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Hepatitis E virus (HEV) possesses many of the features of other positive-stranded RNAviruses
but also adds HEV-specific nuances, making its virus–host interactions unique. Slow virus
replication kinetics and fastidious growth conditions, coupled with the historical lack of an
efficient cell culture system to propagate the virus, have left many gaps in our understanding
of its structure and replication cycle. Recent advances in culturing selected strains of HEVand
resolving the 3D structure of the viral capsid are filling in knowledge gaps, but HEV remains
an extremely understudied pathogen. Many steps in the HEV life cycle and many aspects of
HEV pathogenesis remain unknown, such as the host and viral factors that determine cross-
species infection, the HEV-specific receptor(s) on host cells, what determines HEV chronicity
and the ability to replicate in extrahepatic sites, and what regulates processing of the open
reading frame 1 (ORF1) nonstructural polyprotein.

Hepatitis E virus (HEV) is one of the leading
causes of acute viral hepatitis worldwide. In

developing countries with poor sanitation con-
ditions, an estimated 20million infections occur
annually with approximately 3.3 million acute
HEV cases, resulting in about 56,600 deaths per
year (Lozano et al. 2012; Rein et al. 2012). In
industrialized countries, clinical cases of HEV
tend to be more sporadic, with zoonotic trans-
mission via direct contact with infected animals
or consumption of contaminated animal meats
being themost likely routes of infection. Domes-
tic animals, including pigs, deer, and rabbits,
harbor the zoonotic genotype (gt)3 HEV, which
can contaminate commercial meat products
bound for human consumption (Feagins et al.
2007; Cossaboom et al. 2011, 2016). The true

incidence of HEV infection within the United
States is unknown owing to the lack of Food and
Drug Administration (FDA)–approved diag-
nostics for testing patients. Further complicat-
ing diagnosis, the incubation period of hepatitis
E following exposure to the virus ranges from 2
to 10 weeks. The symptoms of acute hepatitis E
are indistinguishable from other types of acute
viral hepatitis, which includemild fever, anorex-
ia, nausea, and vomiting lasting for days. Less
common symptoms include abdominal pain,
skin rash, or joint pain. In addition, patients
can develop jaundice with dark urine and hepa-
tomegaly. In rare instances, fulminant hepatitis
may also occur (Goel and Aggarwal 2016). The
rate of fulminant hepatitis greatly increases in
HEV-infected women who are in their second
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or third trimester of pregnancy, resulting in
acute liver failure, fetal loss, and mortality rates
as high as 25%. More recently, chronic HEV
infections have become a significant clinical
problem in immunosuppressed populations, es-
pecially in solid organ transplant recipients (Ka-
mar et al. 2011, 2013; Kamar and Izopet 2014;
Fang and Han 2017), which could allow the vi-
rus to acquire mutations that could potentially
enhance pathogenicity and transmissibility (van
Tong et al. 2016).

CLASSIFICATION

HEV is a single-stranded positive-sense RNA
virus classified within the Hepeviridae family,
of which there are two genera based on sequence
divergence: Orthohepevirus and Piscihepevirus.
The genusPiscihepevirus contains a singlemem-
ber known as the cutthroat trout virus (Batts
et al. 2011). The genus Orthohepevirus includes
avian andmammalianHEVs and are subdivided
into four distinct species, Orthohepevirus A–D.
These species are classified based on host range
and sequence identities (Fig. 1). The species Or-
thohepevirus A includes at least seven HEV ge-
notypes (HEV-1 to HEV-7), which collectively
infect humans and a number of other animal
species, including pigs, boars, deer, mongooses,
rabbits, and camels (Smith et al. 2016). gt1 to 4
infect humans, with gt1 and gt2 being restricted
to humans and gt3 and gt4 being zoonotic, in-
fecting both humans and several other animal
species. HEV-5 andHEV-6 have only been iden-
tified in wild boars thus far (Smith et al. 2014).
HEV-7 from camelids has recently been report-
ed to infect humans and has caused chronic dis-
ease in a liver transplant patient (Lee et al. 2016).
Orthohepevirus B species was originally known
as the avianHEVand primarily infects chickens,
causing hepatitis-splenomegaly syndrome with
decreased egg production (Haqshenas et al.
2001).More recently, members of theOrthohep-
evirus B species have also been detected in wild
birds (Reuter et al. 2016; Zhang et al. 2017).
Avian HEV does not appear to be able to
infect mammals (Yugo et al. 2014). The Ortho-
hepevirus C species consists of isolates from rat,
greater bandicoot, Asianmusk shrew, ferret, and

mink, but also is not thought to infect humans.
The Orthohepevirus D species consists of iso-
lates found in bats (Smith et al. 2015). The
taxonomy of the Hepeviridae family will con-
tinue to evolve as more genetically divergent
strains are identified from an expanding host
of animal species.

PROPERTIES OF VIRIONS AND VIRION
STRUCTURE

The HEV virion is a small (320–340 Å) particle
(Balayan et al. 1983) with a T = 3 icosohedral
capsid lattice comprised of 180 copies of the
capsid protein (Xing et al. 1999, 2010; Guu
et al. 2009). Crystal structures revealed three
functional domains named S (shell), M (mid-
dle), and P (protruding). The S domain is the
most conserved region among HEV genotypes
(Zhai et al. 2006) and forms the icosahedral shell
serving as the base for the M and P domains.
The S domain crystal structure reveals a jelly-roll
fold common tomany small RNAviruses (Ross-
mann and Johnson 1989). The P domain is hy-
pothesized to be the binding site for the cellular
receptor and is recognized by neutralizing anti-
bodies (He et al. 2008). The P domain is further
divided into the P1 region, which has threefold
protrusions, and the P2 region, which has two-
fold spikes. Both P regions possess β-barrel folds
and potential polysaccharide-binding sites that
are postulated to help in cell–receptor binding
and/or capsid disassembly (Guu et al. 2009).
The M domain interacts strongly with both the
S and P domains, and likely contributes to virion
particle stability (Xing et al. 2010). The amino-
terminal region of the capsid protein appears to
be critical for forming the T = 3 icosahedral
structure, as capsid protein expression products
lacking the amino-terminal 111 amino acids as-
semble into virus-like particles (VLPs) with a
T = 1 symmetry that are smaller than the native
virions. In addition, the carboxy-terminal re-
gion of the capsid, although not involved in
virion morphology, is required for virus replica-
tion. Virus particles lacking the 52 carboxy-
terminal amino acids showed defective RNA en-
capsidation and had less stable virions (Shiota
et al. 2013).
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GENOME STRUCTURE

Genome Organization

The mammalian HEV genome is a single-
stranded, positive-sense RNA∼7200 nucleotides
in length, whereas the avian HEV genome is

∼6650 nucleotides long (Huang et al. 2004).
HEV genome RNA possesses a 50 7-methylgua-
nosine cap structure followed by a short 50 un-
translated region (UTR) of 26 nucleotides, three
major open reading frames ([ORFs]: ORF1,
ORF2, and ORF3), and a 30UTR (Fig. 2) (Zhang
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Figure 1. A phylogenetic tree encompassing all of the newly International Committee for Taxonomy of Viruses
(ICTV)–recognized reference strains of the family Hepeviridae. All recently proposed reference strains for
hepatitis E virus (HEV) (Smith et al. 2014, 2016) were aligned and placed into a circular phylogenetic tree using
Geneious software v10.2.2 by Biomatters (see geneious.com). Sequence alignment parameters included global
alignment with free end gaps with a cost matrix of 65% similarity. The tree was generated using the Tamura-Nei
genetic distancemodel with a neighbor joining tree buildmethod. Themore divergent strains of HEV are located
toward the center (Piscihepevirus) and the more conserved strains are located around the circumference (Or-
thohepevirus A strains). The Orthohepevirus A strains are color-coded to match their respective genotype.
Cartoons depict which host species the viruses are known to infect. Orthohepevirus C are also able to infect
ferrets, mink, Asian musk shrew, and greater bandicoot (Smith et al. 2014). Orthohepevirus B are reported to
infect turkeys, little egrets (Reuter et al. 2016), and wild birds (Zhang et al. 2017).
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et al. 2001).ORF1 encodes the viral nonstructural
polyprotein. There is an RNA structural element
in the upstream region of ORF1 that binds to the
capsid protein and is thought to be the RNA
packaging signal (Surjit et al. 2004). Overlapping
the X and helicase (Hel) domains in gt1 HEV is a
small frameshifted ORF4 that is controlled by an
internal ribosome entry site (IRES)-like RNA
structure that directs translation of ORF4 under
endoplasmic reticulum (ER) stress. There is a
junction region between ORF1 and ORF3 con-
taining cis-active elements thought to control the
expression of a subgenomic bicistronic messen-
ger RNA (mRNA) (Fig. 2) (Graff et al. 2006;
Huang et al. 2007). Both the sequence and the
stem-loop structure in the junction region play
important roles in HEV replication (Cao et al.
2010). This bicistronic mRNA encodes the
ORF3 multifunctional protein (vp13), and the

ORF2 capsid protein. ORF3 substantially over-
laps the 50 coding sequence of ORF2 in a separate
reading frame, but neither ORF3 nor ORF2 over-
laps ORF1. Following ORF2 is the 30UTR, which
terminates in a 30 polyadenylated tail. A 30 cis-
active element is found within the 30UTR, which
overlaps the carboxy-terminal sequence of the
ORF2, and is necessary for viral RNA replication
by binding to the RNA-dependent RNA poly-
merase (RdRp) domain of the ORF1 polyprotein
(Agrawal et al. 2001).

ORF1

ORF1 is the largest ORF in the HEV genome
with ∼5082 nucleotides that can be translated
directly from the viral genome to produce a
polyprotein containing the viral nonstructural
proteins (Tsarev et al. 1992; Emerson et al.
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Figure 2. Genomic organization of hepatitis E virus (HEV). The genome of HEV is ∼7.2 kb in length and is
composed of a single-stranded positive-sense RNA molecule. The genome contains a 7-methylguanosine RNA
cap at the 50 end and is polyadenylated at the 30 terminus. There are three conserved open reading frames (ORFs)
found in all known HEV strains: ORF1, ORF2, and ORF3. ORF1 encodes the nonstructural polyproteins with
putative functional domains including methyltransferase (Met), Y domain, papain-like cysteine protease (PCP),
hypervariable region (HVR), helicase (Hel), and RNA-dependent RNA polymerase (RdRp). ORF2 encodes the
capsid structural protein. ORF3 encodes a multifunctional phosphoprotein (also known as VP13). ORF2 and
ORF3 proteins are translated from a bicistronic subgenomic RNA 2.2 kb in length. In addition to these three
ORFs, the genotype (gt)1 HEV encodes an ORF4, which generates a protein from an internal ribosome entry site
(IRES)-like element in response to endoplasmic reticulum (ER) stress. This ORF4 protein is a viral replication
enhancer. A number of RNA structural elements within the HEV genome contribute to RNA packaging (50 RNA
stem loops), translation of ORF2, ORF3 ( junction region CREs), and ORF4 (IRES-like element), and in binding
of the genomic RNA to the RdRp (30 CRE). Positions and lengths of ORFs and indicated features are based on the
prototypical gt1 HEV (Sar55 strain) sequence (GenBank accession number AF444002.1).
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2001). The functional domains within ORF1 in-
clude: methyltransferase (Met), Y domain, pa-
pain-like cysteine protease (PCP), hypervariable
region (HVR) or proline-rich region (PRR), X
domain, Hel, and the RdRp mentioned above
(Fig. 2). Although ORF1 appears to be related
to Rubi-like viruses such as Rubivirus, Betatet-
ravirus, or Benyvirus, whether the ORF1 poly-
protein requires processing for functionality re-
mains debatable (Ansari et al. 2000; Ropp et al.
2000; Sehgal et al. 2006; Suppiah et al. 2011;
Perttila et al. 2013). An initial study in which
ORF1 was expressed via a vaccinia virus system
showed cleavage by the PCP (Ropp et al. 2000),
but the same group later showed that ORF1 pro-
cessing was deficient in HEK293T cells (Sup-
piah et al. 2011). When ORF1 was expressed
in Escherichia coli and cell-free systems based
onHepG2 cell lysates, no processing was detect-
ed (Ansari et al. 2000). Another study using a
cell-free translation system showed the appear-
ance of two ORF1 products not dependent on
the presence of the PCP domain, but failed to
show these products in radiolabeled human cells
(Perttila et al. 2013). However, additional stud-
ies have shown that transfection of HepG2 cells
with RNA derived from an infectious comple-
mentary DNA (cDNA) clone of HEV produced
cleaved products corresponding to the sizes of
Met, Hel, and RdRp (Panda et al. 2000). When
expressed via a baculovirus expression system in
insect cells, processing appears to occur and
could be inhibited by E-64d, a cysteine protease
inhibitor. More recently, an E. coli–derived PCP
was shown to process ORF1 in vitro (Paliwal
et al. 2014) and expression of an HEV replicon
in a subclone of Huh7 human liver cells (S10-3)
resulted in cleavage products (Parvez 2013).
Taken together, these data suggest that ORF1 is
likely processed in a manner that is fastidious—
requiring specific concentrations of ORF1 poly-
protein, the correct cellular conditions, and po-
tentially viral-specific contributions to properly
function.

Methyltransferase

The HEV Met domain lies within amino acids
60–240 (Koonin et al. 1992; Emerson et al. 2001;

Zhang et al. 2001), and appears similar to that of
the family Bromoviridaewithin theα-like super-
group of RNAviruses (van der Poel et al. 2001).
The predicted HEV Met domain contains an
invariant histidine residue, an aspartic acid-X-
X-arginine amino acid motif, and an invariant
tyrosine amino acid, as would be expected from
known methyltransferase motifs I, II, and IV,
respectively (Rozanov et al. 1992). Additionally,
expression of ORF1 cDNA in insect cells pro-
duces a 110 kDa protein and a putative pro-
teolytic product of 80 kDa. The 110 kDa
protein possesses guanine-7-methyltransferase
and guanylyl transferase activity in in vitro
assays (Magden et al. 2001).

Y Domain

The Y domain spans amino acids 216 to 442 but
its function remains elusive. Sequence analysis
of a number of the alphavirus-like superfamily
of single-stranded positive-sense RNA viruses
suggests that the Y domain is an extension of
the methyltransferase carboxy-terminal (core)
region (Ahola and Karlin 2015). The HEV Y
domain possesses a potential palmitoylation
site and a conserved α-helical segment. Amino
acids Cys-336, Cys-337, and Trp-413 were
found to be universally conserved among HEV
strains and critical for viral RNA replication
(Parvez 2017). It was suggested that these con-
served residues in the Y domainmay be involved
in targeting of the viral protein to membranes of
the replication complex. Disruption of second-
ary RNA structures without altering protein-
coding sequences also resulted in replication de-
fects, thus suggesting that RNA structure within
the Y domain is important for virus replication
(Parvez 2017).

Papain-Like Cysteine Protease

The functions of the PCP domain inHEVORF1
protein processing and the HEV life cycle re-
mains controversial (Fig. 3). What is known
thus far is that the PCP domain of HEV has
some sequence similarity to the protease do-
main of rubella virus (Koonin et al. 1992). In
rubella virus, the PCP proteolytically processes
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Figure 3. Life cycle of hepatitis E virus (HEV). (1) NonenvelopedHEV virions bind to cellular receptors. Heparin
sulfate proteoglycans (HSPGs) and heat shock cognate protein 70 (HSC70) are thought to be the attachment
receptors for HEV but more research is required to determine the entry receptors for HEV. Once bound to the
cell, virions are taken into the cell through a dynamin-2, clathrin, and cholesterol-dependent process. (2) Quasi-
enveloped HEV virions are capable of entering the cell via a clathrin-mediated pathway. This entry pathway
appears to be dependent on Rab 5 and Rab7 GTPases and, unlike the unenveloped HEV virions, also requires
lysosome function before uncoating within the host cell. (3) Heat shock proteins including HSP90 and Grp78
have been implicated in transporting virions to sites of genome release. (4) Once released into the cytoplasm, the
positive-strand genomic RNA serves as messenger RNA (mRNA) for the translation of the open reading frame
(ORF)1 nonstructural polyprotein. (5) Whether or not processing occurs for the ORF1 polyprotein remains
debatable, but the viral nonstructural proteins within ORF1 transcribe the positive-sense RNA genome into a
negative-strand intermediate. This step occurs at either the rough endoplasmic reticulum (RER) or RER-derived
membrane vesicles and involves host proteins, including elongation initiation factors, and viral proteins, includ-
ing ORF4 for genotype (gt)1 HEV replication. The subgenomic bicistronic mRNA is generated from the
negative-stranded RNA and serves as messenger for translation of ORF2 and ORF3 proteins. (6) Host ribosomes
translate the newly synthesized RNAs into more nonstructural proteins and the ORF2 and ORF3 proteins. (7)
There are a number of unknown steps to virus assembly. ORF2 binds to viral genomic RNA and begins to
multimerize. ORF3 also binds to ORF2 during transition to the plasma membrane. (8) Particles become mem-
brane-associated likely by budding into intracellular vesicles via interaction of the ORF3 protein with host
vacuolar sorting proteins such as tumor suppressor gene 101. These enveloped particles retain the trans-Golgi
network protein 2 protein and CD63 on their lipid surface until particle release. (9) The plasmamembrane serves
as the final site for release of enveloped virions via the exosomal release pathway and is sensitive to disruption of
Rab27a and Hrs. (10) At some point during transit through the host digestive system, the viral envelope is lost.
HEV released into the bloodstream appears to retain its quasi-envelope, which is thought tomask the capsid shell
from the host immune system.
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the nonstructural proteins (NSPs) both in cis
and trans, and is susceptible to mutation of
Cys-1152 within the catalytic domain, which
inhibits NSP processing (Marr et al. 1994; Liang
and Gillam 2000). HEV ORF1 expressed via a
vaccinia virus system was not affected by muta-
tion of Cys-483 within the putative catalytic do-
main (Ropp et al. 2000). More recently, it was
shown that mutation of cysteine residues at 457,
459, 471, 472, 481, 483, and histidine residues at
443, 497, and 590 within the PCP domain abol-
ished HEV RNA replication in a gt1 HEV-based
replicon system in Huh7 cells (Parvez 2013).
However, these mutants were not directly tested
for ORF1 processing ability. In addition, PCP
expressed in an E. coli system has the ability to
cleave in vitro–translated ORF1 protein, and
this processing was sensitive to treatment with
protease inhibitors, suggesting that PCP is a
bona fide chymotrypsin-like protease (Paliwal
et al. 2014). Further validation of PCP protease
activity is necessary to definitively understand
its role in the HEV life cycle.

The PCP domain has been implicated in
immune evasion strategies of HEV. It has been
suggested that HEV PCP acts as an antagonist to
interferon (IFN)-stimulated gene 15 (ISG15)
when expressed as a fusion protein containing
both theMet and PCP domains (Karpe and Lole
2011). The PCP domain was shown be an IFN-β
antagonist having a deubiquitinase activity that
limits activation of the signaling proteins reti-
noic-acid-inducible gene-I (RIG-I) and TBK-1.
Reduced levels of ubiquitin on RIG-I and TBK-1
reduce activation of the IFN-β promoter.

Hypervariable Region

Following the PCP domain is a region known as
the HVR, described as such because of its con-
siderable sequence diversity and length variation
among HEV strains (Tsarev et al. 1992; Pudu-
pakam et al. 2009; Smith et al. 2013). The HVR
has also been referred to as the polyproline re-
gion (PPR) or PRR because of the existence of
large numbers of proline residues within this
region. The HVR is thought to potentially serve
as a hinge between the X domain and the up-
stream Met, Y, and PCP regions because of in-

herent flexibility. Such flexibility could result
from the large numberof proline residues, which
could lead to unstable tertiary structures (Koo-
nin et al. 1992; Tsai et al. 2001; Dunker et al.
2008). Although not essential for viral replica-
tion or infectivity, theHVR appears to play a role
in HEV replication efficiency in vivo (Pudu-
pakam et al. 2009, 2011). Exchanging HVRs
among different HEV genotypes results in ge-
notype-specific differences in virus replication
(Pudupakam et al. 2011). Within the disorder
of the HVR, there appear to be conserved linear
motifs among different genotypes including two
protease cleavage sites, three ligand-binding
sites, and two kinase phosphorylation sites
(Purdy 2012; Purdy et al. 2012). Additional pro-
tein–protein interaction motifs were also pre-
dicted but will require further experimental ver-
ification.

TheHVR sequences fromgt1 and gt2 human
HEVs are more conserved than those of gt3 and
gt4, which infect both humans and a number of
other animal species. The HVR might act as a
modulator of infectivity in differing host envi-
ronments, as evidenced by an intriguing variant
strain of HEV isolated from a patient who was
coinfected with HEV and human immunodefi-
ciency virus (HIV) and who was chronically
shedding HEV. This Kernow-C1 gt3 strain of
HEV is thought to have recombined in the host
to pick up a portion of the human ribosomal
protein S17 sequence within the HVR (Shukla
et al. 2011, 2012). The Kernow-C1 P6 strain con-
taining the S17 insertion gained the ability to
replicate in cell culture 500 timesmore efficiently
than the parental strain, and it replicates in di-
verse cell lines derived from different animals,
including those from mice, cats, dogs, and ham-
sters. In addition, the S17 HVR insertion be-
stowed a novel function to the ORF1 protein,
allowing it to enter the nucleus and nucleoli
(Kenney andMeng2015a,b). Although this novel
nuclear trafficking is not the sole determinant of
enhanced viral replication, it serves to show that
changes within the HVR can alter viral protein
functions. It appears that the HVR has the ability
to sample and test insertions of host protein se-
quences as, in addition to the aforementioned
S17 sequence, viral quasispecies have also been
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identified that contained fragments of the se-
quences of ribosomal protein S19 and a small
GTPase activating protein (Shukla et al. 2012).
Understanding how captured host proteins aid
in the virus life cycle may shed light on virus
host interactions and specific needs of the virus
to efficiently replicate within the host.

X Domain

The X domain sequence shows homology
with cellular ADP-ribose-10-monophosphatase
(Appr-10-pase) of the macrodomain protein
family (Allen et al. 2003; Parvez 2015a). Appr-
10-pase has more than 300 orthologs in eukary-
otes and can also be found in coronaviruses,
alphaviruses, and rubella virus (Gorbalenya
et al. 1991; Snijder et al. 2003; Karras et al.
2005; Ziebuhr 2005; Draker et al. 2006). Al-
though the exact function the X domain plays
in HEV replication is not fully understood,
Appr-10-pase is involved in the transfer RNA
(tRNA) splicing pathway catalyzing the conver-
sion of ADP-ribose-10-monophosphate to ADP
ribose. Mutation of amino acids Asn-809, His-
812, Gly-816, and Gly-817 in the putative cata-
lytic site of the X domain led to severe reduc-
tions in RNA replication (Parvez 2015a). The X
domain also inhibits type I IFN induction in
vitro similarly to the PCP domain, although at
a different step in the IFN-β signaling pathway.
The X domain prevented phosphorylation of
IFN regulatory factor 3 (IRF-3), blocking induc-
tion of IFN-β activity (Nan et al. 2014).

Helicase

During the process of RNA capping, Hel is in-
volved in phosphatase activity that catalyzes the
initial cap formation. The Hel domain also pos-
sesses RNA duplex unwinding activities (Karpe
and Lole 2010). Amino acid substitutions, Leu-
1110 to Phe and Val-1120 to Ile, are frequently
observed in gt1 HEV isolates derived from pa-
tients with fulminant hepatic failure (Devhare
et al. 2014). Thesemutations were shown to alter
ATPase activity but not RNA duplex unwinding
via Hel (Devhare et al. 2014; Mhaindarkar et al.
2014).

RNA-Dependent RNA Polymerase

The largest functional domain within ORF1 is
theRdRp.All positive-senseRNAviruses encode
an RdRp, which are classified into three different
supergroups based on sequence similarity. The
HEV RdRp is considered to be in supergroup III
together with alphavirus, rubivirus, and a num-
ber of plant virus RdRps (Koonin 1991), with the
highest sequence similarity to the domains in
rubella and beet necrotic yellow vein virus (Koo-
nin and Gorbalenya 1992). When expressed as a
fusion protein with green fluorescent protein
(GFP), the RdRp localizes to the ER, a potential
site for HEV replication (Rehman et al. 2008).
The RdRp contains a magnesium-binding do-
main (GDD) amino acid motif that is critical
for its activity. Additionally, the purified recom-
binant RdRp protein binds to the 30 end of the
HEV RNA through interactions with two stem-
loop structures found at the 30 end of genome
and the 30 poly(A) tail (Agrawal et al. 2001). The
RdRp can sustain mutations resulting in escape
from ribavirin-induced mutagenesis, as a Gly-
1634 mutation has been found in association
with the failure of ribavirin monotherapy in
organ transplant patients infected with HEV
(Debing et al. 2014; Lhomme et al. 2015; Todt
et al. 2016). In addition to ribavirin resistance,
RdRp mutations such as Cys-1483 to Trp and
Asp-1530 to Thr appear to correlate with acute
liver failure, being found in 25 of 25 patients
afflicted with acute liver failure, whereas none
of 30 patients with acute viral hepatitis without
liver failure had these twomutations. These mu-
tations also correlated with higher viral RNA
loads, suggesting that mutations enhancing viral
replication might lead to acute liver failure
(Borkakoti et al. 2016).

ORF2

ORF2 encodes the viral capsid protein, which is
themajor structural component of the virion. In
gt1 HEV, ORF2 is 1983 nucleotides in length,
beginning 37 nucleotides downstream from the
ORF1 stop codon and overlapping all but 14
nucleotides of ORF3 (Fig. 2). The stop codon
for ORF2 occurs 65 nucleotides upstream of
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the poly(A) tail (Reyes et al. 1993). The ORF2
subgenomic mRNA (Fig. 2) encodes a protein
composed of 660 amino acids and predicted to
have amolecularmass of 72 kDa (Robinson et al.
1998). ORF2 protein contains an amino-termi-
nal ER-targeting sequence for cotranslational
targeting to the ER where it undergoes N-linked
glycosylation (Ahmad et al. 2011). When ex-
pressed experimentally, the capsid protein pro-
duces an 88-kDa protein, which contains amino-
terminally linked glycans with Asn-310 as the
primary glycosylation site (Jameel 1999; Zafrul-
lah et al. 1999). This protein can be further
processed, form noncovalent homodimers, and
transit to the cell membrane via an ER-targeting
motif that is independent of glycosylation. Di-
merization of the capsid protein appears to be
dependent on Asp-562 (Xu et al. 2016). The car-
boxy-terminal 52 amino acids of the capsid are
required to promote accurate encapsidation and
stabilization of viral particles (Shiota et al. 2013).

The capsid protein is immunogenic with
neutralizing antibodies targeting conformation-
al epitopes within the P domain (Zhou et al.
2005). The commercial HEV 239 subunit vac-
cine produced in China contains a segment of
the capsid protein (Zhu et al. 2010). The ORF2
protein product contributes significantly to the
virus–host interactions, including targeting of
the protein during assembly via ER localization
signals (Jameel et al. 1996). ORF2 protein plays a
modulatory role in the host cell altering the
functions of elongation initiation factor 2A
(eIF2a), activating transcription factor 4 (ATF-
4), heat shock protein 72 (Hsp72), nuclear factor
κB (NF-κB), and activation of the C/Ebp-ho-
mologous protein (CHOP) promoter (John
et al. 2011; Surjit et al. 2012). In addition, the
capsid protein interacts with the host factors 78-
kDa glucose-regulated protein (GRP-78/BiP),
α-tubulin, and heat shock protein 90 (HSP90)
for viral attachment, uptake, and trafficking
(Zheng et al. 2010). The ORF2 glycoprotein
has been shown to inhibit NF-κB activity by
blocking ubiquitin-mediated degradation of
NF-κB inhibitor α (IκBα) in human hepatoma
cells (Surjit et al. 2012).

Amino acid substitutions within the capsid
protein sequence have been suggested as possi-

ble links to acute liver failure, as Pro-259 to Ser
and Lys-350 to Glu amino acid substitutions
were found in a cohort of Indian patients pre-
senting with acute liver failure. Unfortunately,
the contributions of these capsid gene muta-
tions to enhanced pathology have yet to be stud-
ied (Borkakoti et al. 2014). The capsid protein
also appears to act as a mediator in viral adap-
tation to cell culture as mutations within the 30

end of ORF2 enhanced virus replication (Shukla
et al. 2012).

ORF3

ORF3 begins 24 nucleotides downstream from
the ORF1 stop codon and overlaps ORF2 by
∼300 nucleotides in a different reading frame
(Fig. 2) (Graff et al. 2005b, 2006). ORF3 protein
is translated from the bicistronic subgenomic
RNA, and is multifunctional. Translation initi-
ation occurs at the third AUG producing a pro-
tein with 113 amino acids and a molecular
weight of 13 kDa, resulting in the ORF3 protein
also being called VP13 (Graff et al. 2006; Huang
et al. 2007). The ORF3 protein product appears
to be fairly unique. There are two highly hydro-
phobic domains at its amino terminus, D1 (aa
7–23) and D2 (aa 28–53), and two proline-rich
domains (P1 and P2) toward the carboxyl ter-
minus. The D1 domain is rich in cysteine resi-
dues and is a binding site for microtubulin
(Kannan et al. 2009), mitogen-activated protein
kinase (MAPK) phosphatase (Kar-Roy et al.
2004), and the cytoskeleton (Zafrullah et al.
1997). The D2 hydrophobic domain acts as a
binding site for hemopexin (Ratra et al. 2008).
The P1 motif contains two possible overlapping
phosphorylation kinase motifs at Ser-71, one a
potential MAPK phosphorylation motif, and
the other a cyclin-dependent kinase (CDK)
phosphorylation motif (Korkaya et al. 2001).
The P2 motif contains two PxxP motifs that
are binding sites for Src homology 3 (SH3)-con-
taining host structural and signal transduction
molecules. Additionally, these motifs act as viral
late domains, and interact with tumor suppres-
sor gene 101 (TSG101) to facilitate virion release
in association with a lipid quasi-envelope. Re-
lease of HEV as a quasi-enveloped virion ap-
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pears to shield the virus from neutralizing anti-
body epitopes located on the capsid protein, as
in hepatitis A virus (HAV) (Feng et al. 2013).

Initial analysis of the ORF3 sequence found
no known homologous proteins in nature. How-
ever, the ORF3 protein product was recently
found to have similarities to viroporins encoded
by other enveloped viruses (Ding et al. 2017).
ORF3 protein appears to formmultimeric com-
plexes within ER-derived membranes that act as
ion channels and resemble class I viroporins
from other viruses. ORF3may facilitate ion flux-
es across membranes, thereby disrupting the
electrochemical gradient across the plasma
membrane to stimulate viral budding. Replacing
ORF3 with the influenza Avirus M2 protein ion
channel can facilitate particle release (Ding et al.
2017).

TheORF3 protein is a small phosphoprotein
that has been shown to be involved in many
facets of the viral life cycle. Although it is not
essential for virus replication in tissue culture
(Emerson et al. 2006), it is required for infection
of macaques and pigs (Graff et al. 2006; Huang
et al. 2007). The ORF3 protein interacts with a
number of host cellular signaling proteins
thought to enhance survival of the infected
cell. It activates the external regulatory kinase
(ERK) of the MAPK family independent of the
traditional RAF/MEK pathway by inhibiting the
phosphatase activity of dual specificity protein
phosphatase 6 (PYST1) by binding to it, allow-
ing for continuous operation of theMAPKpath-
way (Kar-Roy et al. 2004). Transient expression
of ORF3 in hepatocytes also increases the phos-
phorylation of JNK1/2, which is favorable for
host cell survival (Parvez and Al-Dosari 2015).

The subcellular localization of ORF3 protein
to early and recycling endosomes delays activa-
tion of internalized epidermal growth factor
receptor (EGFR) until the late endosome/lyso-
some, potentially prolonging the EGF-mediated
intracellular signal. In addition, ORF3 protein
delays the internalized degradation of the acti-
vated hepatocyte growth factor receptor (c-
MET). This process appears to occur via a com-
petitive binding of the ORF3 SH3 (PxxP) motif
with the CIN85 SH3 domain competing with
Cbl inhibiting lysosome degradation (Chandra

et al. 2010). ORF3 also interacts with porcine
liver-specific plasminogen and α2-antiplas-
min. A potential novel role for ORF3 protein
in the viral replication complex is emerging
with the finding that ORF3 protein interacts
with the HEV ORF1 X or macrodomain when
it is in a complexwith the viralmethyltransferase
(Anang et al. 2016).ORF3has also been reported
to suppress TLR-3-induced NF-κB signaling via
TRADD and RIP1 (He et al. 2016). However,
many of these ORF3 interaction studies have re-
lied on overexpression of the ORF3 protein and
may require further experimental verification in
more relevant infectious virus-based assays.

ORF4

A novel ORF4 that is positioned entirely within
the ORF1 coding sequence in an alternate read-
ing frame has been identified only within gt1
HEV strains (Nair et al. 2016). Translation of
ORF4 is dependent on an IRES-like element
within nucleotides 2701–2787 and is activated
in response to cellular ER stress. ORF4 protein
interacts with multiple viral proteins forming a
viral replication complex consisting of the viral
RdRp, helicase, and X proteins. ORF4 protein
appears to stimulate viral RdRp activity, thereby
enhancing viral replication. The lack of ORF4
conservation among other HEV genotypes sug-
gests a need formore information to elucidate its
exact function(s).

REPLICATION STRATEGY

Attachment and Entry

The historical lack of efficient in vitro cell cul-
ture systems for HEV has prevented many as-
pects of the HEV replication cycle from being
studied in depth. How the virus attaches to and
enters cells are poorly understood. Structural
and sequence analyses have suggested that a pu-
tative receptor binding motif within the capsid
protein is conserved among mammalian HEV
genotypes (Guu et al. 2009). Another study im-
plies that amino acids 458–607 in the carboxy-
terminal (M domain) region of the capsid form
a receptor binding site (He et al. 2008). From
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studies using HEV VLPs that are composed of
recombinantORF2 protein, the capsid protein is
thought to attach to cells via heparin sulfate
proteoglycans (HSPGs) (Kalia et al. 2009). A
virus overlay protein binding assay suggested
that a protein with a molecular weight of 55
kDa could be the entry receptor; however,
mass spectrometry analysis was inconclusive,
suggesting that the entry receptor could be one
of up to 31 different proteins (Zhang et al. 2011).
Other candidates involved in HEV interactions
with the cell surface include heat shock cognate
protein 70 (HSC70) and Grp78. However,
HSC70 and Grp78 are thought to be more es-
sential in intracellular transport or in another
essential role in HEV replication rather than as
cellular receptors for the virus (Kalia et al. 2009;
Yu et al. 2011; Cao and Meng 2012). Further
biological confirmation of these proteins as
true HEV receptors is necessary.

Once binding is accomplished on the cell
surface, HEV particles are internalized through
a clathrin and dynamin-2 based pathway that
also requires cholesterol (Kapur et al. 2012;
Holla et al. 2015). Recent reports suggest that
there could be two different pathways for HEV
entry, one for native unenveloped particles and
one for quasi-enveloped virions. The quasi-en-
veloped virion pathway involves the small
GTPases Rab5 and Rab7 and degradation of
the quasi-envelope membrane within the lyso-
some (Yin et al. 2016). Studies using VLPs gen-
erated with a truncated capsid protein showed
that an HSP90 inhibitor blocked intracellular
transport without altering virus entry (Zheng
et al. 2010). HEV capsid uncoating is even less
well understood than attachment. The P do-
mains of the capsid possess polysaccharide-
binding sites that could be involved in capsid
disassembly (Guu et al. 2009).

Translation and Transcription of
Subgenomic RNA

Once the genomic RNA is uncoated and deliv-
ered to the cytosol, ORF1 is translated directly
from it by cap-dependent translation.Consistent
with this, eukaryotic translation initiation fac-
tors 4A, 4G, and 4E (found within the eIF4F

complex) are required for HEV replication
(Zhou et al. 2015). ORF2 and ORF3 are also
translated in a cap-dependent fashion from the
subgenomic RNA (Fig. 2) (Graff et al. 2006).
Initial studies of experimentally infected ma-
caque liver tissues suggested the presence of
three RNA species, the 7.2-kb, full-length geno-
mic RNA, and 3.7 kb and 2 kb RNA species,
which were interpreted as subgenomic RNAs
for ORF2 and ORF3, respectively (Tam et al.
1991). However, a more recent study in Huh7
liver cells transfected with replication-compe-
tent HEV RNA replicons identified only a single
capped 2.2 kb subgenomic RNA that acts as a
bicistronic mRNA for the translation of both
ORF2andORF3 (Graff et al. 2006).Thepresence
of only a single subgenomic, bicistronic mRNA
was further confirmed by another in vitro study
of gt3 HEV in PLC/PRF/5 hepatoma cells
(Ichiyama et al. 2009). The ORF2 and ORF3
proteins are generated from this single subge-
nomic RNA by a process involving leaky ribo-
some scanning in which ribosomes bypassing
the ORF3 initiator AUG scan downstream to
initiate protein synthesis at the closely posi-
tionedORF2AUG initiator codon (Fig. 2) (Graff
et al. 2006). Translation of the subgenomic RNA
initiates at nucleotide position 5122 in gt1 HEV
(Sar55 strain), which corresponds to the third
methionine in ORF3 (Huang et al. 2007).

HEV genomic RNA contains two structured
cis-active RNA elements (CREs) that are essen-
tial for virus replication (Fig. 2) (Cao et al. 2010;
Parvez 2015b).ManyRNAviruses contain CREs
in both 50 and 30UTRs. However, HEV contains
a short 26-nucleotide-long 50UTR and no CRE
was found within it, although an RNA element
within the 50 region of the ORF1 appears to be
the RNA encapsidation sequence (Fig. 2) (Surjit
et al. 2004). CRE 1 overlaps the 30 end of ORF2
and continues into the 30UTR where it forms
two stem-loop structures—both of which inter-
act with the RdRp and are essential for HEV
replication (Agrawal et al. 2001; Emerson et al.
2001; Magden et al. 2001; Cao and Meng 2012).
Viral replication does not appear to be hindered
by swapping the 30UTRs between different geno-
types, but having the correct stem loop structure,
sequence, and accessibility of the stem loops are
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critical, as a single nucleotide change at position
7106 in gt1 HEV significantly decreases virus
replication (Emerson et al. 2001; Graff et al.
2005a).Additionally, short hairpinRNAsand ri-
bozymes targeting the 30UTR effectively inhibit
viral replication (Sriram et al. 2003; Kumar et al.
2010). The secondCRE is foundwithin the inter-
genic region of the HEV genome and forms a
stem-loop structure that is a possible promoter
for the synthesis of the 2.2-kb subgenomic RNA
(Cao et al. 2010).

Viral Genome Replication

Once the viral RdRp is synthesized, either as part
of an unprocessed polyprotein or as a processed
independent protein, a negative-sense RNA rep-
licative intermediate is produced. This negative-
sense RNA serves as the template for production
of both positive-sense, progeny genomic RNA
and the subgenomic bicistronic mRNA. The
negative-sense intermediate has been detected
in HEV-infected animal tissues (Nanda et al.
1994; Meng et al. 1998; Williams et al. 2001).
The activity of the RdRp has been shown in vitro
using the HEV replicon system (Agrawal et al.
2001; Graff et al. 2005a). An HEV replication
complex appears to form on ER membranes or
on vesicles composed of ER-derivedmembranes
(Rehman et al. 2008). The composition of the
replication complex is not well described. There
is evidence that the gt1 replication complex con-
tains theORF4 protein, viral helicase, RdRp, and
X domains of ORF1, as well as host eukaryotic
elongation factor 1 isoform-1 (eEF1α1) and tu-
bulin β (Nair et al. 2016). Replication of the viral
RNA appears to be rather slow. In studies using
an HEV replicon system in which GFP or lucif-
erase was cloned into ORF2 in lieu of the capsid
protein, peak reporter gene expression was
shown to occur 8 or more days posttransfection
of HEV RNA (Emerson et al. 2004).

Virus Assembly and Release

Neither the assembly nor release steps in the
HEVlife cycle arewell characterized. It is thought
that RNA binding to the amino-terminal do-
main of the capsid protein results in carboxy-

terminal/carboxy-terminal dimers, which are
critical for completing viral capsid assembly.
The capsid protein packages the viral genome
through binding to a putative RNA packaging
signal comprised of a 76-nucleotide region near
the 50 end of the HEV genome, within the ORF1
coding sequence at about nucleotide position 50
(Surjit et al. 2004). Virion assembly seems to
progress through a mechanism in which pre-
formed capsid decamers become localized at
each fivefold vertex, and hexameric rings are lo-
cated at icosahedral threefold positions. The cel-
lular location of capsid–capsid and capsid–RNA
interaction remains unknown, as does the pro-
cess by which genomic RNA is selected for en-
capsidation rather than transcription or transla-
tion. The unglycosylated form of ORF2 interacts
with amino acid residues 57–81 of the ORF3
protein after theORF3protein isphosphorylated
at Ser-80 (Tyagi et al. 2002). The ORF3 protein
appears to be involved in viral egress via interac-
tion with host late domain proteins (Yamada
et al. 2009; Emerson et al. 2010). Enveloped
HEV has been detected by electron microsco-
py within intracellular multivesicular bodies
(MVBs) in associationwith trans-Golgi network
protein 2 andCD63, suggesting capsids bud into
intracellular vesicles to form MVBs followed by
release of virus particles via an exosome-like re-
lease pathway.HEVparticle release via this path-
way is also sensitive to disruption of the host
proteins VPS28a and Hrs (Nagashima et al.
2014). ORF3 also acts as a viroporin to facilitate
ion permeability at the plasma membrane facil-
itating virus release (Ding et al. 2017). Cell po-
larity plays a role in directing ORF3 localization
and hence virus release to the apical side of
charged culture cells (Emerson et al. 2010).

CONCLUDING REMARKS

HEV is an understudied pathogen, and a lack of
standardized commercial assays for detection
has likely led to underreporting of the true num-
ber of individuals infected with the virus, espe-
cially in industrialized countries. Commercial
meat products containing infectious HEV have
been found in local supermarkets inmany coun-
tries, thus posing a concern for zoonotic trans-
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mission through consumption of undercooked
meats. Chronic HEV infection has been recog-
nized to be a significant clinical problem in im-
munocompromised individuals, especially or-
gan transplant recipients, in some regions. The
complex pathogenicity of the virus and a histor-
ical lack of the means to study it in cell culture
have hampered our ability to understand its in-
terplay with the host, and as a consequence
HEV-specific therapeutic drugs are almost non-
existent.

There are more questions than answers re-
garding the life cycle of the virus, largely owing
to the lack of an efficient cell culture system to
propagate HEV. Nonetheless, recent advances
in cell culture techniques have shown that
HEV possesses a number of steps within its rep-
lication cycle that are comparable to those of
other positive-stranded RNA viruses. Thus, it
may be possible to repurpose antiviral drugs
developed previously against other viruses, or
to develop new therapeutics based on conserved
replication mechanics. Another aspect of the
HEV life cycle shared with many other viruses
is immune evasion. HEV uses multiple strate-
gies to avoid the host immune system, including
maintaining only a low level of virus replication,
expressing viral proteins that interact with and
disrupt host cellular signaling molecules in-
volved in the immune response, and even cloak-
ing of the viral capsid via envelopment of virus
particles within the host. Many aspects of HEV
replication and pathogenesis remain to be un-
covered, such as factors regulating ORF1 poly-
protein processing, how pregnancy vastly in-
creases the chance for mortality during
infection, howHEV infection leads to neurolog-
ical sequelae, howHEV is able to traverse species
barriers, and even more general aspects of how
and where the virus traffics within host cells.
Continued development of in vitro and in vivo
models will help enhance our understanding of
HEV replication, and aid our efforts to develop
effective HEV-specific therapeutics.
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