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Abstract: The hepatitis E virus (HEV) hypervariable region (HVR) presents the highest divergence
of the entire HEV genome. It is characteristically rich in proline, and so is also known as the
“polyproline region” (PPR). HEV genotype 3 (HEV-3) exhibits different PPR lengths due to
insertions, PPR and/or RNA-dependent RNA polymerase (RdRp) duplications and deletions. A
total of 723 PPR-HEV sequences were analyzed, of which 137 HEV-3 sequences were obtained from
clinical specimens (from acute and chronic infection) by Sanger sequencing. Eight swine stool/liver
samples were also analyzed. N- and C-terminal fragments were confirmed as being conserved, but
they harbored differences between genotypes and were not proline-plentiful regions. The genuine
PPR is the intermediate region between them. HEV-3 PPR contains a higher percentage (30.4%) of
prolines than other genotypes. We describe for the first time: (1) the specific placement of HEV-3
PPR rearrangements in sites 1 to 14 of the PPR, noting that duplications are more frequently attached
to sites 11 and 12 (AAs 74-79 and 113-118, respectively); (2) the cadence of repetitions follows a
circular-like pattern of blocks A to J, with F, G, H, and I being the most frequent; (3) a previously
unreported insertion homologous to apolipoprotein C1; and (4) the increase in frequency of
potential N-glycosylation sites and differences in AAs composition related to duplications.
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1. Introduction

Hepatitis E virus (HEV) infection is an important component of enteric-transmitted liver
diseases and has a significant impact on public health. The number of new HEV infections has
increased in recent years in the industrialized countries of the European Union [1]. HEV genotype 3
infection (HEV-3) is a viral zoonosis transmitted to humans through consumption of meat from
infected animals, mainly pig [2—4], wild boar [5-7], and deer [8]. HEV-3 is spreading worldwide and
is the cause of acute mainly self-limited hepatitis. In immunocompetent and immunocompromised
patients, hepatitis can be fulminant, while chronic infection has been only described in
immunocompromised.

The HEV genome is a positive-sense non-enveloped single-stranded RNA molecule of 7.2 kb
containing three partially overlapping open reading frames (ORF1, ORF2, and ORF3) [9]. ORF2
encodes the viral capsid protein and contains neutralizing epitopes of virus particles and is also the
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target of humoral immune response [10,11]. ORF3 protein is essential for virion secretion [12] and
this protein has ion channel activity that is required for the release of infectious virus [13]. Seven
putative domains have been identified in ORF1: methyltransferase (MTase), Y domain, putative
papain-like cysteine protease (PCP), the proline-rich hinge domain (PPR) or hypervariable region
(HVR), the X domain, putative RNA helicase, and RNA-dependent RNA polymerase (RdRp) [14].

HVR is located in the ORF1 proliprotein between the PCP and X domain. It is known as the
“hypervariable region” because it is the one with the greatest divergence in the entire HEV genome
[15]. As a consequence, it is difficult to obtain complete and satisfactory alignment between all the
HEV genotypes. HVR is characteristically rich in the amino acid proline (in fact, the HVR and PPR
domains overlap), for which reason it is also known as the “polyproline region” (PPR), and
contributes to viral replication efficacy and adaptation [15-17].

HVR-PPR (PPR, hereafter) function is not fully understood, but in vivo and in vitro studies have
shown that deletions in this region do not influence virus viability. Conversely, larger or nearly
complete PPR deletions cause virus attenuation, suggesting that PPR is involved in viral pathogenesis
[18]. A study of HEV replicons led to the suggestion that, although there is a degree of specificity by
genotype, PPR may be functionally exchanged among them. In fact, sequence composition can
modulate HEV RNA replication and infectivity [16]. A 3D model for predicting functional sites
demonstrated that protein to protein interactions help regulate virus replication. This finding, along
with the variation in length among genotypes, supports the hypothesis that PPR is also involved in
host adaptation.

Originally, a 105-amino acid (AA) fragment was proposed as being a PPR [14]. When more
sequences became available, it was observed that the first 35 AAs might not be included in the region
and, therefore, it was concluded that the genotypes 1-4 had a PPR comprising AAs 70-72, 68, 80-86,
and 84 [18]. PPR was subsequently found to feature conserved sequences (TLYTRTWS and
RRLLXTYPDG) at the N- and C-terminal sides, respectively [15].

The PPR AA sequence is known to be different by 71% among genotypes, 31% within HEV-1,
41% within HEV-3, and 46% within HEV-4 [18]. The degree of sequence variability in HEV-1 is lower
than in zoonotic HEV-3 and HEV-4, which may be related to their adaptation to a wide range of hosts
[15].

The PPR length in HEV-3 was reported to be 107-172 AAs [19]. The sequences of the subtype
that infect rabbits (HEV-3ra) have the shortest PPR and the sequences of subtype 3f can be divided
into two groups: short (246 nucleotides [NT]) and long (333 NT)). However, subtypes 3b, 3¢, and 3i
have the same length (243 NT) and PPR from subtype 3e are 246 NT long [20,21]. The different length
of the sequences is thought to be due to the presence of insertions. Analysis of isolates from samples
of immunocompromised patients with chronic infection, revealed that this region can acquire
insertions over time and that these fragments can arise either from the viral genome (duplications of
PPR and RdRp, PPR + X-domain (20)(20)(20) [20,22-24], or from human genes, which, until now, have
been identified as the genes coding for human ribosomal proteins S19 and S17 [25,26], and those of
human tyrosine aminotransferase (TAT), human inter-a-trypsin inhibitor (ITI), eukaryotic translation
elongation factor (EEF1A1P13), the 18S ribosomal pseudogene (RNA 18SP5), a kinesin family
member (KIF1B), and zinc finger protein (ZNF787) [24]. In vitro studies have suggested that human
inserts may be related to the improvement in virus replicative capacity [25-27]. However, a 186-
nucleotide insertion derived from PPR and RdRp also allows HEV adaptation in A549 cell line [23].

The aim of this study was to analyze the HEV virus PPR in different genotypes in an attempt to
make sense of the apparent disorder. To this end, we examined the genome variability, sequence
length, location, and potential implications of genomic rearrangements in each genotype and

subtype.
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2. Materials and Methods

2.1. Newly Obtained Sequences

We obtained 137 new PPR sequences from human samples for this study, 126 of which were
from RNA extracts of patients with acute HEV infection, and 11 were from the follow-up of three
chronic patients: CR1 (n = 5, HEV-3c), CR2 (n = 3, HEV-3f) and CR3 (n = 3, HEV-3f). Eight swine
stool/liver samples (n =1 HEV-3c and n = 7 HEV-3f) were also included in the analysis.

RNA was extracted with the Magna Pure L.C. © System (Roche Diagnostics, Mannheim,
Germany) automatic extraction from 200 pL of serum samples. After RNA extraction, complementary
DNA was transcribed with a Transcription First Strand cDNA Synthesis kit (Roche Diagnostics,
Mannheim, Germany) using random hexamers and 20 uL of cDNA were obtained from 10 uL of
RNA extract, following the manufacturer’s recommendations. PPR fragments were obtained through
nested PCR, as previously described [19]. Afterwards, amplification products were purified with
Mlustra ExoProStar 1-step (VWR International Eurolab S.L., Radnor, PA, US) and sense and antisense
DNA strands were both sequenced by the Sanger method. GenBank accession numbers are MT899272
to MT899416

2.2. Genbank Sequences

Initially, 49 reference sequences proposed by Smith et al. were included [28]. Additionally,
sequences whose GenBank accession numbers are available as supplementary material 1
corresponding to HEV-1 (n = 61), HEV-3 (n =369), HEV-4 (n = 95), and HEV-8 (n = 4) were analyzed.

2.3. Sequence Analysis

2.3.1. Total Number of Sequences Included

HEV-1 (n = 70), HEV-2 (n = 3), HEV-3 (n = 533), HEV-4 (n = 106), HEV-5 (n = 1), HEV-6 (n = 2),
HEV-7 (n =2), and HEV-8 (n = 6).
2.3.2. Consensus Definition

PPR consensus by genotype was obtained from reference and study sequences as follows: the
AA consensus sequence was established according to the most frequent AA in each position (aligned
with the MegAlign program; DNASTAR, Lasergene Inc, 12.3.1 Madison, WI, USA.).
2.3.3. Limits of PPR

Due to the great variability of this region, we analyzed PPR in fragments, choosing histidine (H)
as the starting position and aspartic acid (D) as the final position. Three fragments were examined:
the initial 32 AAs in the N-terminal region, the intermediate region of variable length, and the final
12 AAs of the C-terminal region.

2.3.4. Amino Acid Composition

AA composition of each PPR sequence was calculated with the EMBOSS Peptats program,
available at https://www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/.
2.3.5. Residue Variability

This was calculated as the percentage of discordant AAs with respect to the consensus AA of
each genotype. The average residue variability of each fragment was also determined.
2.3.6. Sequence Homology Analysis

This was calculated as the percentage of conserved AAs with respect to the consensus AA of
each genotype.
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2.3.7. Analysis of Insertions

In study sequences, a BLAST (https://blast.ncbinlm.nih.gov/Blast.cgi) was performed to
determine the origin of insertions.

2.3.8. Regulation Sites Analysis

Potential =~ ubiquitination  sites ~were analyzed using the BMD-PUB server
(http://bdmpub.biocuckoo.org/prediction.php), with a threshold value of a >0.3 average potential
score.  Potential  acetylation sites were identified using the PAIL  server
(http://bdmpail biocuckoo.org/prediction.php) with a value of >0.2 of the average potential score.
Potential ~phosphorylation sites were identified using the NetPhos 2.0 server
(www.cbs.dtu.dk/services/NetPhos/) with a value of >0.5 of the average potential score. Finally,
potential N-linked glycosylation sites were analyzed using the NetNGlyc 1.0 server
(www.cbs.dtu.dk/services/NetNGlyc) with a value of >0.5 of the average potential score.

2.4. Statistical Analysis

Qualitative variables were analyzed with chi-square tests. Values of p <0.05 were considered to
be significant.

3. Results

Three genomic regions were differentiated: the PPR-N-terminal (genome region encompassing
the first 32 AAs); the PPR-C-terminal including the final 12 AAs; and the PPR intermediate region.
The PPR-N-terminal (Table 1) and PPR-C-terminal (Table 2) regions were relatively highly conserved
among genotypes. By contrast, the length and variability among genotypes differed in the
intermediate region (Table 3), where there are large differences in length due to insertions,
duplications and deletions.
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Table 1. HVR N-terminal region consensus amino acid from HEV-1 to HEV-8. Table shows consensus amino acid sequence for each genotype. AA variability: black,
<15%; grey, 15-40%; white >40%. Prolines in red. * Several HEV-3 sequences were shorter. Missing amino acids were not included in the calculation of the variability.
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Table 2. HVR C-terminal region consensus amino acid from HEV-1 to HEV-8. Table shows consensus
amino acid sequence for each genotype. AA variability: black, <15%; grey, 15-40%; white >40%.
Prolines in red. * Several HEV-3 sequences were shorter. Missing amino acids were not included in
the calculation of the variability.

130 131 132 133 134 135 136 137 138

HEV-1 R R L L Y D
HEV-2 R R L L Y D
HEV-3* [ S S § Y D
HEV-4 R R L L Y D
HEV-5 R R L L Y D
HEV-6 R R L L Y D
HEV-7 R R L L Y D
HEV-8 R R L L JEERS Y D
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Table 3. PPR intermediate region consensus amino acid from HEV-1 to HEV-8. Table shows the consensus amino acid sequence for each genotype. AA variability:
black, <15%; grey, 15-40%; white > 40%. Prolines in red. X: positions with two AAs in equal proportions. Positions with deletions are underlined. Numbers 1 to 14:
sites of insertion/duplication in genotypes; insertion or duplication location indicated at the top. ( Insertions or duplication previously mentioned by Lhomme et
al. 2020.

@)

7 of 19
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3.1. PPR-N-Terminal Region

The average residue variability of this region was 2.76% in HEV-3, 2.13% in HEV-4, and 1.34%
in HEV-1, with no significant differences between them. Most genotypes had 31 AAs, although the
HEV-2 PPR-N-terminal was the shortest (27 AAs), and HEV-1 was the longest (32 AAs), with an extra
valine at position 23. Proline was present at the highly conserved positions 8 and 32, but the most
common AA was serine, even though its percentage varied between genotypes, being higher in the
zoonotic (21.7%) than in the non-zoonotic (13.8%) genotypes (p < 0.05).

3.2. PPR-C-Terminal Region

The average residue variability of this region was 1.14% in HEV-1, 0.72% in HEV-3, and 0.19%
in HEV-4, with no significant differences between them. All genotypes had nine AAs, and residues
130-133 and 136-138 were conserved in all genotypes. Proline was present and conserved in position
136.

3.3. PPR Intermediate Region

3.3.1. Variability and Composition

The average residue variability of this region was highest in zoonotic HEV-4 (28.20%) and HEV-
3 (24.20%) than in non-zoonotic HEV-1 (12.21%) (p < 0.05). Proline was present throughout the entire
region, being the most common AA, with an average of 22.8%. The proline composition differed
among the genotypes (25.41% in HEV-1, 19.24% in HEV-2, 30.43 in HEV-3, 25.42% in HEV- 4, 17.33%
in HEV-5, 21.05% in HEV®, 22.73% in HEV-7, and 20.60% in HEV-8), the amount being significantly
higher in HEV-3 (p < 0.05). Furthermore, the prolines in positions 117 and 121 were conserved in all
genotypes, except for HEV-1. Arginine at position 128 was also highly conserved across genotypes.
In addition, HEV-2, with only three available sequences, had a significantly higher percentage of
glycine (16.04%) compared with the other genotypes (6.11%) (p < 0.05).

3.3.2. Length, Deletions and Insertions

HEV-1 and HEV-2 were 60 and 62 AAs long. Consensus alignment of the two genotypes
demonstrated that HEV-2 had seven more AAs in positions 36, 43-47, and 121, and five fewer AAs
in positions 116 and 126-129 regarding to HEV-1. One motif (GHLDA43-47) was only present in
HEV-2. We identified many differences between subtypes 2a and provisional 2b with 18 of 62 AAs
conserved in both. In addition, one more AA was found in one of the two available HEV-2a
sequences. The most recently described genotypes were HEV-5, HEV-6, HEV-7, and HEV-8, for
which reason there are few available sequences, but we nevertheless observed some differences
between them. The first difference was that the lengths were 66 AAs in HEV-7, 72 in HEV-§, 75 in
HEV-5, and 76 in HEV-6. All of them exhibited many AA differences between their subtypes. HEV-
6 had 35.5% sequence homology between 6 and 6a, with values of 37.9% in HEV-7 and 65.3% in HEV-
8. Consensus alignment identified two motifs that were only present in HEV-8 at positions 58-60
(LLX) and 91-93 (XAH), similar to HEV-6 and HEV-7, which had seven or eight additional AAs at
positions 101-108. In the case of HEV-4, different lengths were found in distinct subtypes: HEV-4 and
HEV-4g (73 AAs); HEV-4a, HEV-4c, and HEV-4d (73-75 AAs); HEV-4b (70-73 AAs), HEV-4e, and
HEV-4h (74 AAs); HEV-4f (72 AAs); and 4i (69-74 AAs).

HEV-3 featured insertions, duplications and deletions. As a consequence, the HEV-3 sequence
length ranged from 57 to 165 AAs. Deletions were frequent throughout the HEV-3 and HEV-4
intermediate region. Most deletions were of only one AA, but HEV-3ra and HEV-3g were shorter
(deletions detailed in Table S1). HEV-3ra was 59 AAs long, with deletions from positions 52, 82-99
and 112. HEV-3g comprised 63 AAs due to deletions at positions 38, 40-41, 50-52, 63, and 81-82).
Finally, HEV-4i sequences had a 5-AA deletion at positions 72 to 76.
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Insertions were more frequent at positions 50 to 111 at different sites. Except for one sequence
that duplicated complete PPR, the duplications usually appeared at positions 74-79 and 113-118,
these being duplicate fragments of AAs from position 67. There were 10 duplication blocks (Blocks
A-J]) (Table 4). Usually, the first fragment to appear duplicated was that immediately adjacent to the
positions where the insertion occurred. For instance, block H was the starting block in duplications
inserted at position 117. The only exception to this was in the 35 sequences corresponding to HEV-3a
in which the inserted block was I in position 113 (Table 4). Duplicated blocks were located one after
the other, mainly in alphabetical order (and thereby in the same order as in the wild type PPR),
although one of the blocks was occasionally skipped, or the cycle started with previous blocks, which
recovered the alphabetical order (e.g., HIJABCDE). The most commonly repeated blocks were F, G,
H, and I. In fact, we found one sequence (KJ917717) in which blocks F, G, H, I, and ] were repeated
up to three times in total. The HIJFG duplication was found in 189 HEV-3f sequences.
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Table 4. HEV-3 PPR duplications. HEV-3 consensus amino acid sequence and sequences with duplications are illustrated, along with 10 duplication blocks (A to J)
and their sequences. The Table shows sequences that have a duplication, the sequence of this duplication and positions among which it is located. @ RdRp insertion;
® RRLL motif of C-terminal region; © L,D transpeptidase insertion; (9 Substrate-binding domain insertion; ¢ Synthase insertion.
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The longest PPR duplication (KT591534) exhibited a complex rearrangement including a
duplication of the entire intermediate region plus four AAs (RRLL) from the PPR-C-terminal region
plus eight AAs (SLKGFWKK) from RdRp and ten AAs (TSGFSSDFSP) from the PPR-N-terminal
region (site 1—Table 3). Other complex sequences included a PPR duplication and an additional
insertion corresponding to the following: transpeptidase family protein 85% homologous
(MF444086); four AAs (RRLL) from the PPR-C-terminal region (KJ917704, MN646690, MN646691,
and KJ917717); 13 AAs from the substrate-binding domain (P. fluorescens, 85% identity) (KJ917704);
and 45 AAs from synthase (Actinobacteria bacterium) (KJ917720) (site 12—Tables 3 and 4).

HEV genome insertions other than PPR were HEV-RdRp fragments are illustrated in Tables 3
and 4. In two sequences (KC618402 and KC618403) we found a 24-AA RdRp motif
(LRGLTNVAQVCVDVVSRVCGVSPG).

Finally, we found HEV-3 inserts of ribosomal proteins 175, 18S, 19S, and L6 (RPS17, RNA1SS,
RPS19, and RPL6, respectively) and human genes such as ring finger protein 19A (RNF19A),
eukaryotic translation elongation factor lal (EEF1alP13), zinc finger protein (ZNF787), glycine
aminotransferase (GATM), inter-alpha-trypsin-inhibitor heavy chain H2 (ITIH2), and kinesin-like
protein 1B (KIF1B). We noted an insertion of five AAs in the HEV-3j sequence (STLPS motif) of
unknown origin. In addition to that described in HEV-3, we identified a single AA insertion between
positions 122 and 123 in HEV-4 that was present in sequences from HEV-4c, HEV-4a, and HEV-4d.

3.3.3. Specific Analysis of Newly Obtained HEV-3 Sequences

Ninety HEV-3f sequences from patients with acute infection had a 29-AA duplication of blocks
HIJFG (site 12—Tables 3 and 4), identical to six of the seven HEV-3f sequences obtained from swine
stool/liver samples.

Regarding the follow-up of chronic patients, HEV-3f CR-3 patient had a 28-AA insertion (site
3—Table 3) related to human apolipoprotein C1 (100% identity) that was maintained in the three
follow-up samples over one year. This human insert conferred an increase in the number of potential
regulation sites: four acetylation, three ubiquitination, and five phosphorylation sites (4 serine and 1
threonine). In the case of the HEV-3c CR-1 patient, the first sequence had duplicated blocks (site 12—
Tables 3 and 4), but the duplication was lost in the subsequent four follow-up samples. The three
HEV-3f sequences of CR-2 patient had no insertions.

The alterations of the number of potential regulation sites in the 91 sequences with duplication
of blocks HIJFEG (90 HEV-3f acute cases and one of HEV-3¢ CR-1 chronic infection) are as follows:
Ubiquitination-suitable sites often increased by one site (range, 0 to 2); acetylation-suitable sites often
increased by one site (range, -1 to 2); and potential phosphorylation sites often increased by six sites
(range, 1 to 9) mainly due to the presence of serine. Regarding N-glycosylation 16 out of 91 (17.6%)
sequences with duplication had at least one potential N-glycosylation site; on the contrary none of
the sequences without duplications or the sequences with insertions had potential N-glycosylation
sites (p < 0.05).

Table 5 compares the characteristics of AA composition of sequences with insertions,
duplications and without either. We observed an increase in positively charged and a decrease in
hydrophobic and aromatic AAs in sequences with human fragment insertion; and an increase of
negatively charged and hydrophobic while polar and a decrease in aromatic AAs in sequences with
duplications.

Table 5. Average of each AA category percentage comparing sequences with insertions, duplications,
and none of them. NS: not significant.

. Sequences
Sequences with Sequences with without p P
thg:lzt::;l ?)lstiiioar?d Human Fragment DI;IIEXCS;I;::T:_ Insertions/DUP  (Insertion/No (Duplication/No
P Insertions (n = 3) P 91) " LICATIONS (1 Insertion) Duplication)
=51)
Positively charged
y charg 42 2.5 2.8 <0.05 NS

AA (%)
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Negatively
. 41 2, .
charped AA (%) 35 8 NS <0.05
Polar AA (%) 36 32 43 NS <0.05
Hydrol:(’f;‘)’blc AA 6.8 7.6 71 <0.05 <0.05
Aromatic AA (%) 0.99 0.8 1.0 <0.05 <0.05

4. Discussion

The PPR-C-terminal and PPR-N-terminal regions cannot be considered truly hypervariable or
hyper-proline regions. Although a 105-AA fragment was originally considered to be a PPR [14], this
study confirmed that the disorder does not actually encompass the entire hypervariable region, and
implies that the true PPR would be located between positions 33 and 129, as was previously
suggested [18,29]. A high conservation rate of these fragments was observed intra-genotypically, but
with specific inter-genotypic discrepancies (AA 2 and AA 29 in the N-terminal region). Furthermore,
AA 30 allowed zoonotic and non-zoonotic genotypes to be differentiated. The high degree of
conservation of the two zones flanking the PPR-intermediate region suggests that a possible function
can be assigned to these zones, although this would require additional functional studies. Proline is
not common in these terminal regions, the PPR-N-terminal region being particularly rich in serine,
which might be crucial for protein phosphatases that control many cell functions [30].

The true PPR hypervariable region is thus the intermediate region flanked by the PPR-N- and
PPR-C-terminal regions. HEV-1, 5, 6, 7, and 8 maintain their length, harboring 60, 75, 76, 66, and 72
AAs, respectively. These differences seem to be related to previously undescribed insertions as the
sequence GHLDA in HEV-2. Previous studies reported high sequence similarity in HEV-1 [29]. There
are few sequences available for the cases of HEV-2, 5, 6, 7, and 8, which makes it difficult to draw
conclusions, but our study nevertheless revealed considerable diversity among the small number of
available sequences of each genotype. This means that although phylogenetic studies usually exclude
this region because of its high degree of divergence, its phylogenetic use might be suitable (Figure
S1), especially when complemented by the analysis of other genome regions [15]. There is more
proline in HEV-3 than in the other genotypes.

By contrast, the main zoonotic genotypes, HEV-3 and HEV-4, showed substantive differences in
length due to insertions and deletions. Although this phenomenon has been previously reported
[20,24,26,27], we describe for the first time the specific location of HEV-3 PPR rearrangements, noting
that PPR duplications were more attached to specific locations (AAs 74-79 and 113-118). In this study
we analyzed 723 HEV sequences, including 137 newly obtained sequences through Sanger
sequencing. Next-generation sequencing may help researchers obtain hundreds of full genomes, but
may give incorrect results in PPR when extreme rearranged sequences are assembled by mapping
with reference genomes; thus, in these cases, it would be better to use de novo assembly or Sanger
sequencing to obtain more reliable results [31]. Duplications affect HEV-3a, 3¢, 3e, and 3f, and are
described in acute and chronic infections. Additionally, a more thorough analysis of the duplications
in HEV-3 show the previously unreported cadence of repetitions, which follows a circular-like
pattern of blocks. Previous studies reported that HEV-3f was divided into HEV-3f-short and HEV-
3f-long [32], based on the specific duplication of blocks of HIJFG. Here we describe the same
duplication in one HEV-3c sequence from a chronic patient who presented this duplication in their
first sequence but not in the subsequent four follow-up samples.

In the sequences newly obtained for this study, duplications increased the frequencies of
potential ubiquitination, acetylation, and phosphorylation sites, as described previously [24].
However, a previously unreported increase in the number of potential N-glycosylation sites was also
observed. Considering the parallels with other viruses, similar rearrangements have been described
in the JC polyomavirus, whose noncoding control region, related to replication and transcription,
features a genomic rearrangement that increases the replication rate and viral gene expression in
patients with progressive multifocal leukoencephalopathy [33,34]. Something similar occurs in
cytomegalovirus cell-adapted strains that contain genomic arrangements located, in this case, in non-
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essential genes [35]. More similar to HEV PPR, the regulatory Nsp2 protein of porcine reproductive
and respiratory syndrome virus (PRRSV) contains a highly conserved N-terminal enzyme domain, a
highly conserved C-terminal transmembrane region, and a hypervariable intermediate region with
differences in length between the European and North American strains [36]. The introduction of
duplications in a highly conserved 3’-noncoding region of the Japanese encephalitis virus (JEV) was
found to lead to increases in the production of RNA and of virus yield [37]. In respiratory syncytial
virus, a duplication of 23 amino acids was observed in the C-terminal region of the attachment
glycoprotein that resulted in the repetition of seven potential o-glycosylation sites. Such changes may
influence the pathogenicity of the virus [38]. In duplications we described an increase of negatively
charged AAs by contrast with those previously described [24]. Insertions from other HEV ORF1
proteins, such as RdRp, that do not correspond to any functional motif, or that increase the number
of potential functional sites, have been found less frequently [24].

Apart from duplications, exogenous inserts, all of human origin, were located along the PPR
affecting HEV-3a, 3¢, 3f, 3h, and 3m. We describe a new inserted fragment (homologous to
apolipoprotein C1) in three samples from a chronic patient. Apolipoprotein C1 in hepatitis C virus is
related to morphogenesis and virus infection [39]. Furthermore, the insertion significantly increased
the number of potential acetylation, phosphorylation, and ubiquitination sites that might be involved
in host adaptation [15]. Cell culture studies have demonstrated a replicative improvement of HEV
harboring PPR insertions of the inter-alpha-trypsin-inhibitor heavy chain H2 [20], or the S17 and S19
ribosomal genes [23], that gives rise to new ubiquitination, acetylation, or phosphorylation sites. It
seems significant that although a wide range of animals are susceptible to HEV-3, the exogenous
inserts described are all of human origin. Human fragment insertions increase the frequency of
positively charged AAs as described before [24] and decrease hydrophobic and aromatic AA
fractions.

Two of the three patients with a chronic infection in our panel presented PPR insertions,
although this is a short number of patients, the frequency of rearrangements in chronic infected
patients seem to be high in contrast to the findings of Lhomme et al. [20], who reported that, in the
majority of chronic patients, the PPR did not show insertions during follow-up.

In contrast to the HIV and HCV hypervariable regions, in which HVR are related to the
structural proteins that the host response forces to mutate, allowing the virus to evade neutralizing
antibodies [40,41], HEV PPR as Rubivirus PPR, is considered an intrinsically disordered region (IDR),
i.e.,, a protein domain that does not adopt a compact three-dimensional structure [15]. IDRs are a
consequence of the viral interaction with hosts in a wide variety of host viruses, such as herpes
simplex [42]. More structural studies are required to see how duplications affect protein
conformation.

Independently of the significance of the insertions, their abundance and variety suggest that PPR
is a region that tolerates the insertions well, without apparently affecting virus viability. Potential
insertion sites in HEV ORF1 were identified by the combined use of transposon-mediated random
insertion and selection in a subgenomic replicon system, but insertions in functional domains (Mtase,
helicase, and RdRp) were not viable. However, immunofluorescence, immunoblot analysis, and
luciferase activity measurement demonstrated that PPR insertions do not affect virus infectivity and
facilitate viral production [43]. This may be of interest in genetic engineering and will require
additional studies to determine what insert capacity PPR allows and its potential use.

5. Conclusions

We propose that the true proline-plentiful hypervariable region is flanked by the PPR-N- and
PPR-C-terminal regions which while conserved, harbor differences between genotypes and are not
proline-plentiful regions.

¢  We describe PPR length differences between HEV genotypes.

e  We describe for the first time the specific location of HEV-3 PPR rearrangements in sites 1 to 14
of the PPR, noting that duplications are more attached to sites 11 and 12 (AAs 74-79 and 113-
118, respectively). The cadence of repetitions follows a circular-like pattern of blocks A to J, with
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blocks F, G, H, and I being the most frequent. Duplicated fragments increase the frequency of
potential N-glycosylation sites and negatively charged AAs.

e  We identify a previously unreported insertion homologous to apolipoprotein C1 in a chronic
patient sample.

Supplementary Materials: The following are available online at www.mdpi.com/2076-2607/8/9/1417/s1, Table
S1: HEV sequences with genomic rearrangements. Supplementary material 1: list of GenBank numbers of
sequences included in the analysis. Figure S1. HEV PPR molecular phylogenetic analysis by Maximum
Likelihood method, 1000Bt.

Author Contributions: M.M.-C. and A.A. designed the project, analyzed the results, and wrote the manuscript.
M.M.-C. and A.C. reviewed the bibliography. M.A.G.-L. gave technical assistance. D.R.-L. and M.H. provided
swine stool/liver samples. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by ISCIII 2019, grant number MPY 501-19.

Acknowledgments: The authors thank the laboratory staff Alvaro Rodriguez, Lucia Morago and Sandra Arroyo
for preparing the human samples. The HEV Study Group provided the samples for molecular analysis of which
RNA extracts were used in this study and is composed of: Maria Mufoz Algarra (Hospital Puerta de Hierro,
Majadahonda); Mario Jose Rodriguez (Hospital Ramon y Cajal); Sara Maria Quevedo Soriano (Hospital Severo
Ochoa); Buenaventura Buendia (Hospital Universitario de la Princesa); Aitziber Aguinaga (Complejo
Hospitalario de Navarra); Adelina Gimeno (Hospital General Universitario de Alicante); Leire Lopez (Hospital
de Cruces); Francisco Javier Candel (Hospital San Carlos); Isabel Lopez (Hospital do Meixoeiro); Encarnacion
Ramirez de Arellano (Complejo Hospitalario Virgen Macarena); Roberto Alonso (Hospital General Universitario
Gregorio Marafion); Alejandro Gonzalez (Hospital Universitario de Guadalajara); Alfredo Perez-Rivilla
(Hospital 12 de Octubre); Mercedes Rodriguez (Hospital Universitario Central de Asturias, materno infantil);
Ana Saez (Hospital Universitario Marques de Valdecilla); Maria del Carmen Suarez (Hospital de Basurto); Julian
Sanchez (Hospital de Merida); Laura Merino (Hospital Virgen del Rocio); Jose Vicente Saz (Hospital
Universitario Principe de Asturias); Dolores Montero Vega (Hospital Universitario la Paz); Laura Maria Molina
(Hospital de Fuenlabrada); Matilde Trigo (Complejo Hospitalario de Pontevedra); Francisco Javier Candel
(Hospital Clinico San Carlos); Asuncién del Valle (Hospital de Cabuefies); Montserrat Ruiz (Hospital General
Universitario de Elche); Lurdes Matas (Hospital Universitari Germans Trias I Pujol); Maria Mateo Maestre
(Hospital Central de la Defensa Gomez Ulla); Cesar Gomez (Hospital Virgen de la Salud, Toledo); Araceli
Hernandez (Hospital Universitario Insular de Gran Canaria); Natalia Montiel (Hospital Costa del Sol); Xavier
Casal (Hospital Nostra Senyora de Meritxell, Andorra); Estibaliz Ugalde (Hospital San Pedro); Jose Saavedra
(Hospital General Juan Ramon Jimenez); Juan Garcia-Costa (Hospital Santa Maria Nai); Antonio Orduna
(Hospital Clinico Universitario de Valladolid); Antoni Serra (Fundacion Hospital Manacor); Maria Dolores
Navarro (Hospital ].M. Morales Mesenguer); Cristina Frau (Hospital General Universitario de Ciudad Real);
Francisco Salva (Hospital Universitario Son Espases); Maite Lopez (Hospital Universitari Sant Joan D’ Alacant);
Encarnacion Clavijo (Hospital Virgen de la Victoria); Fatima Lopez (Hospital de Mostoles); Maria Dolores Martin
(Laboratorio BRSalud); Isabel Garcia Bermejo (Hospital Universitario de Getafe); Pedro Aguirre (Hospital
Campo Aranuelo, Navalmoral de la Mata) and Alba Cebollero (Consorci Laboratori Intercomarcal).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Aspinall, E.J.; Couturier, E.; Faber, M.; Said, B.; Jjaz, S.; Tavoschi, L.; Takkinen, J.; Adlhoch, C.; The Country,
E. Hepatitis E virus infection in Europe: Surveillance and descriptive epidemiology of confirmed cases,
2005 to 2015. Euro Surveill. 2017, 22, d0i:10.2807/1560-7917.ES.2017.22.26.30561.

2. Wenzel, ].].; Preiss, ].; Schemmerer, M.; Huber, B.; Plentz, A.; Jilg, W. Detection of hepatitis E virus (HEV)
from porcine livers in Southeastern Germany and high sequence homology to human HEV isolates. J. Clin.
Virol. Off. Publ. Pan Am. Soc. Clin. Virol. 2011, 52, 50-54, d0i:10.1016/j.jcv.2011.06.006.

3. Liu, P; Li, L; Wang, L.; Bu, Q.; Fu, H;; Han, J.; Zhu, Y.; Lu, F.; Zhuang, H. Phylogenetic analysis of 626
hepatitis E virus (HEV) isolates from humans and animals in China (1986-2011) showing genotype diversity
and zoonotic transmission. Infect. Genet. Evol. ]. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2012, 12, 428-434,
doi:10.1016/j.meegid.2012.01.017.



Microorganisms 2020, 8, 1417 17 of 19

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Bouquet, J.; Tesse, S.; Lunazzi, A.; Eloit, M.; Rose, N.; Nicand, E.; Pavio, N. Close similarity between
sequences of hepatitis E virus recovered from humans and swine, France, 2008-2009. Emerg. Infect. Dis.
2011, 17, 2018-2025, d0i:10.3201/eid1711.110616.

Widen, F.; Sundqvist, L.; Matyi-Toth, A.; Metreveli, G.; Belak, S.; Hallgren, G.; Norder, H. Molecular
epidemiology of hepatitis E virus in humans, pigs and wild boars in Sweden. Epidemiol. Infect. 2011, 139,
361-371, doi:10.1017/50950268810001342.

Oliveira-Filho, E.F.; Bank-Wolf, B.R.; Thiel, H.]J.; Konig, M. Phylogenetic analysis of hepatitis E virus in
domestic swine and wild boar in Germany. Vet. Microbiol. 2014, 174, 233-238,
doi:10.1016/j.vetmic.2014.09.011.

Nakano, T.; Takahashi, K.; Arai, M.; Okano, H.; Kato, H.; Ayada, M.; Okamoto, H.; Mishiro, S. Identification
of European-type hepatitis E virus subtype 3e isolates in Japanese wild boars: Molecular tracing of HEV
from swine to wild boars. Infect. Genet. Evol. ]. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2013, 18, 287-298,
doi:10.1016/j.meegid.2013.06.004.

Boadella, M.; Casas, M.; Martin, M.; Vicente, J.; Segales, J.; de la Fuente, J.; Gortazar, C. Increasing contact
with hepatitis E virus in red deer, Spain. Emerg. Infect. Dis. 2010, 16, 1994-1996, d0i:10.3201/eid1612.100557.
Tam, A.W.; Smith, M.M.; Guerra, M.E.; Huang, C.C.; Bradley, D.W; Fry, K.E.; Reyes, G.R. Hepatitis E virus
(HEV): Molecular cloning and sequencing of the full-length viral genome. Virology 1991, 185, 120-131,
doi:10.1016/0042-6822(91)90760-9.

Emerson, S.U.; Nguyen, H.T.; Torian, U.; Mather, K.; Firth, A.E. An essential RNA element resides in a
central region of hepatitis E virus ORF2. |. Gen. Virol. 2013, 94, 1468-1476, d0i:10.1099/vir.0.051870-0.
Wang, H,; Zhang, W.; Gu, H.,; Chen, W.; Zeng, M,; Ji, C.; Song, R, Zhang, G. Identification and
characterization of two linear epitope motifs in hepatitis E virus ORF2 protein. PLoS ONE 2017, 12,
€0184947, doi:10.1371/journal.pone.0184947.

Yamada, K.; Takahashi, M.; Hoshino, Y.; Takahashi, H.; Ichiyama, K.; Nagashima, S.; Tanaka, T.; Okamoto,
H. ORF3 protein of hepatitis E virus is essential for virion release from infected cells. |. Gen. Virol. 2009, 90,
1880-1891, d0i:10.1099/vir.0.010561-0.

Ding, Q.; Heller, B.; Capuccino, ].M.; Song, B.; Nimgaonkar, I.; Hrebikova, G.; Contreras, J.E.; Ploss, A.
Hepatitis E virus ORF3 is a functional ion channel required for release of infectious particles. Proc. Natl.
Acad. Sci. USA 2017, 114, 1147-1152, d0i:10.1073/pnas.1614955114.

Koonin, E.V.; Gorbalenya, A.E.; Purdy, M.A.; Rozanov, M.N.; Reyes, G.R.; Bradley, D.W. Computer-
assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: Delineation
of an additional group of positive-strand RNA plant and animal viruses. Proc. Natl. Acad. Sci. USA 1992,
89, 8259-8263.

Purdy, M.A.; Lara, J.; Khudyakov, Y.E. The hepatitis E virus polyproline region is involved in viral
adaptation. PLoS ONE 2012, 7, 35974, d0i:10.1371/journal.pone.0035974.

Pudupakam, R.S.; Kenney, S.P.; Cordoba, L.; Huang, Y.W.; Dryman, B.A ; Leroith, T.; Pierson, F.W.; Meng,
X.J. Mutational analysis of the hypervariable region of hepatitis e virus reveals its involvement in the
efficiency of viral RNA replication. J. Virol. 2011, 85, 10031-10040, doi:10.1128/JV1.00763-11.

LeDesma, R.; Nimgaonkar, I; Ploss, A. Hepatitis E Virus Replication. Viruses 2019, 11,
doi:10.3390/v11080719.

Pudupakam, R.S.; Huang, Y.W.; Opriessnig, T.; Halbur, P.G.; Pierson, F.W.; Meng, X.J. Deletions of the
hypervariable region (HVR) in open reading frame 1 of hepatitis E virus do not abolish virus infectivity:
Evidence for attenuation of HVR deletion mutants in vivo. J. Virol. 2009, 83, 384-395, d0i:10.1128/JVI1.01854-
08.

Munoz-Chimeno, M.; Forero, ].E.; Echevarria, ].M.; Munoz-Bellido, J.L.; Vazquez-Lopez, L.; Morago, L.;
Garcia-Galera, M.C.; Avellon, A. Full coding hepatitis E virus genotype 3 genome amplification method. J.
Virol. Methods 2016, 230, 18-23, doi:10.1016/j.jviromet.2016.01.004.

Lhomme, S.; Abravanel, F.; Dubois, M.; Sandres-Saune, K.; Mansuy, J.M.; Rostaing, L.; Kamar, N.; Izopet,
J. Characterization of the polyproline region of the hepatitis E virus in immunocompromised patients. .
Virol. 2014, 88, 12017-12025, doi:10.1128/JV1.01625-14.

Lhomme, S.; Abravanel, F.; Dubois, M.; Chapuy-Regaud, S.; Sandres-Saune, K.; Mansuy, ].M.; Rostaing, L.;
Kamar, N.; Izopet, J. Temporal evolution of the distribution of hepatitis E virus genotypes in Southwestern
France. Infect. Genet. Ewvol. ]. Mol. Epidemiol. Ewvol. Genet. Infect. Dis. 2015, 35, 50-55,
doi:10.1016/j.meegid.2015.07.028.



Microorganisms 2020, 8, 1417 18 of 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lhomme, S.; Garrouste, C.; Kamar, N.; Saune, K.; Abravanel, F.; Mansuy, ].M.; Dubois, M.; Rostaing, L.;
Izopet, J. Influence of polyproline region and macro domain genetic heterogeneity on HEV persistence in
immunocompromised patients. J. Infect. Dis. 2014, 209, 300-303, doi:10.1093/infdis/jit438.

Johne, R.; Reetz, J.; Ulrich, R.G.; Machnowska, P.; Sachsenroder, ].; Nickel, P.; Hofmann, J. An ORF1-
rearranged hepatitis E virus derived from a chronically infected patient efficiently replicates in cell culture.
J. Viral Hepat. 2014, 21, 447-456, doi:10.1111/jvh.12157.

Lhomme, S.; Nicot, F.; Jeanne, N.; Dimeglio, C.; Roulet, A.; Lefebvre, C.; Carcenac, R.; Manno, M.; Dubois,
M.; Peron, ].M.; et al. Insertions and Duplications in the Polyproline Region of the Hepatitis E Virus. Front.
Microbiol. 2020, 11, 1, d0i:10.3389/fmicb.2020.00001.

Shukla, P.; Nguyen, H.T.; Torian, U.; Engle, R.E.; Faulk, K.; Dalton, H.R.; Bendall, R.P.; Keane, F.E.; Purcell,
R.H.; Emerson, S.U. Cross-species infections of cultured cells by hepatitis E virus and discovery of an
infectious virus-host recombinant. Proc. Natl. Acad. Sci. USA 2011, 108, 2438-2443,
doi:10.1073/pnas.1018878108.

Nguyen, H.T.; Torian, U.; Faulk, K.; Mather, K.; Engle, R.E.; Thompson, E.; Bonkovsky, H.L.; Emerson, S.U.
A naturally occurring human/hepatitis E recombinant virus predominates in serum but not in faeces of a
chronic hepatitis E patient and has a growth advantage in cell culture. ]. Gen. Virol. 2012, 93, 526-530,
do0i:10.1099/vir.0.037259-0.

Shukla, P.; Nguyen, H.T.; Faulk, K.; Mather, K.; Torian, U.; Engle, R.E.; Emerson, S.U. Adaptation of a
genotype 3 hepatitis E virus to efficient growth in cell culture depends on an inserted human gene segment
acquired by recombination. ]. Virol. 2012, 86, 5697-5707, doi:10.1128/JV1.00146-12.

Smith, D.B.; Izopet, ].; Nicot, F.; Simmonds, P.; Jameel, S.; Meng, X.J.; Norder, H.; Okamoto, H.; van der
Poel, W.H.M.; Reuter, G.; et al. Update: Proposed reference sequences for subtypes of hepatitis E virus
(species Orthohepevirus A). J. Gen. Virol. 2020, doi:10.1099/jgv.0.001435.

Purdy, M.A. Evolution of the hepatitis E virus polyproline region: Order from disorder. J. Virol. 2012, 86,
10186-10193, d0i:10.1128/JVI1.01374-12.

Depaoli-Roach, A.A.; Park, LK.; Cerovsky, V.; Csortos, C.; Durbin, S.D.; Kuntz, M.].; Sitikov, A.; Tang, P.M.;
Verin, A.; Zolnierowicz, S. Serine/threonine protein phosphatases in the control of cell function. Adv.
Enzym. Regul. 1994, 34, 199-224, doi:10.1016/0065-2571(94)90017-5.

Chen, Z.; Gowan, K.; Leach, S.M.; Viboolsittiseri, S.S.; Mishra, A.K.; Kadoishi, T.; Diener, K.; Gao, B.; Jones,
K.; Wang, J.H. Unexpected effects of different genetic backgrounds on identification of genomic
rearrangements via whole-genome next generation sequencing. Bmc Genom. 2016, 17, 823,
doi:10.1186/s12864-016-3153-9.

Nicot, F.; Jeanne, N.; Roulet, A.; Lefebvre, C.; Carcenac, R.; Manno, M.; Dubois, M.; Kamar, N.; Lhomme,
S.; Abravanel, F.; et al. Diversity of hepatitis E virus genotype 3. Rev. Med Virol. 2018, 28, €1987,
doi:10.1002/rmv.1987.

Fedele, C.G,; Ciardi, M.R,; Delia, S.; Contreras, G.; Perez, J.L.; De Ona, M.; Vidal, E.; Tenorio, A. Identical
rearranged forms of JC polyomavirus transcriptional control region in plasma and cerebrospinal fluid of
acquired immunodeficiency syndrome patients with progressive multifocal leukoencephalopathy. .
Neurovirology 2003, 9, 551-558, doi:10.1080/13550280390241188.

Gosert, R.; Kardas, P.; Major, E.O.; Hirsch, H.H. Rearranged JC virus noncoding control regions found in
progressive multifocal leukoencephalopathy patient samples increase virus early gene expression and
replication rate. J. Virol. 2010, 84, 10448-10456, doi:10.1128/JV1.00614-10.

Wang, A.; Ren, L.; Abenes, G.; Hai, R. Genome sequence divergences and functional variations in human
cytomegalovirus strains. Fems Immunol. Med Microbiol. 2009, 55, 23-33, doi:10.1111/.1574-
695X.2008.00489.x.

Song, J.; Gao, P.; Kong, C.; Zhou, L.; Ge, X.; Guo, X.; Han, J.; Yang, H. The nsp2 Hypervariable Region of
Porcine Reproductive and Respiratory Syndrome Virus Strain JXwn06 Is Associated with Viral Cellular
Tropism to Primary Porcine Alveolar Macrophages. |. Virol. 2019, 93, d0i:10.1128/JV1.01436-19.

Yun, S.I; Choi, Y.J.; Song, B.H.; Lee, Y.M. 3’ cis-acting elements that contribute to the competence and
efficiency of Japanese encephalitis virus genome replication: Functional importance of sequence
duplications, deletions, and substitutions. J. Virol. 2009, 83, 7909-7930, d0i:10.1128/JVI1.02541-08.

Eshaghi, A.; Duvvuri, V.R,; Lai, R.,; Nadarajah, J.T.; Li, A.; Patel, S.N.; Low, D.E.; Gubbay, ]J.B. Genetic
variability of human respiratory syncytial virus A strains circulating in Ontario: A novel genotype with a
72 nucleotide G gene duplication. PLoS ONE 2012, 7, €32807, d0i:10.1371/journal.pone.0032807.



Microorganisms 2020, 8, 1417 19 of 19

39.

40.

41.

42.

43.

Zhang, H.; Qiao, L.; Luo, G. Characterization of apolipoprotein C1 in hepatitis C virus infection and
morphogenesis. Virology 2018, 524, 1-9, doi:10.1016/j.virol.2018.08.004.

Yuan, T.; Li, J.; Zhang, M.Y. HIV-1 envelope glycoprotein variable loops are indispensable for envelope
structural integrity and virus entry. PLoS ONE 2013, 8, e69789, d0i:10.1371/journal.pone.0069789.

Prentoe, J.; Bukh, J. Hypervariable Region 1 in Envelope Protein 2 of Hepatitis C Virus: A Linchpin in
Neutralizing ~ Antibody  Evasion and Viral Entry. Front. Immunol. 2018, 9, 2146,
doi:10.3389/fimmu.2018.02146.

Mozzi, A.; Forni, D.; Cagliani, R.; Clerici, M.; Pozzoli, U.; Sironi, M. Intrinsically disordered regions are
abundant in simplexvirus proteomes and display signatures of positive selection. Virus Evol. 2020, 6,
veaa028, doi:10.1093/ve/veaa(28.

Szkolnicka, D.; Pollan, A.; Da Silva, N.; Oechslin, N.; Gouttenoire, J.; Moradpour, D. Recombinant Hepatitis
E Viruses Harboring Tags in the ORF1 Protein. J. Virol. 2019, 93, d0i:10.1128/JV1.00459-19b.

© 2020 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CCBY) license (http://creativecommons.org/licenses/by/4.0/).



