomas 

[18, 19] 

Mouse polyomavirus Mice and hamsters Leukaemia 

Human polyomavirus 6 Human 
HPyV6 associated pruritic and dyskeratotic 

dermatosis (H6PD) 

Human polyomavirus 7 Human HPyV7-related epithelial hyperplasia 

Merkel cell polyomavirus Human Merkel cell cancer 

BK polyomavirus Human Nephropathy; haemorrhagic cystitis 

JC polyomavirus Human Progressive multifocal leukoencephalopathy 

Herpesviridae 

Epstein-Barr virus (Human herpes 

virus 4) 
Human 

Burkitt's lymphoma, Nasopharyngeal cancer, B cell 

lymphomas, Hodgkin's lymphoma X-linked 

lymphoproliferative disease (Duncan's syndrome) 
[20, 21] 

Human herpesvirus 8 (HHV-8, 

Kaposi's Sarcoma herpesvirus) 
Human 

Effusion lymphoma, Castelman's disease and oral 

hairy leukoplakia 

Ovine herpesvirus 1 (OvHV-1) Sheep Pulmonary adenomatosis 
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Virus family Virus Animal species Tumour References 

Marek's disease virus Poultry Malignant lymphomatosis 

Herpesvirus saimiri (HVS) 
Squirrel and 

monkeys 
Generalized lymphoblast infiltration and leukaemia 

Herpesvirus sylvilagus Rabbit Malignant lymphoma 

Hepadnaviridae Hepatitis B virus (HBV) Human Hepatocellular carcinoma (HCC) [22] 

 

2.1. Inhibition of Retinoblastoma Protein 

Retinoblastoma (RB) protein is known to impair 

progression of cell cycle from G1 to S phase [23]. The RB 

phosphorylation is regulated by cyclin D/CDK4/6, a complex 

critical to entry of the cell into S phase. p16 or p16
INK4a

 is a 

tumour suppressor protein which plays an important role in 

cell cycle regulation by disruption of RB (inhibitor of 

CDK4/6 mediated RB phosphorylation) and thereby 

decelerating the cell's progression from G1 to S phase [24]. In 

normal cells, RB remains in hypophosphorylated form during 

early G phase. In response to growth stimuli, the complexes of 

D/CDK4/6 phosphorylate RB [23] which result in release of 

the E2F from RB, eventually leading to transcription 

activation of genes required to sustain in S-phase (Figure 1). 

The DNA tumour viruses disrupt the normal function of RB 

to induce cancer. For example, E7 protein of papillomavirus 

[25] and T-antigen of polyomaviruses bind to pRB to facilitate 

release of E2F protein [17]. Besides, E7 protein of 

papillomavirus may directly bind to E2F-1, leading to the 

activation of E2F-1-dependent transcription [25]. Despite the 

fact that adenoviruses do not cause cancer in humans, E1A 

protein of adenoviruses disrupts the RB-E2F interactions [26]. 

However, herpesviruses indirectly inhibit RB by 

up-regulating cyclin/Cdk complexes. 

 

Figure 1. Mechanisms employed by the viruses in inducing oncogenesis. 
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EBV (LMP1/ BZLF1 protein), HTLV (Tax protein), 

adenoviruses (E1A and E4 protein) and HCV (core protein) 

induce oncogenic transformation by inhibiting apoptotic 

signals (green boxes). Some of the viruses like retroviruses 

contain a copy of cellular oncogene, and upon infection they 

insert their viral copies of oncogene into host genome near 

cellular oncogenes. The expression of these viral oncogenes 

in host cells results in oncogenic transformation of cells.  

2.2. Inhibition of p53-mediated Apoptosis 

p53 is a tumour suppressor protein which regulates cell 

growth by inhibiting DNA mismatch repair. The p53 activity 

is regulated by p14ARF and MDM2 proteins. Under resting 

stage, p53 protein is maintained in its inactive 

(nonphosphorylated) form by MDM2. MDM2 induces 

proteasomal degradation of p53 protein by its ubiquitylation 

[27]. p14ARF acts as an upstream activator of p53, which 

itself is induced by E2F upregulation. Under stress such as 

viral infection, p14ARF binds to MDM2 which results in 

suppression of p53 ubiquitylation (prevents MDM2 binding) 

and thereby maintaining it in active (phosphorylated) form. 

Phosphorylated p53 remains stable and accumulates in the 

nucleus [28]. Mutations in p14ARF are also a frequent cause 

of cancer [29]. Upon activation, p53 stimulates two major 

apoptotic pathways. (i) Intrinsic mitochondrial pathway 

which is mediated by balance in Bcl-2 family members. The 

Bcl-2 family encompasses both anti-apoptotic (Bcl-xL, Bcl-2, 

KSHV-Bcl-2, Bcl-w) and pro-apoptotic (Bax, PUMA and Bid) 

members. p53 up-regulates expression of Bax, PUMA and Bid 

to induce pro-apoptotic members to release of cytochrome-c 

from the mitochondria and hence ensues caspase-mediated 

apoptosis [30]. (ii) Extrinsic death receptor pathway wherein 

p53 triggers the activation of a caspase cascade, through the 

induction of genes encoding three transmembrane proteins, 

Fas, DR5 and PERP [31]. 

Proteins encoded by oncogenic DNA viruses also modulate 

p53 function to ensure their optimal replication. For example, 

T-antigen (Large) of SV40 (polyomavirus) [32], E6 protein of 

papillomavirus [17] and E1B protein of adenoviruses [33] 

directly bind with p53 and inhibits p53-dependent 

transcription, eventually resulting in impairment of apoptotic 

signals. Besides, papillomavirus, adenovirus (Ad) and 

Epstein–Barr virus can also induce proteasomal degradation 

of p53 [34] which is mediated via cellular proteins. For 

example, high risk papillomavirus E6 protein interacts with 

the host E6AP protein [35], adenoviral E1B-55K and E4orf6 

proteins as well as Epstein–Barr viral protein BZLF1 interact 

with cellular proteins Cullin5/Cullin2 to induce E3 ubiquitin 

ligase-mediated proteaosomal degradation of p53 [33]. 

Besides depletion of p53, viruses may also directly target 

Bcl-2 protein family members, for example, the NS5A protein 

of HCV can interact with Bax and prevent apoptosis in 

p53-independent manner [36]. 

2.3. Modulation of Cell Signalling Pathways 

The Ras/MEK/ERK signalling is associated with cell 

proliferation and growth whereas the Ras/PI3K/Akt signalling 

is associated with cell survivability. Some DNA viruses 

directly target these signalling pathways to achieve oncogenic 

transformation of cells. For example, E5 protein of 

papillomaviruses stimulates Ras [17] and HBV HBx protein 

modulate MAPK pathways [37] to induce oncogenesis (Table 

1). The T antigen of polyomavirus interacts with cellular 

phosphatase PP2A and also activates growth factor receptors, 

such as Met [38], Notch-1 [39] and IGF-1R [40] which 

eventually result in modulation of Akt and MAPK pathways 

[32]. 

2.4. Modulation of Antiviral Pathways 

To direct the normal cell towards oncogenic transformation, 

viruses may modulate antiviral immune responses by directly 

targeting inflammatory or interferon signalling pathways. For 

example, latent membrane protein 1 (LMP1) of EBV [41] and 

Tax protein of HTLV-I [42] target nuclear factor-κB (NF-κB) 

pathway that subsequently regulates growth and progression 

of inflammation-induced tumours [43]. Likewise, KSHV 

ORF K9 inhibit interferon-induced signalling pathways to 

contribute to host cell transformation [44]. 

2.5. Miscellaneous Targets of DNA Viruses 

In addition to these major targets, several other cellular 

proteins also serve as targets for oncogenic transformation by 

viruses, for example, human telomerase reverse transcriptase 

(hTERT) and RASSF1A. hTERT is catalytic subunit of 

telomerase which is activated by oncogenes such as c-Myc, 

Sp1, HIF-1 and AP2. Conversely hTERT activity may be 

suppressed by p53 [45]. Several oncogenic DNA viruses have 

shown to activate hTERT in order to induce oncogenic 

transformation, viz; papillomavirus E6 protein [46], EBV 

LMP1protein [47] and HTLV-I Tax protein [48]. 

Tumour suppressor Ras association domain-containing 

protein 1A (RASSF1A) also serves as a virus-induced target 

of oncogenesis. Silencing of RASSF1A induces telomerase 

activity. T-antigen of polyomavirus not only inactivates p53, 

but also inactivates the RASSF1A gene [49]. 

Besides, herpesviruses may also transform the cell by 

site-specific damage of host DNA [50]. In general, 

herpesviruses maintain their genome as episome 

(extra-chromosomal circular form) in the nucleus of infected 

cells, without integration with the host genome [50]. During 

oncogenic transformation, the virus integrates its genome into 

specific sites in the host genome thereby inducing 

breakage/damage that eventually results in oncogenic 

transformation [20]. Similarly, the E6 and E7 protein of 

papillomaviruses induce cellular genomic instability and 

mitotic defects in inducing carcinogenesis [51]. 

3. Oncogenic RNA Viruses 

Based upon the mechanism involved, oncogenic RNA 

viruses are divided into two groups-transforming and 

non-transforming RNA viruses. Transforming RNA viruses 
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carry viral oncogenes that are homologous to the host 

oncogene, their expression in infected cells results in 

oncogenic transformation of the cell. Non-transforming RNA 

viruses induce oncogenesis similar to the DNA viruses. 

3.1. Retroviruses 

The oncogenic retroviruses may be either transforming or 

non-transforming in nature. Transforming retroviruses carry 

certain genes that are non-essential for viral replication and are 

homologues to host oncogenes. Such viruses integrate their 

viral copies of oncogene in host genome and upon expression 

they transform the cell (Table 2). Non-transforming 

retroviruses lack oncogenes but could achieve oncogenic 

transformation by proviral insertional mutagenesis (integrating 

a provirus near normal cellular proto-oncogenes and activating 

their expression) [52] (Table 2). 

Table 2. Oncogenic RNA viruses. 

RNA viruses Virus Viral oncogene Animal affected Tumour References 

Tansforming 

retroviruses 

Rous sarcoma virus v-src Poultry Sarcoma 
[53] 

Simian sarcoma virus v-sis Monkey Sarcoma 

Avian erythroblastosis virus v-erbA or v-erbB Poultry Avian erythroblastosis [54] 

Kirsten murine sarcoma virus v-Kras Mice Murine sarcoma [52] 

Moloney murine sarcoma virus v-mos Mice Murine Leukemia [55] 

Harvey sarcoma virus v-HRas Mice Leukemia [56] 
CT10 avian sarcoma virus v-Crk Poultry Avian sarcoma [52] 
MC29 avian myelocytoma virus v-myc Poultry Avian myelocytoma [57] 

Avian sarcoma virus 16 v- PI3K poultry Avian sarcoma 
[52] 

Avian sarcoma virus 17 v- Jun Poultry Avian sarcoma 

Finkel-Biskis-Jinkins murine 

sarcoma virus 
v-Fos Mice murine sarcoma [58] 

Non transforming 

retroviruses 

Avian leukosis virus - Poultry Avian leucosis complex 

[52] Mouse mammary tumour virus 

(MMTV) 
- Mouse Mammary tumour 

Flaviviruses Hepatitis C virus - Human Hepatocellular carcinomas [59] 

 

3.2. Flaviviruses 

Flaviviruses achieve oncogenic transformation similar to 

DNA viruses i.e. by modulating expression of cellular genes 

that lead to oncogenic transformation. For example, HCV 

NS5B directly binds with RB to alter its localization and 

proteosomal degradation. Similarly, NS2 protein activates 

cyclin/Cdk and core protein directly dysregulates p53 

pathway [59]. Besides, HCV can also modulate MAPK and 

Akt signalling pathways in inducing oncogenic 

transformation [59]. 

4. Oncolytic Viruses 

Oncolytic viruses selectively replicate in cancerous cells 

and induce cell death without any damage to the normal 

tissues. Typically, oncolytic viruses fall into two classes (i) 

Viruses that are nonpathogenic to humans and have a 

naturally replicate in cancer cells. For example, H1 

autonomous parvoviruses, Newcastle disease virus (NDV), 

reovirus, mumps virus, moloney leukemia virus and Seneca 

Valley virus. These viruses are highly dependent on 

oncogenic signalling pathways for their replication and 

require higher magnitude of innate antiviral signalling to be 

effectively eliminated from the infected cells [60]. (ii) Viruses 

that are genetically manipulated for use as vaccine vectors, viz; 

measles virus, poliovirus, and vaccinia virus. 

Genetically-engineered viruses containing mutations which 

allow them to replicate in cancerous but not in normal cells 

are also referred as oncolytic viruses, viz; adenovirus, herpes 

simplex virus, and vesicular stomatitis virus [61]. 

4.1. Mechanisms Employed by the Oncolytic Viruses to 

Selectively Grow in Tumour Cells 

4.1.1. Upregulation of Tumour-specific Primary Receptor 

Viruses use the cell surface proteins as receptors for 

attachment/entry into the host cell. Some tumour cells 

naturally express high amount of viral primary receptor 

proteins to facilitate enhanced receptor-mediated entry of the 

virus into the tumour cells. For instance, higher expression of 

Cd155 receptor in malignant glioma cells facilitates entry of 

polioviruses [62] and enhanced expression of urokinase or 

CD46 in various malignancies facilitates measles virus entry 

[63]. Likewise, Nectin-1 expression by squamous cell 

carcinoma is a predictor of herpesvirus-associated oncolysis 

[64]. 

Viruses may also be engineered to target tumour-specific 

surface markers such as epidermal growth factor receptors 

(EGFR), human epidermal growth factor receptor 2 (HER2) 

and somatostatin receptors (SSTR) [65-67] which are 

upregulated in certain types of tumours. Coating of 

adenovirus with a dendermeric polymer (targeting EGFR) 

results in enhanced tropism towards tumour cells with 

up-regulated EGFR. A genetically engineered single-chain 

variable fragment (scFv) antibody fused with HSV surface 

glycoprotein that targets cellular receptors EGFR and HER2 

showed enhanced tropism of HSV1 towards tumour cells [65, 

66]. Similarly, Oncolytic adenovirus was modified with 

somatostatin motifs for selective infection of neuroendocrine 

tumour cells [67]. 

Despite the fact that the expression of 

coxsackievirus-adenovirus receptor (CAR) in various 
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tumours is variable, the efficiency of adenovirus is very low 

for cells with low or no CAR receptors [68]. To overcome the 

issues, Arg-Gly-Asp (RGD) motif was introduced in the 

surface-exposed loops of adenovirus fibre knob which 

enabled the adenovirus to bypass CAR and mediate cell entry 

via RGD binding integrins [69]. 

4.1.2. Upregulation of Tumour Specific Transcriptase 

Promoter 

Tumour cells are associated with aberrant expression of 

cellular tumour specific transcriptase promoters that are 

exploited by oncolytic viruses to induce oncolysis. For 

example, hTERT and Cyclin E promoters help adenoviruses 

to selectively replicate in tumour cells [70]. Likewise, 

engineered adenovirus containing prostate-specific or 

telomerase-promoter-specific expression of adenoviral E1 

and E4 protein renders its replication exclusively in tumour 

cells [71]. 

4.1.3. Enhanced Expression of Tumour Specific Proteins 

Tumour cells are associated with aberrant expression of 

specific proteins which may be exploited by oncolytic viruses 

to ensure their optimum replication and subsequently 

oncolysis of infected cells. For instance, Thymidine kinase 

(Tk) and Ras generally remain inactive in normal cells but are 

activated in tumour cells [72]. Activated Ras/MEK pathway 

suppresses IFN response that ensures faster replication of the 

oncolytic viruses, viz; HSV and reoviruses [72]. Besides, 

activated Ras is also utilized by the oncolytic viruses to 

induces apoptosis, for example, reovirus induces apoptosis of 

tumour cells by accumulating Ras in the Golgi complex [73]. 

ELK is a transcription factor which is expressed in high 

level by those tumourogenic cells that express enhanced 

levels of Ras. Infected cell protein-4 (ICP4), an HSV protein 

necessary for virus replication was expressed under the 

control of ELK promoter. Since Ras/Elk is likely to express 

only in tumours, ICP4/HSV exclusively replicates/lyse 

tumour cells [74]. 

VGF (vaccinia growth factor) and γ134.5 proteins, 

respectively in vaccinia virus and HSV-1 are required to 

activate Ras signalling in normal cell. Activated Ras is in turn 

required for efficient virus replication. Therefore, VGF and 

γ134.5 deletion mutants, lacking in capabilities to induce Ras 

cannot efficiently replicate in normal cells. Conversely, 

cancerous cells which express high levels of Ras support virus 

replication [75]. 

Tk play a key role in DNA synthesis in both prokaryotes 

and eukaryotes. Viruses such as vaccinia and HSV also 

encode TK, athough they can exploit cellular TK as well, 

which is highly expressed in cancerous cells. Therefore, TK 

deleted vaccinia or HSV mutants which efficiently replicate in 

cancerous but not in normal cells, may be utilized as an 

oncolytic agent [76]. 

4.1.4. Aberrant Expression of miRNA in Tumour Cells 

A large number of cancer types are associated with 

disruption of miRNA homeostasis. The tropism of the virus 

towards tumour cells can also be manipulated by regulating 

miRNA expression. For example, genetically engineered 

adenovirus expressing mir199 which negatively regulates 

adenoviral E1A gene expression, restricts virus growth in 

normal cells. However, mir199 is non-functional in tumour 

cells [77], thereby ensuring virus replication and oncolysis. 

Similarly, MV-EGFP (mtd), an miRNA sensitive measles 

virus was engineered to restrict its replication in tumour cells 

[78]. 

4.1.5. Lack of IFN and PKR Signalling in Tumour Cells 

IFN and protein kinase R (PKR) signalling is required to 

limit virus replication [79, 80]. Tumour cells lack IFN and 

PKR signalling machinery, thereby facilitating virus 

replication. For example, VSV matrix (M) protein inhibits 

IFN signalling, mutation in which limits the viral growth in 

normal cells. Due to lack of IFN signalling, VSV-M mutant 

ensures its replication only in tumour cells [81]. 

Upon secretion from the virus infected cells, IFN binds to 

nearby cells and activates STAT (signal transducer and 

activator of transcription) that serve as transcription factors to 

up-regulate the expression of antiviral proteins. Viruses are 

known to inhibit activation of STAT to ensure their replication. 

For example, measles virus non-structural proteins C and V 

abrogate IFN signalling by inhibiting STAT phosphorylation 

[79].
 

Deletions of these genes restrict measles virus 

replication in tumour cells due to lack in IFN signaling [82]. 

The activated PKR is known to phosphorylate eukaryotic 

initiation factor-2 alpha (eIF-2α) which results in inhibition of 

viral mRNA transcription. HSV1 ICP34.5 protein binds with 

protein phosphatase-1 (PP1), which is known to block 

PKR/eIF2 signalling, thereby facilitating virus replication 

[80]. Lack of PKR signalling in tumour cells allows selective 

replication of HSV-1 (ICP34.5) deletion mutant. 

4.1.6. Inability to Express MHC-restricted Antigen 

HSV-1 α47, ICP34.5 and ICP47 proteins help the virus to 

evade the immune system by blocking MHC-1-mediated 

presentation of HSV1 antigens [83, 84]. Cancerous cells 

usually lack in the capacity to present the MHC-I antigen 

thereby preventing them from recognition by cytotoxic T cells. 

Injection of ICP34.5 and ICP47 deletion mutant of HSV-1 

directly in tumours leads to cell death (due to HSV 

replication), though it prevents recognition by the immune 

system [83, 84]. 

4.1.7. Deletion Mutation of Viral Anti-apoptotic Factors 

Adenoviruses exclusively replicate in host cells during the 

S phase. Adenovirus E1A and E1B inhibit tumour suppressor 

proteins RB and p53 respectively, which eventually enable the 

cell to enter into S phase [85]. Therefore, normal expression 

of these proteins in infected cells provides suitable 

environment for viral replication as well as in preventing cell 

lysis. Cancerous cells are lacking in apoptotic machinery. 

Adenoviral E1A and E1B deletion mutants restrict viral 

growth in normal cells. However, the cancerous cells which 

remain in S phase may ensure selective growth of such 

adenoviral mutants and the same [(E1A: dl1520 and H101 and 

E1B: Ad∆19K, dl 922-947 and AdA-24)] have been used in 
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oncotherapy [63]. 

Cellular p16
Ink4a

 protein is known to function as an inhibitor 

of CDK4/6-mediated RB phosphorylation and have been 

shown to be mutated in most of the human cancers [24]. HSV 

ICP6 inhibits p16
Ink4a

. Therefore deletion of ICP6 gene 

restricts HSV growth in tumour cells [86]. 

4.2. Mechanisms Involved in Destruction of Tumour Cells 

by Oncolytic Viruses 

Some viruses naturally encode proteins that induce cell 

lysis. However others may be engineered to encode oncolytic 

proteins (Table 3). 

Table 3. Oncolytic viruses. 

Virus family Virus Modifications Target tumour type References 

Adenovirus 

Oncorine (H101) Deletion of E1B-55k and E3 gene 
Liver, lung, head/neck and 

pancreas 
[87] 

Onyx-015 Deletion of E1B-55k or E3B gene 

Squamous cell carcinomas of the 

head and neck and pancreatic 

cancer 

[88] 

CG7060 
Regulation of the expression of viral genes by 

prostate tissue-specific promoters 
Prostate cancer [89] 

CG7870/CV787 

Regulation of the expression of viral genes by rat 

probasin and prostate tissue-specific promoters 

(PSA) 

Prostate cancer [71] 

CG0070 Insertion of E2F-1 and GM-CSF 
Non-muscle invasive 

bladder cancer 
[90] 

Ad5-yCD/TKrep Insertion of yCD and TK fusion gene Prostate cancer [91] 

Ad5-yCD/mutTKSR39rep-ADP Insertion of yCD, TK fusion and ADP gene Prostate cancer [92] 

Ad5-yCD/mutTKSR39rep-hIL12 
Insertion of yCD, TK fusion and human IL-12 

gene 
Prostate cancer [93] 

Telomelysin 
Regulation of the expression of viral genes by 

hTERT promoter 
Various solid tumours [70] 

CGTG-102 Insertion of GM-CSF Solid tumours 

[94] 
Ad5-D24-RGD/DNX-2401 

Modification of viral surface by incorporating 

RGD-fiber 

Malignant glioma and brain 

cancer 

Ad5-SSTR/TK-RGD 
Viral surface modification by incorporating the 

RGD fiber or SSTR and insertion of TK 
Gynecologic cancer [95] 

INGN-007 (VRX-007 Insertion of ADP gene Tumour of liver and lungs 

[96] 
ColoAd1 Chimeric Ad11p/Ad3 

Lymph nodes and normal 

margins in resected tissues 

ICOVIR-5 
Regulation of the expression of viral genes by E2F1 

promoter 
Melanoma [97] 

Herpesvirus 

T-VEC (Onceover) Insertion of GM-CSF Melanoma [98] 

G207 Deletion of ICP34.5 and ICP6 
Human rhabdo-myosarcoma and 

angiogenesis 
 

HSV 1716 (Seprehvir) Deletion of ICP34.5 Malignant pleural mesothelioma [80] 

G47Delta 
Modified G207 by deletion of γ34.5, ICP6 and 

a47 
Nasopharyngeal carcinoma [86] 

NV1020 
Deletion in UL56, UL24 and endogenous tk gene 

and insertion of an exogenous HSV-1 tk gene 
Hepatic malignancy [99] 

HF10 HSV-1 HF strain Solid tumours outside the brain. 
[100] 

 

Paramyxovirus 

Measles virus MV-CEA 
Genetically engineered to produce 

carcino-embryonic antigen (CEA) 

Ovarian, peritoneal, myeloma 

etc. 
[101] 

Newcastle disease virus NDV-HUJ - 
Glioblastoma, neuroblastoma, 

sarcomas 
[102] 

MTH-68/H Newcastle Disease Virus Vaccine 
Advanced tumours of the renal, 

colon and breast 

Reovirus 
Reolysin - Diverse types of cancer 

[103] 
Pelareorep - Prostate cancer 

Rhabdovirus 
VSV-hIFNβ Vesicular stomatitis 

virus 
Insertion of IFN-β Hepatocellular carcinoma [104] 

Picornavirus 
CAVATAK - Melanoma [94] 

PVS-RIPO - Glioblastoma [62] 

Poxvirus 

Pexa-Vec/JX-594Vaccinia (Wyeth 

strain) 
Insertion of GM-CSF and deletion of TK 

Tumour of liver, colorectal, 

head/neck tumours 
[105] 

GL-ONC1 (GLV-h68) Vaccinia 

(Lister) 

Insertion of expression viral gene marker Renilla 

Luciferase GFP 

Advanced head/neck cancer 

undergoing standard 

chemo-radiotherapy 

[106] 

vvDD-CDSRVaccinia (Western 

Reserve 

Deletion of TK and VGF and viral surface 

modification by incorporating CD and Somatostatin 

R 

Advanced solid cancers [107] 
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Virus family Virus Modifications Target tumour type References 

Parvovirus H-1 PV - Glioblastoma  

Seneca Valley 

Virus 
NTX-010 - Neuro-endocrine tumours [108] 

Retrovirus Toca 511 Viral surface modification by incorporating CD Gastrointestinal tumours [109] 

Sendai virus 

HVJ-E, 

GEN0101and 

TSD-0014 

Inactivated Sendai virus particles Prostate cancer and melanoma [110] 

 

4.2.1. Activation of Viral Anti-tumour Protein in Cancerous 

Cells 

Some viruses encode oncolytic proteins which specifically 

kill cancerous cells. For instance, in normal cells, VP3 

(apoptin) protein of chickenanaemia virus (CAV) is localized 

in the cytoplasm wherein it remains inactive 

(nonphosphorylated) and can be readily neutralized. In 

tumour cells, Akt-associated increased microtubule activity 

allows its localization into the nucleus. In the nucleus, apoptin 

is phosphorylated by CDK2 that subsequently results in 

induction of p53-independent apoptosis by activating 

caspase-3 pathway [111]. 

Newcastle disease virus (NDV) have the natural potential 

to infect cancerous cells and lyse them by nucleoprotein and 

hemagglutinin protein-associated triggering of p53-mediated 

cell death [112]. 

4.2.2. Development of Anti-tumour Immunity 

Infection of some oncolytic viruses induce development of 

anti-tumour immunity, the mechanism of which is not fully 

understood. It is believed that such viruses upregulate the 

production of pro-inflammatory cytokines and tumour 

neo-antigen in the infected cells to directly stimulate APCs 

and cytotoxic T cells. For instance, parvovirus infection 

induces release of pro-inflammatory cytokines which results 

in activation of APCs and cytotoxic T cells [113]. Besides, the 

virus also down-regulates expression of oncogen c-Myc and 

induces cathepsin-mediated (p53-independent) apoptosis of 

tumour cells [112]. 

4.2.3. Immune-stimulatory Gene 

The viruses can be mutated by introducing some of the 

immune-stimulatory genes (interleukin family of genes). For 

instance, Talimogenelaherparepvec (T-VEC) HSV was 

engineered to express human granulocyte–macrophage 

colony-stimulating factor (GM-CSF). GM-CSF expressing 

T-VEC-HSV enhances capabilities of the APCs so as to 

efficiently present cancer antigens which eventually results in 

activation of NK cells and tumour antigen-specific T cells, 

thereby causing cell lysis [98]. By employing these concepts, 

vaccinia virus was engineered to express IL-10 and GM-CSF 

gene [105], adenovirus was engineered to express 

pro-apoptotic transgene TRAIL 

(tumour-necrosis-factor-related apoptosis-inducing ligand), 

GM-CSF and ADP [114]. Similarly, oncolytic potentiality of 

measles virus was enhanced by insertion of 

immunomodulatory neutrophil-activating protein [115]. 

Likewise, NDV oncolytic potential was enhanced by insertion 

of IL-2, TRAIL and GM-CSF [116]. 

4.2.4. RNAi 

RNAi represents a promising novel therapeutic option for 

treating cancer. Viruses may be armed with RNAi for 

selective silencing of the genes associated with oncogenesis. 

For instance, Ad-TERTp-E1A-1504 is an engineered 

adenovirus that induces silencing of tumour-promoting 

EphA3 (inhibit Akt/mTOR pathways) gene [117]. Similarly, 

Ad-DeltaE1-shVEGF and AAV-ARHP8 were engineered for 

RNAi-mediated silencing of VEGF [118] and androgen 

receptor (AR) genes respectively [119]. 

4.2.5. Converting Pro-drug into Active Toxic Compound 

The viruses which have the ability to selectively grow in 

tumour cells can be modulated by introducing selective gene(s) 

that have the ability to convert nontoxic pro-drug into toxic 

compounds. In quiescent cells, a cellular form of viral TK is 

not expressed but is up-regulated only in actively dividing 

tumour cells (during the G1 and S phases of the cell 

cycle-generating dNTPs required for DNA synthesis). The 

activated TK causes the conversion of the Ganciclovir (GCV) 

into Ganciclovir triphosphate (GCV-TP) that induces tumour 

cell death. Tk-expressing adenovirus and herpes simplex virus 

have been shown to trigger the susceptibility of tumour cells 

against Ganciclovir [91, 99]. 

5. Controversial Virus–tumour 

Associations 

Viruses are believed to be co-evolved with their main hosts. 

Therefore their detections in the animal tissues must not be an 

unprecedented event. Likewise, detection of the viruses from 

tissues from tumour must not always be explained as the 

causative agent of the cancer. Therefore, numerous reports on 

virus–tumour associations have been controversial; the 

presence of the virus has been merely considered as 

contamination. 

During the 1970s, HSV2, which causes genital herpes, was 

believed to be the causative agent for cervical carcinoma. 

Later on HPV was established as the causative agent of the 

cervical carcinoma [120]. Now, in the era of next generation 

sequencing (NGS), it has been confirmed that more than 90% 

of cervical carcinomas express high levels of high-risk HPV 

without any HSV2 sequences [121]. 

Viruses such as HPV, MMTV (mouse mammary tumour 

virus) and Epstein-Barr virus (EBV) were initially implicated 

in breast cancer [122]. However, transcriptomic data of more 

than 800 specimens demonstrated no association of these 

viruses in inducing breast cancer [122]. A small number of 



 Cancer Research Journal 2019; 7(3): 87-100 95 

 

NGS reads (9 out of >1.5 billion) were seen in theses 

specimens but that were suggestive of contamination [123]. 

The role of cytomegalovirus (CMV) in inducing human 

cancer is also controversial. Initially, CMV DNA and protein 

were detected in majority of gliomas [124]. However, later on, 

CMV was shown to be associated with a wide variety of other 

cancers. Likewise, CMV was proposed as a causative agent of 

most types of brain tumours, though this has been contested in 

other reports. Screening of over 700 glioma materials by NGS 

concluded absence of CMV RNA. Further, analysis of deep 

sequencing data from 34 glioblastoma tumours failed to see 

the presence of CMV [125]. 

HPV16 is usually detected in head, neck and cervical tumours. 

Few studies have shown its detection outside of its primary 

detection i.e. in lung and bladder carcinoma. Further, a recent 

NGS-based study reported HPV16 detection in gliomas [121]. 

EBV is implicated in a wide range of cancers including 

Burkitt's lymphoma, nasopharyngeal carcinoma, Hodgkin's 

lymphoma and gastric adenocarcinoma. Additionally, 

transcriptomic analysis recently revealed EBV in 2 out of 105 

diffuse large B-cell lymphomas [126]. Two tumours were also 

positive for HHV6 in this cohort (99 and 19 ppm), in one case 

coinciding with EBV infection. Analysis of viral gene 

expression patterns further supported a causative role for EBV, 

while HHV6 was suggested to be due to disease-related 

immunosuppression. 

BK polyomavirus (BKV) was shown to be associated with 

urothelial carcinoma [123]. However earlier findings about its 

association in bladder carcinoma are contrasting, probably 

due to the fact that polyomaviruses often cause asymptomatic 

infections and are ubiquitous in humans. 

Xenotropic murine leukemia virus-related virus (XMRV) 

was discovered in 2006 in patients with prostate cancer [127]. 

Later on, conflicting reports emerged about causation of 

prostate cancer by XMRV. It was reported that XMRV was 

generated due to recombination event in a laboratory mouse 

[128]. The virus was propagated via cell culture derived from 

a tumour present in this mouse and spread through 

contamination of laboratory samples. Further experiments 

demonstrated that XMRV detection was due to contaminated 

samples and was not associated in inducing prostate cancer. 

The initial reports on virus-tumour associations were based on 

traditional viral detection/diagnosis technique such as PCR, in 

situ hybridization, western blotting and immunohistochemistry, 

all of which are prone to false positive detections. NGS is a 

powerful technique to explore the genome-wide changes in gene 

expression between cell lineages from diverse tissues or in 

diverse environments. Genomic and transcriptomic analysis of 

large number of tumours/virus in an unbiased manner (advance 

genomic tools/ NGS), is likely to explain clarity to some of these 

proposed virus-cancer associations. 

6. Conclusions 

Viruses are one of the leading causes of cancer. Both RNA 

as well as DNA viruses are able to induce cancer. With the 

advent of NGS, novel viruses are being identified which are 

associated with cancer. Understanding the mechanisms by 

which they induce cancer is likely to provide insights into the 

development of novel anticancer drugs. Ever since the 

completion of human genome project in 2001, ~520 kinases 

(kinome) were identified. Most of the cancers are associated 

with dysregulation of the kinome. Likewise, kinases are 

essentially required for virus replication in the target cells. 

Therefore, kinome may serve as fascinating targets for 

development of antiviral and anticancer drugs. Conversely, 

several non-pathogenic (human) viruses have a natural 

tendency to selectively replicate and kill cancer cells. Some 

other viruses have been genetically engineered to selectively 

kill the target cells. Further exploration of virus-host 

interaction is likely to provide insights for the development of 

better oncolytic viral agents. However some of the 

virus-tumour association are controversial which. The 

NGS-based approaches have great potential to solve the 

debated virus–tumour associations. 
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