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S U M M A R Y

Members of the virus families Retroviridae and Hepadnaviridae use reverse transcriptase (RT) to synthesize a DNA copy of their genomic and pregenomic RNA,
respectively, during the viral life cycle. A group of viruses belonging to Retroviridae (“acute transforming” retroviruses) as well as human hepatitis B virus (HBV), the
prototype member of Hepadnaviridae (hepadnaviruses) are able to cause malignant neoplasms in infected hosts, due to the expression of pleiotropic “transforming
proteins” encoded by the genomes of these reverse-transcribing tumor viruses. In this review we wish to compare the common and unique features of replication
strategies characteristic of acute transforming retroviruses and HBV and summarize data related to the origin and evolution of their viral oncogenes either via
transduction of cellular genes, or by accumulation of mutations in viral sequences that create a new open reading frame (overprinting). The exons of cellular genes
(proto-onc genes or c-onc genes) incorporated into the genome of acute transforming retroviruses are regularly affected by deletions resulting in the expression of
truncated viral oncoproteins which are frequently dysregulated compared to their cellular counterparts. These retroviral transforming proteins alter the behavior of
their target cells (malignant transformation). HBx, a pleiotropic protein of HBV, regulates virus replication and contributes to hepatocarcinogenesis. In contrast to the
v-onc genes of acute transforming retroviruses, the viral gene encoding the full-length, wild-type HBx (wtHBx) protein does not have a cellular counterpart. Mutations
and deletions frequently affect, however, the HBV genome as well, resulting in the expression of truncated HBx proteins (trHBx) in liver cells. Truncated, especially C-
terminal truncated variants of HBx (Ct-HBX proteins), may facilitate initiation and progression of liver carcinoma.

1. Introduction: viral tumorigenesis in a nutshell

DNA and RNA tumor viruses are associated with malignant neo-
plasms in humans and animals (Ewald and Swain Ewald, 2015;
Plummer et al., 2016; Chang et al., 2017). Tumor virus genomes fre-
quently carry one or several viral oncogenes coding for so called on-
coproteins, i.e. pleiotropic regulators that affect the gene expression
pattern, phenotype and behaviour of host cells (Vogt, 2012; Ajiro and
Zheng, 2014). Non-translated regulatory RNAs are also expressed from
the genome of certain tumor viruses in infected cells, contributing to
the initiation and progression of malignant neoplasms (reviewed by
(Grundhoff and Sullivan, 2011)). In virus-associated carcinomas, lym-
phomas, leukemias and sarcomas, the double stranded DNA (dsDNA)
genomes of most DNA tumor viruses and the dsDNA copies generated
by reverse transcription of plus-strand RNA genomes carried by RNA
tumor viruses integrate into the target cell DNA (Vogt, 2012; White
et al., 2014). Expression of the viral oncogenes inserted into the host
cell genome not only stimulates cell growth, but may also contribute to
the altered morphology and behaviour of neoplastic cells (“malignant
transformation“). Furthermore, integration of viral genomes may result
in host cell DNA rearrangements and chromosomal aberrations facil-
itating tumor initiation and progression (Robinson and Dunning

Hotopp, 2014; Zhao et al., 2016).
Acute transforming RNA tumor viruses typically carry a viral on-

cogene (v-onc gene) or several v-onc genes and induce malignant tumors
in infected hosts after a short period of latency (Vogt, 2012). In con-
trast, neoplasms develop only after a prolonged latency period in the
hosts infected with non-acute or slow transforming RNA tumor viruses
which don’t harbour a viral oncogene in their genome. Non-acute RNA
tumor viruses induce malignant tumors via so called promoter insertion
and enhancer insertion. Integration of the viral dsDNA genome into the
host cell genome is an important step in these processes, because it
creates an opportunity for viral regulatory sequences to influence the
expression of neighbouring cellular oncogenes (c-onc genes, also called
proto-onc genes) that control cell proliferation. Constitutively, high
level transcription of c-onc genes initiated at integrated viral promoters
can cause dysregulated cell proliferation. Similarly, insertion of viral
enhancer sequences may upregulate c-onc transcription even from a
long distance (Tsuruyama et al., 2017) (reviewed by (Fan and Johnson,
2011)).
In case of other retroviral strains lacking a v-onc gene, one of the

viral structural proteins may act as an oncoprotein. Expression of the
envelope (env) protein encoded by the genome of Jaagsiekte sheep
retrovirus (JSRV), the causative agent of ovine pulmonary
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adenocarcinoma, transformed rodent fibroblasts in vitro, partly by ac-
tivating protein kinases involved in the control of cell proliferation
(reviewed by (Liu and Miller, 2007)). Under experimental conditions,
when introduced into the airways of immunodeficient mice via an
adeno-associated virus (AAV) vector, JSRV env induced lung tumors
(Wootton et al., 2005).
Although there is no v-onc gene in their genomes, the retroviruses

present in the Friend virus (FV) complex are able to cause acute ery-
throleukemias in mice (reviewed by (Moreau-Gachelin, 2008)). One of
the retroviruses in the FV complex is the replication competent F-MuLV
(Friend murine leukemia virus). F-MuLV acts as a helper virus for the
replication defective component called SFFV (spleen focus forming
virus) (Gomez-Lucia et al., 1998; Moreau-Gachelin, 2008). Ery-
throleukemia develops in two phases. In the initial stage, an SFFV
genome-encoded env protein, gp55, binds to the erythropoietin re-
ceptor and induces erythroblastosis, i.e. the proliferation of erythroid
precursor cells. In the second stage of the disease, however, enhancer
insertion, i.e. an oncogenic mechanism characteristic of non-acute RNA
tumor viruses, contributes to the malignant transformation of erythroid
cells. At this stage, proviral integration into the spi-1 (SSFV proviral
integration site-1) locus stimulates transcription of spi-1 resulting in a
high level of Spi-1 protein that blocks maturation of erythroid precursor
cells. Additional genetic changes affecting the host cell genome may
favour erythropoietin-independent proliferation of the leukemic cells
(reviewed by (Moreau-Gachelin, 2008)).
In addition to structural proteins, the regulatory or accessory pro-

teins encoded by retroviral genomes may also contribute to malignant
transformation. Tax, a pleiotropic regulator encoded by the genome of
human T lymphotropic virus type 1 (HTLV-1) not only enhances viral
transcription and replication, but also activates cell proliferation and
blocks cellular checkpoint functions and DNA repair, facilitating the
development of adult T cell leukemia (reviewed by (Matsuoka and
Jeang, 2011; Watanabe, 2017)).
In contrast to the majority of tumor virus infections which are ac-

companied with the integration of the viral genome into the host cell
DNA during tumorigenesis, the genomes of oncogenic herpesviruses are
typically maintained in a non-integrated, episomal form co-replicating
with the cellular DNA once per cell cycle. Transcripts for latent, growth-
transformation-associated oncoproteins, immune-modulator proteins
and regulatory RNAs are generated from the circular, dsDNA genomes
of oncogenic herpesviruses, including Epstein-Barr virus (EBV, human
herpesvirus 4) and Kaposi’s sarcoma-associated herpesvirus (KSHV,
human herpesvirus 8). Herpesviral oncoproteins, but also the “trans-
forming“ proteins of other tumor viruses may alter the host cell epi-
genotype and gene expression pattern by interacting with the epige-
netic regulatory machinery of the host cell (Niller et al., 2014;
Minarovits et al., 2016).
Epigenetic changes, oxidative stress and modulation of intracellular

signalling pathways, possibly elicited by the core protein may initiate
and maintain hepatocarcinogenesis by hepatitis C virus (HCV), an RNA
virus which lacks a viral oncogene (Koike, 2005; Benegiamo et al.,
2012). The HCV genome does not encode a reverse transcriptase, either.
Nonstructural HCV proteins may also contribute to the complex and
prolonged process of hepatocarcinogenesis during persistent HCV in-
fection which is accompanied by long-lasting chronic inflammation and
liver regeneration resulting from immune-mediated cell death leading
to liver fibrosis (Bartosch et al., 2009). Similar processes contribute to
liver cancer development in HBV-infected patients, too (reviewed by
(Seeger and Mason, 2015)).
The major mechanisms of host cell-transformation induced by RNA

and DNA tumor viruses are shown in Table 1.
Reverse-transcribing tumor viruses belong to two virus families,

Retroviridae and Hepadnaviridae. In this review we wish to compare the
major characteristics of retroviruses and hepadnaviruses causing the
development of malignant tumors, with an emphasis on the structural
changes affecting their oncogenes and oncoproteins during oncogenesis

and tumor progression. Changes in the anatomy of viral genes coding
for virion components or non-structural virus proteins related to tu-
morigenesis will also be discussed. We shall concentrate on selected
representatives of RNA tumor viruses, i.e. retroviruses that replicate
their RNA genome via a dsDNA intermediate, and on human hepatitis B
virus and its relatives that replicate their DNA genome via a reverse-
transcribed viral RNA. RNA tumor viruses cause malignant diseases in a
variety of vertebrate species and may target more than one host cell
types, whereas chronic infection with hepatitis B virus or related viruses
of the Orthohepadnavirus genus is associated with the development of
hepatocellular carcinoma (HCC) in a subset of infected humans and
rodents, respectively (reviewed by (Tennant and Gerin, 2001; Pedersen
and Sorensen, 2010; Vogt, 2012; Benachenhou et al., 2013; Buendia
and Neuveut, 2015)).

2. The retroviral life cycle and transduction of cellular sequences
by oncogenic retroviruses

Retroviruses (family: Retroviridae) package two nearly identical
copies of their single stranded RNA (ssRNA) genome of positive polarity
into the virion. Retroviruses bind via their surface proteins to cellular
receptors expressed either on a subset of somatic cells or on a wide
variety of cell types including both somatic and germ cells (Overbaugh
et al., 2001; Greenwood et al., 2018). The latter process may facilitate
integration of the dsDNA copies of retroviral genomes (“proviruses”, see
below) into the DNA of germ cells, followed by vertical transmission
(“endogenization”) (Greenwood et al., 2018).
After entry of the virus into the host cell the viral reverse tran-

scriptase (RT) associated with subviral core particles converts the
ssRNA genome into a dsDNA copy which integrates into the host DNA
with the help of the viral integrase enzyme. Retroviral RT initiates
minus-strand DNA synthesis at the 3′-OH of a distinct cellular tRNA
molecule annealed to the primer binding site located near to the 5′ end
of the viral RNA genome. The minus–strand DNA serves as a template
for plus-strand DNA synthesis. The dsDNA form of the retroviral
genome is created by the coordinated action of the polymerase activity
and RNaseH activity of RT. The retroviral dsDNA genome is flanked by
identical regulatory sequences (long terminal repeats, LTRs) at both
ends. Although the 5′ LTR as well as the 3′ LTR of an integrated provirus
carries transcriptional promoter and terminator sequences, transcrip-
tion of the retroviral genome is typically initiated at the 5′ LTR and
terminated at the 3′ LTR. (For the details of the intricated process of
reverse transcription see (Temin, 1993; Champoux and Schultz, 2009))
(Fig. 1). Following insertion into the host genome, the retroviral dsDNA
called “provirus“ is transcribed by cellular RNA polymerase II and
genome-length as well as shorter, spliced viral RNAs are transported
into the cytoplasm for translation. The capsid and envelope proteins are
packaged into the virion together with two copies of the retroviral RNA
genome, retroviral enzymes and other virion components such as cel-
lular RNA molecules. The assembled viral particle coated by the plasma
membrane leaves the cell by budding and then undergoes proteolytic
processing to form mature virus (Justice and Beemon, 2013; Telesnitsky
and Wolin, 2016).
The family Retroviridae is divided into two subfamilies, of

Orthoretrovirinae (orthoretroviruses) and Spumaretrovirinae (spuma-
viruses) (Benachenhou et al., 2013). A subset of orthoretroviruses,
called collectively “RNA tumor viruses”, is associated with a wide
variety of neoplasms in their host. Other members of Orthoretrovirinae,
such as the human imunodeficiency virus (HIV) which belongs to the
Lentivirus genus, cause various slowly progressing disorders, including
immunodeficiency syndromes in vertebrates (Vogt, 2012; Denner,
2014; Greenwood et al., 2018). In contrast, the viruses forming the
subfamily Spumaretrovirinae cause apathogenic infection in their nat-
ural hosts (Pinto-Santini et al., 2017).
It is a unique feature of RNA tumor viruses that their genomes could

acquire, from time to time, cellular sequences derived fom proto-
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oncogenes (also called c-onc genes) (reviewed by (Sugden, 1993)). In
most cases, structural alterations and mutations contributed to the
conversion of the transduced cellular sequences into viral oncogenes (v-
onc genes) (reviewed by (Vogt, 2012)). The viral oncoproteins encoded
by v-onc genes are responsible for the tumorigenicity of “acutely
transforming“ retroviruses. Acquisition of proto-oncogene sequences
typically coincides with the loss of replication competence due to de-
letions of the retroviral genome. Thus, most “acutely transforming”
retroviruses are replication defective and can only be propagated in
cells coinfected with a wild-type, helper retrovirus or in cell lines en-
gineered to express the product(s) of the deleted viral genes (Mann
et al., 1983; Miller and Buttimore, 1986; Vogt, 2012). The only re-
plication competent “acutely transforming” retroviruses are, as far as
we know, certain strains of Rous sarcoma virus, a chicken retrovirus
carrying the v-src gene.
Slowly transforming, non-acute RNA tumor viruses are replication

competent. In spite of the fact that their genome does not harbour a v-
onc gene, non-acute retroviruses are able to induce late onset leukemia
or lymphoma in vertebrate hosts by promoter or enhancer insertion
(Fan and Johnson, 2011) (see also Introduction).
There are several scenarios regarding the transduction of cellular

proto-oncogene sequences by retroviruses. Each scenario proposed two
consecutive recombination events between retroviral and cellular nu-
cleic acids. According to the “DNA model”, the first integration of ret-
roviral DNA into cellular DNA sequences could result in a 5′ retroviral -
3′ protooncogene hybrid gene (indicated by thick blue lines on the left
side of Fig. 2). This would be followed by a second recombination
event, i.e. by the integration of a second proviral genome (shown as a
thick green bar on the right side of Fig. 2.) into the host cell DNA, 3′
from the first integration site (Goodrich and Duesberg, 1990; Schwartz
et al., 1995). Thus, both recombinations would happen on the “DNA
level”. It was proposed that the provirus integrated 5′ from the c-onc
gene would carry only a single LTR, where a hybrid retroviral-proto-
oncogene transcript could be initiated (Fig. 2). The polyadenylation
signal of the hybrid transcript would be provided, exceptionally, by the
5′ LTR of the 2nd integrated retroviral genome (Goodrich and
Duesberg, 1990; Schwartz et al., 1995). Removal of cellular introns and
polyadenylation of the hybrid transcript would be followed by in-
corporation of the hybrid RNA into viral particles along with a wild
type, full-length retroviral RNA genome, generating heterozygote ret-
roviruses (Fig. 2). Coinfection of target cells by the transducing virus
and a replication competent, non-defective “helper” virus could ensure
the maintenance of the transduced cellular oncogene during the infec-
tion of new target cells. Because the transduction of a c-onc sequence
may not cause malignant transformation per se, it was suggested that
subsequent structural changes, mutation and selection processes may
result, during viral replication, in the generation of an acute trans-
forming retrovirus with a “transforming” v-onc gene (Iba et al., 1984).
According to the “RNA model” for the generation of transducing

retroviruses, the first recombination could also happen on the “DNA
level” by integration of the proviral genome into cellular DNA se-
quences. The second recombination event would happen, however,
during reverse transcription, i.e. RNA-dependent synthesis of a dsDNA

molecule using the copackaged hybrid RNA and the wild-type retroviral
RNA genome as template (Klempnauer and Bishop, 1983; Swanstrom
et al., 1983; Swain and Coffin, 1992; Zhang and Temin, 1993, 1994)
(Fig. 3). Template switching during minus strand DNA synthesis by
reverse transcriptase, aided by short stretches of sequence homology
between the copackaged RNAs could facilitate the second recombina-
tion event (reviewed by (Sugden, 1993)).
A third scenario, the “Sequence acquisition by reverse transcription“

model, proposed that transduction of a cellular sequence by a retrovirus
may happen without the involvement of a recombination step at the
“DNA level” (Hajjar and Linial, 1993). Two consecutive recombinations
on the “RNA level”, or more precisely during RNA-dependent DNA
synthesis, could possibly explain how an endogenous retrovirus could
transduce FAM8A1 (family with sequence similarity 8 member A1), a
human gene encoding a cofactor associated with a ubiquitin ligase,
during primate evolution (Jamain et al., 2001) (Fig. 4.). FAM8A1 is not
known to be involved in tumorigenesis. The frequency of host mRNA
encapsidation into retroviral particles appears to be low, however, al-
though distinct non-coding cellular RNAs are preferentially packaged
into the virions of retroviruses (reviewed by (Telesnitsky and Wolin,
2016)). We would like to add that incorporation of cellular sequences
into proviral DNA was also recorded during the replication of retrovirus
vectors in canine cells. The data indicated that during plus-strand
synthesis the reverse transcriptase possibly switched to a copackaged
canine mRNA, copied a stretch of it, and then switched back to the
minus strand of the viral DNA (Pulsinelli and Temin, 1991).
According to the model of Hajjar and Linial, due to the unique

features of retroviral replication, even a single recombination event
between viral and cellular sequences could result in the incorporation
of cellular sequences into the retroviral genome (Hajjar and Linial,
1993). Such a nonhomologous recombination, possibly aided by short
stretches of homology, could take place during reverse transcription of
copackaged cellular and viral RNA molecules, i.e. without involving the
integration of the viral DNA, and may result in the acquisition of cel-
lular sequences by retroviral genomes. The scenario may be similar to
the late steps of the “RNA model” for the transduction of proto-onco-
gene sequences (see Fig. 3) (Hajjar and Linial, 1993). The recombina-
tion events that shape the genomes of transducing acute RNA tumor
viruses affect, in most cases, both the cellular sequences acquired and
the retroviral gag, pol or env genes. Transduced cellular sequences may
fuse to viral genes (as discussed below) and may undergo further
structural changes and mutations during successive rounds of retrovirus
replication (reviewed by (Correll et al., 2006).

3. Acute transforming retrovirus genomes frequently encode
truncated versions of cellular proteins fused to retroviral proteins

Because the cellular sequences transduced by and inserted into
retroviral genomes frequently replace viral genes or gene fragments,
most of the acute transforming RNA tumor viruses are defective, i.e.
they can only replicate in cells co-infected with a replication competent
helper virus. Deletions occur, however, not only in the viral genome,
but also at 5′ sequences, 3′ sequences or at both ends of the transduced

Table 1
Major mechanisms of viral oncogenesis

RNA tumor viruses DNA tumor viruses

1. Expression of oncoproteins encoded by v-onc genes of host cell origin;
stimulation of cell growth, induction of genetic and epigenetic alterations

1. Expression of oncoproteins encoded by viral oncogenes of unknown origin or host cell
origin, inhibition of cellular tumor suppressor proteins; induction of genetic and epigenetic
alterations

2. Activation or dysregulation of c-onc genes by promoter or enhancer insertion 2. Induction of genetic instability by integration of viral DNA into the host genome
3. Expression of transforming structural proteins 3. Chronic inflammation [HBV]
4. Expression of transforming accessory (regulatory) viral proteins
5. Chronic inflammation [HCV]

Abbreviations: HCV, hepatitis C virus; HBV, hepatitis B virus
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cellular genes that are converted into v-onc genes. In-frame insertion of
transduced genes into viral genes results, in most cases, in the gen-
eration of fused transcripts translated as fusion proteins. The best
characterised fusion proteins of acute RNA tumor viruses are listed in
Table 2. Most of them are composed of a truncated retroviral Gag

polyprotein fused to a truncated protein of cellular origin. Less fre-
quently the truncated version of Env, another viral structural protein is
fused to a shortened cellular protein. In rare cases, the truncated forms
of the retroviral enzymes encoded by the pol gene may also participate
in the formation of fusion oncoproteins (Table 2).
Gag sequences located at the N-terminal domain of retroviral

transforming proteins play a context-dependent role in tumorigenesis.
The Gag-Abl fusion protein encoded by A-MuLV (Abelson murine leu-
kemia virus) maintained its fibroblast transforming capacity in vitro,
even in the absence of its Gag domain (Prywes et al., 1983). The Gag
sequences fused to Myc were also dispensable for fibroblast transfor-
mation by avian myelocytomatosis virus MC29 (Shaw et al., 1985). In
contrast, the Gag domain of the Gag-Abl oncoprotein was indispensable
for the lymphoid transforming activity of A-MuLV, because loss of the
Gag domain decreased the stability of the fusion protein in lymphoid
cells (Prywes et al., 1983; Prywes et al., 1985).
The genome of Hardy-Zuckerman 2 feline sarcoma virus (HZ2-

FeSV) also acquired c-abl sequences and encodes a ΔGag-Abl-ΔPol
transforming protein (Bergold et al., 1987a; Bergold et al., 1987b).
Deletion of the major part of the Pol domain of the fusion protein did
not affect, however, the fibroblast transforming potential of the fusion
protein. In addition, when expressed from a retroviral construct in-
fecting mice, the feline HZ2-FeSV oncoprotein with a C-terminal Pol
domain induced lymphosarcomas of B cell origin in vivo, i.e. it trans-
formed B-cell lineage cells similarly to the ΔGag-Abl oncoprotein of A-
MuLV (Bergold et al., 1987a; Bergold et al., 1987b).
The Env-Sis fusion oncoprotein encoded by the v-sis gene of simian

sarcoma virus (SSV) induces fibroblast transformation by an autocrine
mechanism by binding to the PDGF (plateled derived growth hormone)
receptor both at the cell surface and intracellularly (Betsholtz et al.,
1986; Lokeshwar et al., 1990). There is a signal sequence in the N-
terminal Env domain of the Env-Sis fusion protein that directs the
translocation of the nascent oncoprotein through the endoplasmic re-
ticulum (Devare et al., 1983; Hannink and Donoghue, 1984). The si-
mian sarcoma associated virus (SSAV)-derived Env domain is important
for the biological activity of the fusion protein, because removal of v-sis
sequences coding for the signal peptide located to the Env domain in-
terfered with cell transformation in vitro (Hannink and Donoghue,
1984). It is noteworthy that the genome of PI-FeSV (Parodi-Irgens feline
sarcoma virus), an RNA tumor virus isolated from a cat fibrosarcoma,
carried a homologue of SSV v-sis (Besmer et al., 1983). In this case,
however, a Gag-Sis fusion protein was expressed in transformed fibro-
blasts (Besmer et al., 1983). Thus, expression of homologous cellular
proteins fused to the C-terminal end of either truncated Env or trun-
cated Gag induced similar changes in the behaviour of SSV and PI-FeSV
infected cells, respectively.

4. Hepatitis B virus: a reverse transcribing human tumor virus
that does not transduce cellular sequences

Hepatitis B virus (HBV), a reverse-transcribing small DNA virus is
one of the causative agents of hepatocellular carcinoma in humans.
HBV belongs to the family of Hepadnaviridae, and it is the type species
of the genus Orthohepadnavirus. It infects human hepatocytes by
binding to its unique receptor, the sodium taurocholate co-transporting
polypeptide (NTCP) expressed on the surface of liver cells (Yan et al.,
2012a, 2012b). Recently, another HBV receptor, hepatitis B surface
antigen binding protein (SBP), was also identified (Sun et al., 2018).
The restricted host range of HBV is usually attributed to the cell-type
specific expression of its receptors, although the expression of liver-
specific transcription factors involved in HBV replication may also
contribute to HBV tropism (Tang and McLachlan, 2002).
In addition to humans, HBV variants infect apes as well (Starkman

et al., 2003; Sa-Nguanmoo et al., 2009; Lyons et al., 2012). Further-
more, viruses in the Orthohepadnavirus genus cause liver infection in
other mammalian species including New World monkeys (Woolly

Figure 1. Reverse transcription of the retroviral ssRNA genome (Based on
(Sugden, 1993; Temin, 1993; Champoux and Schultz, 2009))
Major steps
1. Initiation of minus-strand DNA synthesis by reverse transcriptase (RT)
2. Template switch 1
3. Elongation of minus-strand DNA
4. RNaseH cuts the RNA 3’ from ppt; start of plus-strand DNA synthesis
5. Template switch 2 and degradation of viral RNA by RNaseH
6. Plus-strand DNA elongation and creation of long terminal repeats (LTRs)
composed of U3, R and U5 sequences at both ends of the viral DNA genome
which integrates into the host cell DNA (provirus). Typically, promoter and
enhancer sequences located to the U3 region of the 5′ LTR control the initiation
of retroviral transcription by RNA polymerase II, whereas sequences situated to
the R-U5 region of the 3′LTR regulate transcriptional termination.
Symbols
a cloverleaf-like symbol indicates a cellular tRNA molecule used as a primer for
minus-strand DNA synthesis by reverse transcriptase. Ochre lines depict RNA
sequences, blue lines with arrows indicate viral DNA sequences. Thick ochre
line: coding sequences for the retroviral genes gag, pol and env located to the
viral RNA genome; thin ochre line: noncoding sequences in viral RNA.
Abbreviations
r: repeat region at the termini of viral RNA
R: repeat region in viral DNA
u5: unique sequence at the 5′ end of viral RNA
U5: unique 5′ region (DNA)
pbs: primer binding site in viral RNA
PBS: priner binding site in viral DNA
ppt: polypurine tract, priming plus-strand DNA synthesis, u3: unique sequence
at the 3′ end of viral RNA
U3: unique 3′ region (DNA)
RT: reverse transcriptase
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Monkey HBV, WMHBV, Capuchin Monkey hepatitis B virus, CMHBV)
and rodents (Woodchuck hepatitis virus, WHV; Ground Squirrel hepa-
titis virus, GSHV) (de Carvalho Dominguez Souza et al., 2018) (re-
viewed by (Mason, 2015)). In contrast, members of the Avihepadnavirus
genus (prototype: Duck hepatitis virus, DHV) infect birds (reviewed by
(Mason, 2015)). Although Hepadnaviridae are DNA viruses, they re-
plicate their DNA genomes via reverse transcription of an RNA inter-
mediate, similarly to the members of the Caulimoviridae family that
infect plant cells (Mesnard and Carriere, 1995). The reverse tran-
scribing DNA viruses belonging to Caulimoviridae and Hepadnaviridae
are grouped together as pararetroviruses based on their replication
strategy. In contrast to retroviruses, however, the polymerase proteins
encoded by pararetrovirus genomes lack a functional integrase domain,
and integration of the viral DNA into the host genome is not an ob-
ligatory step during pararetrovirus replication (reviewed by (Krupovic
et al., 2018)).

Whereas retroviral RTs perform reverse transcriptase and RNaseH
activities, the corresponding polymerase enzyme (P) encoded by the
partially double-stranded, relaxed circular (RC) DNA genomes of
Hepadnaviridae has an additional function as well, called protein
priming. Thus, in contrast to retroviruses that use one of the cellular
tRNAs to prime reverse transcription, in case of Hepadnaviridae tyrosine
63 of the N-terminal domain of P protein provides the necessary 3′-OH
group for minus DNA strand synthesis (Feng et al., 2013) (reviewed by
(Lamontagne et al., 2016)). Hepadnaviruses are unique, because the
terminal protein domain (TP domain) and the reverse transcriptase
domain are part of the same polypeptide that forms a complex with the
pregenomic RNA (pgRNA) pinned to the immature capsids (Lanford
et al., 1997; Wang et al., 2014c). A bulge region of the epsilon en-
capsidation signal at the 5′ end of the pgRNA is used as a template for
the synthesis of a three or four nucleotide long DNA primer which is

viral RNA
genomes

viral dsDNA
molecules

proviral DNAs
integrated around

oncogene locus

retroviral par!cle

cellular oncogene

hybrid retroviral-
oncogene transcript co-packaging

wildtype provirus
truncated
genome

wildtype RNA genome

Figure 2. Transduction of cellular proto-oncogene sequences
by retroviruses: The DNA model (Based on (Goodrich and
Duesberg, 1990; Schwartz et al., 1995)).
On the left side of the figure integration of a truncated ret-
roviral genome (indicated as a thick blue line) with a single
LTR is shown. This integration into the host cell DNA (shown
as a discontinuous thin black line) occurs 5′ from a cellular
oncogene (c-onc gene; represented by thick horizontal blue
lines alternating with thin black lines). On the right side of
the figure, integration of a second, full-length, wild type
provirus with two LTRs is depicted (thick green line), 3′ from
the cellular oncogene. Transcripts initiated at the single LTR
of the truncated provirus proceed through the c-onc gene and
terminate at the 5′ LTR of the wild type provirus. Broken
arrows indicate processing of the primary transcript yielding
a hybrid retroviral-oncogene transcript co-packeged into a
retroviral particle with the full length, wild type, helper ret-
roviral genome (shown as a thick orange line) transcribed
from the integrated provirus flanked by two LTRs.

processed hybrid RNA

leaky viral 3´-LTR: transcriptional readthrough

faulty splice

template switch of reverse transcriptase

tRNA-primer

Figure 3. Transduction of cellular proto-oncogene sequences by retroviruses:
The RNA model (Based on (Klempnauer and Bishop, 1983; Swanstrom et al.,
1983; Swain and Coffin, 1992; Zhang and Temin, 1993)).
Integration of a retroviral genome (light blue) into the host DNA 5′ from a c-onc
gene (exons in dark blue) may result in a processed hybrid RNA molecule
(purple and dark brown). Faulty splice of the viral RNA as well as deficient
termination of the viral transcript at the 3′ LTR may facilitate this process. Co-
packaging of the hybrid RNA and a full length (helper) retroviral genome
(ochre) into a viral particle may favor, after infection of a new host cell, non-
homologous recombination during minus-strand synthesis which generates a
recombinant provirus (blue and green) integrated into the host DNA (black).

recombinant viral RNA 

gag pol         env

onc

viral RNA genome

co-packaged cellular RNA

two template switches

2.

1.

gag onc pol     env

gag onc pol     env recombinant provirus

plus strand synthesis
integration of recombinant provirus

transcription

Figure 4. Transduction of cellular proto-oncogene sequences by retroviruses:
The sequence acquisition by reverse transcription model (Based on (Hajjar and
Linial, 1993; Jamain et al., 2001))
During reverse transcription, the minus-strand DNA synthesis (thin blue line)
which started on a retroviral RNA genome (ochre) proceeds on the co-packaged
cellular RNA molecule (light blue) and then switches back to the retroviral RNA
genome, as indicated on the figure. Then, plus-strand DNA synthesis may
generate a recombinant provirus (according to Fig. 1, not shown here). Tran-
scription of the recombinant provirus may yield a hybrid retroviral-cellular
RNA transcript (light blue and ochre). Alternatively, the second illegitimate
recombination may occur during plus strand synthesis, i.e. the primer initiated
at ppt (see step 4, Fig. 1) may jump to the 5′ end of the hybrid cellular-viral
RNA (not shown here) to complete the synthesis of the recombinant proviral
DNA.

J. Minarovits and H.H. Niller Infection, Genetics and Evolution 73 (2019) 342–357

346



Table 2
Oncoproteins encoded by acute transforming retroviruses

Fusion protein Virus Host Reference/review

Gag-Abl
P160ΔGag-Abl
P120ΔGag-Abl
P110ΔGag-Abl-ΔPol

A-MuLV (Abelson-MuLVa)
A-MuLV
HZ2-FeSV (Hardy-Zuckerman 2 FeSVb)

Mouse
Mouse
Cat

(Shore et al., 2002)
(Reddy et al., 1983)
(Bergold et al., 1987a)

Gag-X-Akt
P105ΔGag-X-Akt AKT8 MuLVa Mouse (Bellacosa et al., 1991; Bellacosa et al., 1993)

Gag-Cbl
P100ΔGag-Cbl Cas NS-1 MuLVa Mouse (Blake et al., 1993)

Gag-Crk
P47ΔGag-Crk CT10 ASV (Avian Sarcoma Virus)

ASV-1
Chicken
Chicken

(Mayer et al., 1988)
(Tsuchie et al., 1989)

Gag-Fes (Fps)
P110ΔGag-Fes
P85ΔGag-Fes
P100ΔGag-Fes

GA-FeSV (Gardner-Arnstein FeSVb)
ST-FeSV (Snyder-Theilen FeSVb)
HZ1-FeSV (Hardy-Zuckerman 1 FeSVb)

Cat
Catd

Cat

(Veronese et al., 1983)

(Snyder Jr. et al., 1984)
Gag-Fgr

P70ΔGag-Actin-Fgr GR-FeSV (Gardner-Rasheed FeSVb) Cat (Naharro et al., 1984)
Gag-Fms

P180ΔGag- Fms
P140ΔGag- Fms
P120ΔGag- Fms

SM-FeSV (McDonough strain of FeSVb) Cat (Anderson et al., 1982)

Gag-Fos
P100ΔGag-Fos
P75ΔGag-Fos-Fox

NK24 avian transforming virus
FBR murine osteosarcoma virus

Chicken
Mouse

(Nishizawa et al., 1987)
(Van Beveren et al., 1984)

Gag-Fps (Fes)
P13 ΔGag-Fps

P105ΔGag-Fps

P170ΔGag-Fps
P150ΔGag-Fps
P142ΔGag-Fps
P137ΔGag-Fps

FSV (Fujinami sarcoma virus)

PRCII ASV (Poultry Research Center Virus II; an Avian Sarcoma Virus)
PRCIV ASV
UR1 ASV
16L virus (an Avian Sarcoma Virus)
Fu-J virus (subgroup J Avian Leukosis Virus-associated acutely transforming
virus)

Chickend

Chicken

Chicken
Chicken
Chicken
Chicken

(Shibuya and Hanafusa, 1982)
(Vogt et al., 1981; Huang et al., 1985)
(Breitman et al., 1981)
(Wang et al., 1981)
(Neel et al., 1982)
(Wang et al., 2016b)

Gag-Jun
P65ΔGag-Jun ASV17 Chicken (Bos et al., 1988)

Gag-Kit
P80ΔGag-Kit HZ4-FeSV (Hardy-Zuckerman 4 FeSVb) Cat (Besmer et al., 1986b)

Gag-Mil (Raf)
P100ΔGag-Mil MH2 (avian oncovirus Mill Hill No. 2) Chickene (Kan et al., 1984)

Gag-Myb
P135ΔGag-Myb-Ets
P48δGag-Myb-δEnv

E26 avian acute leukosis virus
AMV

Chicken
Chicken

(Lipsick and Wang, 1999)
(Lipsick and Wang, 1999)

Gag-Myc
P110ΔGag-Myc
P90ΔGag-Myc
P200ΔPol-Myc
P57δGag-Myc
P57δGag-Myc
P145ΔGag-Myc
P72ΔGag-Myc

MC29c

CMII (avian acute leukemia virus)
OK10 (avian acute leukemia virus)
OK10
MH2 (avian oncovirus Mill Hill No. 2.)
FH3 (avian acute transforming virus)
ALV-J strain 966 (Avian Leukosis Virus subgroup J, strain 966)

Chicken

Chicken
Chicken

(Bister and Jansen, 1986)

(Chen et al., 1989)
(Chesters et al., 2001)

Gag-Raf (Mil)
P75ΔGag-Raf MuSV3611 Mousee (Kan et al., 1984)

Gag-Ras
P29ΔGag-Ras RaSV (Rasheed rat sarcoma virus) Rat (Gonda et al., 1982)

Gag-Ros
P68ΔGag-Ros ASV UR2 Chicken (Neckameyer and Wang, 1984)

Gag-Sis
P76ΔGag-Sis PI-FeSV (Parodi-Irgens feline sarcoma virus) Catf (Besmer et al., 1983)

Gag-Yes
P90ΔGag-Yes- δEnv ASV Y73 Chicken (Zheng et al., 1989)

Gag-Ski
P125 Gag-Ski SKVs (Sloan-Kettering viruses) Chicken (Stavnezer et al., 1989)

Env-Mos
P41δEnv-Mos

(p37-v-mos, p43-v-mos)

Mo-MuSV (Moloney murine sarcoma virus

Mo-MuSV

Mouse (Donoghue, 1982; Donoghue and Hunter,
1983)
(Herzog et al., 1990)

Env-Mpl
P29ΔEnv-Mpl MPL (Myeloproliferative leukemia virus) Mouse (Courtois et al., 1995)

Env-Rel
P59δEnv-Rel Rev-T (Reticuloendotheliosis virus strain T) Turkey (Wilhelmsen et al., 1984; Garson et al., 1990)

Env-Sis
P28δEnv-Sis Simian sarcoma virus Woolly monkeyf (Devare et al., 1983)

(continued on next page)
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covalently linked to the polymerase (Kidd and Kidd-Ljunggren, 1996).
This short nascent DNA strand and the linked P protein is transferred
thereafter to the 3′ end of the terminally redundant pgRNA for the
synthesis of a full-length DNA minus strand (Fig. 5). (To do) Simulta-
neously, the RNaseH activity of the P protein, lagging 18 nt behind the
site of reverse transcription, degrades the RNA template except a
terminal RNA stretch which is used as a primer for the synthesis of the
DNA plus strand. In the majority of nucleocapsids primer translocation
from the 5′-end to the 3′-end of the minus DNA strand template, aided
by direct repeats and loop formation (circularization of the template)
ensures the generation of relaxed circular DNA (rcDNA) genomes.
These rcDNA genomes are not completely double stranded due to the
premature termination of plus-strand synthesis (reviewed by (Seeger
and Mason, 2015; Tu et al., 2017)). In a minority of nucleocapsids,
however, primer translocation does not occur and the linear dslDNA
genomes synthesized may relocate to the nucleus and integrate into the
host cell genome. As a matter of fact, integration of HBV genomes was
regularly observed in the genome of hepatocellular carcinomas as well
as in noninvolved tumor-adjacent tissues of patients with liver cancer
(Ding et al., 2012; Jiang et al., 2012a) (reviewed by (Honda, 2017)).
Integration preferentially occurred in open chromatin regions of human
liver cancer samples and HBV-infected non-tumorous liver tissues
(Furuta et al., 2018). It is worthy to note that in a chimeric mouse
model, HBV integration was detected in mitochondrial DNA (Furuta
et al., 2018). Analysis of integration breakpoints showed the involve-
ment of the viral enhancer as well as the X protein (HBx) and core
protein coding sequence (Yang et al., 2018). Insertion of the HBV
genome into the vicinity of distinct cellular genes correlated with
shorter disease-free survival and overall survival of liver cancer patients
(Yang et al., 2018). In patients with chronic HBV infection, integration
of HBV genomes occurred both in normal-appearing hepatocytes and

premalignant hepatocytes and it was associated with clonal expansion
of both cell populations (Mason et al., 2010). In liver cancer cells,
preferential integration of HBV genomes into the vicinity of cellular
genes implicated in carcinogenesis suggested that up-regulation of
distinct growth-regulators may play a role in the development of he-
patocellular carcinoma (reviewed by (Hai et al., 2014; Honda, 2017)).
Thus, a mechanism similar to the promoter and enhancer insertion
observed in non-acute retrovirus infected cells may operate during
HBV-associated carcinogenesis, too (Gilroy et al., 2016; Serrao and
Engelman, 2016; Tsuruyama et al., 2017), see also: Introduction).

5. Organization of retrovirus and hepadnavirus genomes

Due to the peculiar features of reverse transcription, the ssRNA
genomes of retroviruses differ from the corresponding dsDNA genomes:
duplication of promoter, enhancer and polyadenylation sequences
creates two identical LTRs (long terminal repeats) at the ends of the
provirus which control the transcription of the retroviral genes. For a
detailed description of this process involving two strand transfers, i.e.
jumps of the reverse transcriptase and the associated DNA primers see
(Temin, 1993; Hughes, 2015) and Fig. 2. Thus, the regulatory sequences
of the provirus do not overlap with the coding sequences of retroviral
proteins. In contrast, the hepadnavirus genomes are more compact: the
enhancer and promoter sequences are not organized into a separate
control region; instead, they overlap with the open reading frames
(ORFs) of viral proteins (Torres et al., 2013). In addition, there is a
partial overlap between the the four ORFs of HBV and related members
of Hepadnavirinae. Such a compact organization of the viral genome
may influence the variability and evolution of HBV and other members
of the Hepadnaviridae family (Torres et al., 2013).

Table 2 (continued)

Fusion protein Virus Host Reference/review

Env-Sea
gp155ΔEnv-Sea
gp70ΔEnv-Sea

S13 virus
Avian erythroblastosis virus S13

Chicken (Smith et al., 1989)
(Knight et al., 1988)

Viral oncoprotein not fused to viral structural protein
pp60-v-src ASV (avian sarcoma virus)

SJ-1, SJ-2, SJ-3 (acute transforming viruses associated with ALV-J)
Chicken
Chicken

(Levinson et al., 1978)
(Wang et al., 2016a)

P61-v-erbB

gp65-v-erbB
gp68-v-erbB

gp73-v-erbB
P68-v-erbB (predicted)
gp72-v-erbB

AEV-R (avian erythroblastosis virus, strain R)
AEV-R
AEV-R

AEV-R
AEV-H (strain H)
AEV-H

Chicken

Chicken

(Ng and Privalsky, 1986)

(Bassiri and Privalsky, 1986)
(Nishida et al., 1984; Bassiri and Privalsky,
1986)
(Ng and Privalsky, 1986)
(Yamamoto et al., 1983)
(Nishida et al., 1984)

P55-v-fos FBJ murine osteosarcoma virus Mouse (Curran et al., 1984)
P21-v-has Ha-MuSV rat-derived murine sarcoma retrovirus Rat (Andersen et al., 1981)
P21-v- kis Ki-MuSV rat-derived murine sarcoma retrovirus Rat (Tsuchida et al., 1982)
P21-v-bas BALB-MuSV Spontaneous murine (mouse) sarcoma virus (Andersen et al., 1981; Reddy et al., 1985)

Retroviral structural protein acting as an oncoprotein
Pr80Env

P70Env
Jaagsiekte sheep retrovirus (JSRV) Sheep (Hsu et al., 2015)

Symbols: Δ indicates a deletion in a retroviral structural protein fused to a c-onc protein; δ indicates that due to a major deletion, only a few amino acids of a
retroviral structural protein are fused to a c-onc protein
a MuLV: Murine Leukemia Virus
b FeSV: Feline Sarcoma Virus
c MC29: MC29 strain of Avian Myelocytomatosis Virus
d Gag-Fes and Gag-Fps are encoded by a cat and a chicken retrovirus, respectively; the same cellular gene was transduced by retroviruses infecting different host

species
e Gag-Mil and Gag-Raf are encoded by a chicken and a murine retrovirus, respectively; the same cellular gene was transduced by retroviruses infecting different

host species
f Gag-Sis and Env-Sis are encoded by a cat and a primate retrovirus, respectively; the same cellular gene was transduced by retroviruses infecting different host

species
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6. Creation of HBx, a pleiotropic oncoprotein of
orthohepadnaviruses, by overprinting

During retroviral replication reverse transcription of the viral RNA
genome occurs at the initial phase of the viral life cycle creating dsDNA
genomes that integrate into the host DNA (see Section 2.). In contrast,
reverse transcription takes place at a late stage of hepadnavirus re-
plication. After cell entry, and nuclear transport, the rcDNA genomes of
hepadnaviruses are converted into covalently closed circular DNA
(cccDNA). Transcription of the viral episomes generates viral mRNAs
and pregenomic RNAs which are translated in the cytoplasm, where the
pregenomic RNAs associate with the polymerase enzyme and capsid
proteins. Reverse transcription generates rcDNA in the immature cap-
sids just before the packaging of the nucleocapsids into viral envelopes
and the release of mature virions (reviewed by (Seeger and Mason,
2015)). In spite of the different replication strategies of retroviruses and
hepadnaviruses, they show some similarities in the arrangement and
function of the viral genes (Mesnard and Carriere, 1995). The retroviral
gag and pol genes code for the structural proteins of the virion and the
viral replication enzymes, respectively. A third gene, env, encodes the
glycoproteins inserted into the lipid envelope of the virus. These ret-
roviral genes correspond to the partly overlapping open reading frames
(ORFs) of hepadnavirus genomes coding for precore and core protein,
polymerase (P) protein and envelope proteins (large, middle, and small
surface antigen (S, HBs or HBsAg) which have analogous functions as
their retroviral counterparts (Mesnard and Carriere, 1995; Lamontagne
et al., 2016). There is, however, an additional, unique ORF in the

genome of orthohepadnaviruses, coding for the regulatory protein HBx
(also called X protein), which is absent from retroviral genomes. HBx
facilitates HBV replication, but it is also regarded as an oncoprotein that
plays a role in the development of hepatocellular carcinoma in humans
as well as in rodents infected with other members of the Orthohe-
padnavirus genus (reviewed by (Lamontagne et al., 2016)). Unlike the
viral oncoproteins of acute RNA tumor viruses, however, HBx is not
specified by a c-onc gene acquired by the virus. Instead, it appears to be
the product of a novel way of protein creation, called overprinting.
Overprinting the +2-frame or +3-frame or both frames within an

already existing +1-open reading frame (ORF) is an evolutionary
process which gains coding space without enlarging a genome.
Overprinting is found in cellular genomes, but due to size constraints, it
is mainly used by viruses (Keese and Gibbs, 1992; Carter et al., 2013;
Pavesi et al., 2013). In many cases, phylogenetic analysis combined
with codon usage analysis of overlapping viral reading frames is able to
discriminate between ancestral and novel, overprinted sequences with
an excellent specificity and intermediate sensitivity. For example, small
regulatory genes from the pX region of the deltaretrovirus HTLV-1, like
Rex, p12 and p30 apparently have been generated de novo by over-
printing pre-existing frames, leading Pavesi et al. to call the pX region
of HTLV-1 a “gene nursery” (Pavesi et al., 2013).
An extreme and intriguing example for overprinting is Hepatitis B

virus (HBV) where 50% of the viral genome is occupied by overlapping
regions from which about 70% of the viral coding capacity is derived.
First, the common stretch of> 1000 nts of the polymerase (P) and
surface genes of HBV is the longest known overlap in animal viruses.
The 5′ one-third of the overlap contains both the spacer region of the
viral polymerase gene and the pre-S1 and first two thirds of the pre-S2
region of the HBs gene. A detailed codon usage analysis using a sliding
window method found that within this 5′ one-third the S gene is an-
cestral while the P gene was overprinted. Contrary, within the 3′ two-
thirds of the overlap which contains both the reverse transcriptase
domain of the polymerase gene and the S domain of the HBs gene, the P
gene is ancestral, while the HBs gene was overprinted (Pavesi, 2015).
This puzzling dual overprinting pattern found its explanation by the
discovery of the nackednaviruses. Nackednaviruses are non-enveloped
fish viruses with a capsid triangulation number of 3 which are related to
hepadnaviruses which exhibit a capsid triangulation number of 4. Both
virus families separated from a common ancestor> 400 million years
ago. The envelope of hepadnaviruses apparently emerged through the
insertion of a spacer between the terminal protein (TP) domain and the
reverse transcriptase (RT) domain of the P gene (“5´ one-third ancestral
for HBs”) and the subsequent overprinting of the RT domain (“3´ two-
thirds ancestral for P”) (Lauber et al., 2017).
The HBx gene which is only found in orthohepadnaviruses, but not

in avihepadnaviruses and ancient endogenous avian and crocodilian
HBVs is another example for the de novo origin of a gene by over-
printing. A putative X-like ORF has been postulated and a functional
gene product described for some avihepadnaviruses such as duck HBV
(Chang et al., 2001; Schuster et al., 2002). However, there are several
arguments against the existence of an X-like gene in avihepadnaviruses.
All ancient endogenous HBVs and some extant avian HBVs carry mul-
tiple internal stop codons at conserved positions within the putative X-
like ORF, i.e. they don´t carry an X gene (Suh et al., 2014). Contrary to
mammalian HBVs where the X-ORF is essential for virus replication, the
X-like ORF of duck HBV may be knocked out without any damage to
virus infectivity and in vivo growth, suggesting that it might not play a
physiological role in the replication cycle (Meier et al., 2003). Further,
the GC content of the X/RNAseH domain-overlap is strongly elevated in
mammalian HBVs, while the X-like ORF carries a moderate GC-content.
Finally, while the P gene is located in the +1 frame across all HBV
types, the X ORF of orthohepadnaviruses is located in the +2 frame,
but the X-like ORF of duck HBV is located in the +3 frame (Suh et al.,
2014). Therefore, Suh et al. argue rather convincingly that the X gene of
orthohepadnaviruses arose by a duplication of the 5′-two-thirds of the
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Figure 5. Reverse transcription of the pregenomic RNA of hepatitis B virus
(Based on (Beck and Nassal, 2007; Seeger and Mason, 2015)).
1. Using an RNA hairpin (ε, the encapsidation signal) located to the 5′ region of
the pregenomic RNA (pgRNA) as template, the polymerase (P) enzyme of HBV
initiates DNA synthesis by protein priming, i.e. the first DNA nucleotide is
covalently linked to the terminal protein domain of the polymerase-reverse
transcriptase enzyme. After the synthesis of the first 3 nucleotides, the primer-
polymerase complex is translocated (1st template switch; blue dashed line) to a
repetitive sequence, dr1* which is situated to the 3′ end of the pgRNA.
2. The DNA primer is extended to the 5′ end of the pgRNA (minus-strand DNA
synthesis). In parallel, the RNaseH activity of the polymerase degrades the RNA
template except a repeat (dr1, direct repeat 1) at the 5′ end of the pgRNA. 3. As
a next step, dr1 is translocated and binds to the DR2 sequence of minus-strand
DNA (second template switch) where it used as a primer for plus-strand DNA
synthesis which continues till the end of the minus DNA strand (4). After cir-
cularization (5) aided by a repeat sequence at the end of the minus-strand DNA,
the plus-strand synthesis continues but remains incomplete resulting in a
double stranded, relaxed circular DNA (rcDNA) genome (6). If the plus strand
primer fails to translocate, double stranded linear DNA (dslDNA) is generated
(“in situ priming”, 4B).
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preC/C ORF, followed by a deletion of about half of the preC/C-du-
plicate, again followed by overprinting of the RNAse H domain of the P
gene and the unoccupied +2 frame within the remaining sequence of
the preC/C-duplicate (Suh et al., 2013; Suh et al., 2014) (Fig. 6).

7. Evolution of Retroviridae and Hepadnaviridae: selected aspects

Many double-stranded (ds) DNA viruses exhibit a very stable history
of co-speciation with their hosts. Therefore, their divergence dates are
usually inferred from the divergence dates of their hosts from their
fossil records over geological time scales. On this basis, mutation rates
of dsDNA viruses have been estimated at 10-7 to 10-9 nucleotide sub-
stitutions per site per year (sny) (Aiewsakun and Katzourakis, 2016). A
prime example of such calculations is the family of herpesviruses
(McGeoch et al., 1995; McGeoch and Gatherer, 2005). Not only DNA
viruses, but also RNA viruses, such as deltaretroviruses, hantaviruses
and foamyviruses have a clear and stable co-speciation history together
with their hosts, although with occasional examples of cross-species
transmission (reviewed in (Aiewsakun and Katzourakis, 2016; Zhang
et al., 2018)). Thus, comparable to DNA viruses, RNA viruses appear to
be co-speciating with surprisingly low mutation rates of 10-7 to 10-8 sny
(Aiewsakun and Katzourakis, 2016).
Furthermore, paleovirological analysis of endogenous viral ele-

ments in genomes of living animals and humans reveal a surprisingly
close relationship of paleoviruses with extant viral species, again con-
firming extremely low mutation rates over geological time scales of tens
or hundreds of millions of years (Aiewsakun and Katzourakis, 2015,
2016). Phylogenetic trees of viruses can be calibrated with the help of
endogenous viral elements, and the minimum age of virus families can

be estimated (Holmes, 2011). A prime example for this is the he-
padnavirus family which dates back at least 207 million years (Suh
et al., 2013; Suh et al., 2014). With the discovery of the Nack-
ednaviruses in diverse fish species, the precursor family of the he-
padnaviruses was identified and could be dated to an age of at least 400
million years (Lauber et al., 2017). Over geological time, all lineages of
retroviruses have been incorporated as endogenous retroviral elements
(ERVs) into the germ lines of all vertebrate lineages. In humans ERVs
comprise approximately 8% of the entire genome. A phylogenetic
analysis across a diverse sample of 65 vertebrate genomes uncovered
36.000 different ERV lineages which have been very apt at host
switching over time (Hayward et al., 2015). By now it became clear for
the retroviruses that they have an ancient marine origin, dating back
more than 450 million years, probably up to 550 million years to the
early Paleozoic (Aiewsakun and Katzourakis, 2017; Hayward, 2017).
All in all, co-speciation of host animals and viruses over geological
times is considered as firmly established (Zhang et al., 2018). This long-
term geological perspective is in concordance with phylogenomic and
structural analyses which provide evidence that eukaryotic viruses are
ultimately derived from prokaryotic phages (Koonin et al., 2015). Thus,
viruses are probably dating back to the origin of life, and virus-like
entities even further.
On the other hand, standard phylogenetic analyses of extant RNA

viruses, but also DNA viruses, which are based on the time span be-
tween sampling times usually measure mutation rates between 10-2 and
10-5 sny (Sharp and Li, 1988; Jenkins et al., 2002; Davis et al., 2005;
Shackelton et al., 2005; Aiewsakun and Katzourakis, 2016). Thus, when
comparing short-term and long-term mutation rates, wide differences of
several orders of magnitude are usually obtained. The resulting mole-
cular clock paradoxon of RNA viruses is one of the most intriguing
problems in virus evolution studies (Holmes, 2003). A comprehensive
phylogenetic analysis of RNA virus mutation rates was provided by
Jenkins et al. (Jenkins et al., 2002). The discrepancy between short-
term and long-term mutation rates of viruses, termed time dependent
rate phenomenon (TDRP), was described across almost all Baltimore
virus classes by Aiewsakun and Katzourakis (Aiewsakun and
Katzourakis, 2016). Interestingly, an analogy to the TDRP has been also
described for living mammals compared to the fossil record of mam-
mals (Kurten, 1959). Thus, not only viruses, but also animals are subject
to a TDRP. A couple of hypotheses have been put forward to explain the
molecular clock paradoxon or TDRP of viruses (Holmes, 2003; Ho et al.,
2011). One obvious explanation for the discrepancy between recent
molecular clock estimates for RNA virus origins and phylogenetic evi-
dence for virus-host co-speciation over millions of years would be that
mutation rates are not constant over time and may vary widely. If long-
lasting periods of slow and latent virus replication would alternate with
periods of faster lytic replication cycles, nucleotide substitution rates
were reduced and divergence times were extended. Another explana-
tion would be that the statistical models for calculating evolutionary
distances are flawed in as yet hidden ways. A third explanation would
be that both short-term and long-term estimates are true. This would
imply that extant viruses are always mutating quickly and are quickly
extinguished as well with only few viruses remaining over geological
time scales. What remains in phylogenetic trees then would be just virus
families which are related with long branching times and diversified
lineages of extant viruses which in retrospect also might include many
quasispecies. One implication would be that RNA viruses undergo high
rates of both speciation and extinction (Holmes, 2003; Wertheim and
Kosakovsky Pond, 2011).
An additional possible explanation for the molecular clock para-

doxon of viruses or TDRP might be temporary endogenization and
epigenetic silencing of complete viruses in the germline of animals.
Endogenization might affect only a percentage of individuals of a spe-
cies. Occasionally, endogenous viruses might be mobilized under spe-
cific circumstances and become the founders of extant viral lineages
again. A hypothetical example could be provided by human herpesvirus
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Figure 6. Generation of the HBx open reading frame by overprinting (Based on
(Pavesi et al., 2013; Suh et al., 2013; Suh et al., 2014)).
A segment of a putative ancestral HBV genome is shown (top), together with the
corresponding region of the extant HBV genome (bottom).
Abbreviations: pol(RNaseH) designates the open reading frame (ORF) for the
RNaseH domain of polymerase; (TP) indicates a segment of the ORF for the
terminal protein domain of polymerase; preCore/Core stands for the ORF spe-
cifying the preCore/Core protein; X corresponds to the ORF for the HBx protein;
DR stand for direct repeat; ε, the DNA sequence corresponding to the en-
capsidation signal sequence of the pgRNA. Numbers (+1, +2, +3) designate
open reading frames which are depicted as colored arrows. The transition from
the ancestral HBV genome to the extant HBV genome (blue arrow) possibly
involved a duplication of two thirds of preCore/Core ORF followed by a deletion
affecting the 5‘ half of the duplicated sequence and a shift in the reading frame
of preCore/Core from+2 to+3. Thus, reading frame+2 was liberated allowing
the creation of ORF X for the HBx protein. In the region of the HBV genome
where the pol/RNaseH ORF pverlaps with ORF X, step by step- removal of stop
codons and creation of a new start codon in reading frame +2 could possibly
have contributed to the de novo creation of a novel viral protein, HBx.
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6 (HHV-6) which is carried in the germline of approximately 1% of all
humans and can be inherited to the offspring while exhibiting the very
low mutation rate which applies to the human genome (Pellett et al.,
2012). Occasionally, an endogenous HHV-6 genome (chromosomally
integrated HHV-6, ciHHV-6) can be activated and become infectious
again. Cases were described where the endogenous ciHHV-6 genome of
the mother was not inherited to the child, but a connatal infection
occurred with the activated and mobilized ciHHV-6 genome of the
mother (Hall et al., 2010; Gravel et al., 2013). If this was a more general
mechanism, viruses might be latently carried within animal genomes
for long periods of time and be awakened to their lytic cycle once in a
while until being endogenized again. A similar proposal without de-
manding germline integration has been made by Lauber et al. for he-
patitis B virus which is quickly integrated into the somatic genomes
only hours after infecting hepatocytes (Chauhan et al., 2017; Lauber
et al., 2017). Lauber et al. suggested that replicating hepatitis B viruses
might be continuously replenished from the originally transmitted in-
tegrated genome copies, and the entire quasispecies, although muta-
tionally oscillating, might overall be kept at the slow mutational rate of
the host genome (Lauber et al., 2017). It is worthy to note, however,
that the double-stranded linear DNA (dslDNA) genomes formed during
reverse transcription as a minor form of HBV DNA, are replication in-
competent, and possibly do not serve as transcriptional templates for
pregenomic HBV RNA molecules during virus replication (Staprans
et al., 1991; Lamontagne et al., 2016). Such dslDNA genomes may re-
present precursors of integrated HBV genomes. Their relationship to
defective HBV genomes incorporated into virions formed with the help
of replicating wild type hepatitis B viruses remains to be established.
One may speculate that defective HBV particles are generated when
transcripts of integrated, or episomal HBV genomes undergo splicing,
followed with packaging and and reverse-transcription (Terre et al.,
1991). It was observed that under experimental conditions, naturally
occurring HBV deletion mutants may trans-complement each other
(Okamoto et al., 1993). These phenomena may facilitate the main-
tenance of defective HBV genomes and virions in persistently infected
individuals, as suggested by Lauber et al. (Lauber et al., 2017).

8. Intrapatient evolution of HBx generates C-terminal truncated
variants of full-length, wild type HBx protein during
hepatocarcinogenesis

Initial studies revealed that the full-length, “wild type” HBx protein
(wtHBx), consisting of 154 amino acid residues, may play a complex
role in the development of HBV-associated hepatocellular carcinoma in
humans (reviewed by (Bouchard and Schneider, 2004)). In addition to
wtHBx, truncated HBx variants which differed from wtHBx in their
biological effects and properties, were also regularly detected in liver
carcinomas (Sirma et al., 1999; Tu et al., 2001; Wang et al., 2004; Ma
et al., 2008; Jiang et al., 2012b; Sung et al., 2012; Sze et al., 2013;
Wang et al., 2014a) (Fig. 7).They were possibly encoded by mutated
HBx genes generated during the integration of HBV DNA into the
genome of liver cells. Integration of the HBV DNA into the host genome
involves most frequently the coding regions of the viral core and HBx
proteins and the introns of cellular genes, although integration within
cellular repetitive elements may also occur (reviewed by (Lee et al.,
2018)). It was observed that integration of the HBV genome into the
host cell genome occurred more frequently in hepatocellular carci-
nomas (HCCs) than in adjacent normal liver tissues or pericarcinoma
liver tissues (Ma et al., 2008; Sung et al., 2012; Wang et al., 2014a).
Integrant-derived HBV RNAs (id-RNAs), generated by transcription of
the integrated HBV genomes, could be detected both in nonmalignant
liver tissues and hepatocellular carcinoma samples (Freitas et al.,
2018). Integration of the HBV genome was regularly associated with
deletions or mutations of the HBx gene, resulting in the expression of C-
terminal truncated HBx (trHBx, also called ct-HBx) proteins in the
majority of the HBV-positive liver tumors examined (Ma et al., 2008;

Yin et al., 2013). Both wtHBx and its C-terminal truncated variants
(trHBx) may contribute to HCC development. trHBx proteins differ,
however, from wtHBx in their biological activities, because the C-
terminal truncations and mutations frequently affect the transactivation
domain identified in wtHBx (reviewed by (Kew, 2011; Niller et al.,
2016)). It was observed that wtHBx activated the expression of pro-
apoptotic genes and blocked cell proliferation, whereas trHBx variants
defective in transactivation failed to induce apoptosis and failed to
block cell proliferation (Sirma et al., 1999; Tu et al., 2001; Al-Anazi
et al., 2018). C-terminal truncation may influence the binding of HBx to
cellular proteins resulting in altered expression patterns of protein
coding genes as well as microRNA genes in cells expressing wtHBx,
trHBx or both (Neuveut et al., 2010; Yip et al., 2011; Ng et al., 2016;
Guerrieri et al., 2017; Niu et al., 2017; Wang et al., 2017). The exact
timing of wtHBx and trHBx expression in HBV-infected individuals re-
mains to be elucidated. They may act either in different cell types, i.e. in
phenotyically normal liver cells and hepatocellular carcinoma cells of
the same patient, suggesting that they are involved in consecutive
stages of hepatocarcinogenesis, or they are co-expressed in the same
cell, where they may act in concert to reprogram the gene expression
pattern of the HBV-infected hepatocyte (reviewed by (Niller et al.,
2016)).
A phenomenon similar to the truncation of HBx, the putative

“transforming protein” of HBV, was regularly observed during the
generation of retroviral oncoproteins, due to the deletion of 5′ se-
quences, 3′ sequences, or both, of the transduced cellular proto-onc
genes (reviewed by (Pedersen and Sorensen, 2010); Table 3). Trunca-
tions and mutations in viral oncoproteins frequently remove or alter the
negative regulatory domains of the corresponding c-onc proteins, re-
sulting in constitutive and increased enzyme activity, loss of enzyme
activity, altered interactions with partner proteins and loss of tumor
suppressor or trans-repressor activity (Table 3).

9. C-terminal truncations affecting the cellular adapter protein
Crk and the viral regulatory protein HBx

Out of the numerous retroviral v-onc proteins we would like to
briefly overview the properties of v-Crk, a transforming protein ex-
pressed in chicken cells infected by the avian sarcoma viruses CT10 and
ASV-1 (Mayer et al., 1988; Tsuchie et al., 1989). v-Crk is a C-terminally
truncated version of c-Crk, a cellular “adapter” protein which – simi-
larly to wtHBx – does not have any enzymatic activity. c-Crk promotes

conserved
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serine-rich

B region

Kunitz domain-
like sequences

DDB1-binding
motif

transactivation
domain

basic domain CPBD

C-terminal truncations

regulatory
domain

Figure 7. Structure of wtHBx (154 aa) and truncations affecting the C-terminal
region (Based on (Tu et al., 2001; Slagle et al., 2015; Niller et al., 2016)).
A conserved N-terminal negative regulatory domain is separated by a proline-
serine rich region from the C-terminal transcription factor binding, transacti-
vator domain which also binds to DDB1 (Damaged DNA Binding Protein 1).
CPBD: cellular protein binding domain. CPBD largely overlaps with a BH3-like
domain (Jiang et al., 2016). A split Kunitz-like serine protease inhibitor domain
interacts with proteasome subunits. Black triangles indicate truncations af-
fecting the C-terminal domain. Because the C-terminal transactivator domain of
wtHBx is involved in apoptosis induction, truncation of the C-terminal domain
may facilitate hepatocarcinogenesis by trHBx variants.
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protein-protein interactions via its SH2 and SH3 domains (Src
homology domain 2 and 3) (Sriram and Birge, 2010) (Fig. 8). The
chicken c-Crk protein corresponding to the CrkII protein of mammals,
contains a modular SH2 domain and two SH3 domains (SH3N and
SH3C). In contrast, the v-Crk protein expressed in chicken cells trans-
formed by the avian sarcoma viruses CT10 or ASV-1 lacks the C-term-
inal SH3C domain (Reichman et al., 1992) (reviewed by (Birge et al.,
2009)). The N-terminal region of the retroviral v-Crk fusion protein is
formed by a truncated viral Gag sequence whereas the C-terminal part
of v-Crk consists of a truncated c-Crk sequence which lost its carboxy
teminal amino acid residues. The C-terminal truncation may contribute
to the enhanced levels of proteins phosphorylated on tyrosine residues
in v-crk transformed cells, because the loss of the negative regulatory
elements located to the SH3C domain and the neighbouring inter-SH3
region apparently facilitates both the binding of the SH2 domain to
tyrosine-phosphorylated, activated receptor protein kinases and en-
hances the phosphorylation of their substrates associated with the
SH3N domain of the Crk “connector” protein (Sriram and Birge, 2010;
Bell and Park, 2012). Constitutive activation of the growth-promoting
PI3K-Akt signal transduction pathway by v-Crk plays an important role
in the transformation of CT10 virus infected chicken embryo fibroblasts
(Akagi et al., 2002).

One of the protein-protein interactons facilitated by v-Crk is the
binding of the p85 regulatory subunit of phosphoinositide 3-kinase
(PI3K) to focal adhesion kinase (FAK) which results in FAK phosphor-
ylation by the Src family tyrosine kinase(s) associated with the SH2
domain of v-Crk. Phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
produced by the activated PI3K attracts Akt to the cell membrane, in-
itiating further signaling events by the activated Akt serine threonine
kinase that modulates a series of proteins regulating cell growth and
motiliy. Increased protein phosphorylation contributes to malignant
transformation of the CT10 and ASV1 infected cells, and both viral and
cellular Crk proteins contribute to increased cell motility, invasion and
metastasis formation during tumor progression (reviewed by
(Rodrigues et al., 2005; Zheng et al., 2010; Tsuda and Tanaka, 2012)).
We would like to emphasize that various cellular Crk proteins play a

prominent role in the development of oral, head and neck, mammary
and non-small cell lung carcinomas in humans (Yamada et al., 2011;
Fathers et al., 2012; Yanagi et al., 2012; Mortazavi et al., 2015).
Similarly to the deletion in the cellular Crk sequences transduced by

retroviruses, deletions of the HBx gene in HBV infected liver cells ty-
pically also affect the carboxy-terminal region of the encoded protein.
Such a C-terminal truncation significantly affects the properties of the
pleiotropic HBx protein and alters the behaviour of HBV- infected

Table 3
Primary structure of retroviral oncoproteins compared to the protein products encoded by the corresponding cellular proto-onc genes – Selected examples

Protein Consequence of truncation/Note Reference/Review

Truncated oncoproteins

N-terminal truncation
P120ΔGag-Abl Constitutive activation of tyrosine kinase (Srinivasan et al., 1982; Zou and Calame, 1999)
P100ΔGag-Fos Unknown (Nishizawa et al., 1987)
P105ΔGag-Fps Unknown (Huang et al., 1984)
P65ΔGag-Jun Loss of phosphorylation by JNK1 and 2a; misregulation of target genes?, interference with

c-Jun?
(Nishimura and Vogt, 1988; Vogt, 2001)

C-terminal truncation
P100ΔGag-Cbl Loss of E3 ubiquitin ligase activity; Loss of tumor suppressor activity (Blake et al., 1991; Blake et al., 1993; Swaminathan and

Tsygankov, 2006)
P47ΔGag-Crk Loss of the C-terminal SH3 domain may alter the interactome of the protein; loss of the

autoinhibitory linker region may increase the interactions of the SH2 domain with tyrosine-
phosphorylated proteins

(Reichman et al., 1992; Bell and Park, 2012)

P120ΔGag- Fms Constitutive activation of tyrosine kinase; loss of negative regulation by c-Cbl (Besmer et al., 1986a; Mancini et al., 2002)
P55-v-fos Loss of trans-repression activity (van Straaten et al., 1983; Curran et al., 1984; Kamata and

Holt, 1992)
P90 ΔGag-Yes- δEnv Unknown (Sudol et al., 1988; Zheng et al., 1989)

Both N-terminal and C-terminal truncation in the viral oncoprotein
gp65-v-erbB

gp68-v-erbB
Constitutive activation of tyrosine kinase (Bassiri and Privalsky, 1986; Ng and Privalsky, 1986)

P70ΔGag-Actin-Fgr Constitutive activation of tyrosine kinase (Naharro et al., 1984; Cooper et al., 1986; Katamine et al.,
1988)

P75ΔGag-Fos-Fox Loss of trans-repression activity (Kamata and Holt, 1992)
P80ΔGag-Kit Constitutive activation of tyrosine kinase (Besmer et al., 1986a; Yarden et al., 1987)

Unaltered or mutated viral oncoprotein fused to retroviral structural protein
P105ΔGag-X-Akt Myristylated fusion proteinb; the cellularly derived part of v-Akt is identical to c-Akt (Ahmed et al., 1993; Bellacosa et al., 1993)
P130 ΔGag-Fps Amino acid substitutions in v-Fps; no truncation in v-Fps compared to c-Fps (Shibuya and Hanafusa, 1982; Huang et al., 1985)
P110 ΔGag-Myc No major structural changes in c-Myc (Bister and Jansen, 1986)
P90 ΔGag-Myc Mutations are not necessary for oncogenicity (Patschinsky et al., 1986)
P200 ΔPol-Myc
P57 δGag-Myc
P145 ΔGag-Myc (Chen et al., 1989)
P72 ΔGag-Myc (Chesters et al., 2001)

Mutated viral oncoprotein not fused to retroviral structural protein
P21-v-has Activation (constitutive GTP binding) due to two amino acid changes of the GTPase protein (Ruta et al., 1986)
P21-v- kis Activation (constitutive GTP binding) due to two amino acid changes of the GTPase protein (Tsuchida et al., 1982; Iritani et al., 1986; Tsuchida et al.,

2016)
pp60-v-src Loss of Tyr527 involved in negative regulation; increased tyrosine kinase activity; increased

transforming ability
(Levinson et al., 1978; Takeya and Hanafusa, 1983; Cooper
et al., 1986; Laudano and Buchanan, 1986)

Symbols: Δ indicates a deletion in a retroviral structural protein fused to a c-onc protein; δ indicates that due to a major deletion, only a few amino acids of a
retroviral structural protein are fused to a c-onc protein
a JNK1 & 2: Jun N-terminal kinase 1 & 2; ¶SH2 & SH3 domain:Src homology domain 2 & 3.
b The N-terminus of the ΔGag region is modified.
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hepatocytes, too (Fig. 7). Interacting with a series of cellular proteins,
wtHBx activates various signaling pathways resulting in the stimulation
of HBV replication (reviewed by (Niller et al., 2016)). In parallel, as
indicated by several experiments, wtHBx may inhibit cell growth and
induce apoptosis via its C-terminal transactivation domain. Integration
of the viral dslDNA genomes frequently associates, however, with de-
letions or mutations of the HBx coding sequence resulting in the ap-
pearance of C-terminal truncated HBx proteins which lack a functional
transactivator domain. Accordingly, trHBx stimulates cell growth, mo-
tility, invasion and metastasis formation, similarly to v-Crk. C-terminal
truncation possibly alters not only the structure but also the inter-
actome of both Crk and HBx, resulting in regulatory changes in the
target cells and malignant transformation.
HBx is regarded as a hybrid type intrinsically unstructured protein,

composed of a disordered N-terminal region and a folded C-terminal
domain (Lee et al., 2012). The partly unstructured character of HBx
may facilitate its interactions with a series of cellular proteins. Such
promiscuous interactions may permit activation of the PI3K/Akt
pathway by HBx, similarly to v-Crk which has well characterised SH2
and SH3 domains (Akagi et al., 2002; Riggins et al., 2003; Wang et al.,
2014b; Rawat and Bouchard, 2015). Stimulation of Akt by HBx may
enhance HBV replication in infected hepatocytes and may inhibit, in
parallel, apoptosis induction by the wild type HBx protein which carries
a C-terminal “death motif“ (also called BH3 motif) (Rawat and
Bouchard, 2015; Jiang et al., 2016). How C-terminal truncations of HBx
affect its interaction with the PI3K/Akt pathway is unknown at present.
One may speculate, however, that the loss of the pro-apoptotic C-
terminal domain is sufficient by itself to shift the balance from pro-
grammed cell death to cell proliferation in HBV infected cells (Ma et al.,
2008). Thus, transforming proteins with properties similar to those of
the oncoproteins of acute RNA tumor viruses are regularly generated
during intrapatient evolution of HBV.
Recently, the degradation of the cellular restriction factor of ex-

trachromosomal DNA transcription Smc5/6 (structural maintenance of
chromosomes) as a specific function of HBx was revealed. By inter-
acting with DDB1-containing E3 ubiquitin ligase, HBx targets Smc5/6
for degradation. The degradation of Smc5/6 enables HBx to stimulate
transcription from intracellular HBV genomes. It is unknown at present

whether Smc5/6 serves as a host cell restriction factor also for dsDNA
viruses other than HBV (Decorsiere et al., 2016).

10. Outlook

We have presented a comprehensive overview of the origins of viral
oncoproteins of two classes of reverse-transcribing tumor viruses, i.e.
the acute transforming retroviruses and human hepatitis B virus, and
we have highlighted the mechanisms of truncated viral oncoproteins in
the malignant transformation of eukaryotic cells. The research on viral
oncoproteins has contributed a great deal to our understanding of their
counterparts, the cellular protooncogenes. As far as protooncogenes or
their fusions with other genes are involved in human tumorigenesis,
oncoproteins serve as target structures for anti-tumoral therapeutic
approaches a long time. Since the early 2000s, an ever expanding list of
small molecule kinase inhibitors and antibodies has been approved for
the treatment of diverse cancers and hematological diseases (Roskoski
Jr., 2019). HBx which is not derived from a cellular gene may also be
accessible for antiviral treatment with small molecule inhibitors. An
example is given by Ghosh et al. (2017), where a chemical library
screen yielded the pharmacologically active thiourea compound IR415
which inhibited the HBx activity which is directed against the anti-viral
Dicer endoribonuclease, and thereby strongly inhibited HBV replication
in cell culture (Ghosh et al., 2017). Because truncation of full-length,
wtHBx apparently facilitates hepatocarcinogenesis, we speculate that
the development of small molecule inhibitors targeting trHBx molecules
may also be a promising therapeutic approach. The list of small-mole-
cule oncoprotein inhibitors and anti-oncoprotein antibodies is certainly
bound to be enlarged and improved in the near future.
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