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Abstract

Vertebrate genomes contain endogenous retroviruses (ERVs) that represent remnants of past germline infections by
ancient retroviruses. Despite comprising 8% of the human genome, the human ERVs (HERVs) do not encode a replication
competent retrovirus. However, some HERV genes have been co-opted to serve host functions, most notably the viral
envelope-derived syncytins involved in placentation. Here, we identify the oldest HERV intact gag gene with an open
reading frame, gagV1. Its provirus contains an intact env, envV1, and the first open reading frame found in an HERV gag
leader, pre-gagV1, which encodes a novel protein. This HERV is linked to a related gag gene, gagV3, and these three genes
all show patterns of evolutionary conservation in primates. gagV1 and pre-gagV1 orthologs are present in all simian
primate lineages indicating that this HERV entered the germline of the common simian primate ancestor at least 43 Ma,
whereas gagV3 is found in Old and New World monkeys. gagV1 and gagV3 have undergone recurrent gene conversion
events and positive selection. Expression of gagV1, gagV3, and pre-gagV1 is restricted to the placenta in humans and
macaques suggesting co-option for placenta-specific host functions. Transcriptomic analysis of human tumors also found
upregulated levels of gagV1 transcripts in diffuse large B-cell lymphomas. These findings suggest that these HERV-V genes
may be useful markers for the most common type of non-Hodgkin’s lymphoma and that they may have contributed to
the successive domestications of env and gag genes in eutherians involved in the ongoing ERV-driven evolution of the
placenta.
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Introduction

As part of their replication cycle, retroviruses use a virally
encoded reverse transcriptase to convert their RNA genome
into double-stranded DNA which is subsequently integrated
into and becomes a permanent part of the host cell genome
(Coffin et al. 1997). On rare occasions, when retroviruses in-
fect germline cells or their precursors, an integrated copy of
the retroviral genome can be passed on to the next genera-
tion in a Mendelian manner (Dewannieux and Heidmann
2013; Johnson 2019). These integrated viral copies, termed
endogenous retroviruses (ERVs), make up approximately
8% of the human genome (Lander et al. 2001). Throughout
millions of years of primate evolution, in the absence of se-
lection pressures to keep them intact or the presence of se-
lective forces to neutralize them, the vast majority of the
human endogenous retroviruses (HERVs) have been inacti-
vated by mutations, insertions, and deletions, leaving only
remnants of past infections behind.

Although no HERYV is known to encode a fully functional
retrovirus, HERVs with individually intact viral genes, gag, pol,
and env, have been identified (Johnson 2019). Most of the
HERV genes with an intact open reading frame (ORF)

represent recent integrations and have no known function
attributed to them (Villesen et al. 2004; Vargiu et al. 2016).
However, studies in the past two decades identified some
HERV genes that have been co-opted by their human hosts
for physiological functions (Mi et al. 2000; Blaise et al. 2003;
Heidmann et al. 2017). The most prominent examples of
these are two different HERV envelope (env) genes (syncy-
tin-1 and syncytin-2) that have retained an intact ORF in
hominoids and simian primates, respectively (Mi et al. 2000;
Blaise et al. 2003; Cheynet et al. 2005). These Env proteins are
highly expressed in placental syncytiotrophoblasts, are fuso-
genic, and serve an important role in placenta formation (Mi
et al. 2000; Blaise et al. 2003; Cheynet et al. 2005). Notably,
syncytin-like genes derived from other, often unrelated ERVs
have also been co-opted for placentation in other mamma-
lian lineages in a remarkable example of convergent evolution
(Dupressoir et al. 2005; Heidmann et al. 2009; Dupressoir et al.
2011; Cornelis et al. 2012, 2013, 2014, 2015, 2017; Redelsperger
et al. 2014). Since the discovery of syncytins, additional intact,
expressed HERV env genes have been identified, but much
less is known about the function of these Env proteins (Herve
et al. 2004; Villesen et al. 2004; Aagaard et al. 2005; Blaise et al.
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2005; Kjeldbjerg et al. 2008; Esnault et al. 2013; Blanco-Melo et
al. 2017; Heidmann et al. 2017).

The retroviral gag gene encodes a polyprotein which is
cleaved during maturation by the viral protease to release
the major viral structural proteins: matrix (MA), capsid
(CA), and nucleocapsid (NC). Gag proteins function in viral
assembly, RNA packaging, and particle formation (Coffin et al.
1997; Bell and Lever 2013). Despite its multiple functional
motifs required for viral replication and its multidomain or-
ganization, there have only been a few reported examples of
the co-option of ERV gag genes in mammals. The best-known
example of a co-opted gag gene from an ERV is the rodent
restriction factor Fv1 (Best et al. 1996). Originally discovered
in laboratory mice as a postentry inhibitor of murine leukemia
virus (MLV) infection (Lilly 1967), Fv1 is a remnant of an
ancient retroviral insertion related to the ERV-L group that
likely entered the rodent genome 45-50 Ma (Best et al. 1996;
Benit et al. 1997; Boso et al. 2018). A much more recently
endogenized ERV with an intact gag ORF acts as a transdo-
minant inhibitor to block the release of the betaretrovirus
JSRV (Jaagsiekte sheep retrovirus) and is found in the genus
Ovis, which includes domestic sheep (Mura et al. 2004;
Arnaud et al. 2007; Sistiaga-Poveda and Jugo 2014; Cumer
et al. 2019).

Previous systematic searches for HERV genes with intact
ORFs were either aimed at generating a large-scale database
of HERVs or concentrated on the identification of env ORFs
(Villesen et al. 2004; Nakagawa and Takahashi 2016; Ueda et al.
2020). In this study, we combined computational similarity
searches with phylogenomic analyses to probe the human ge-
nome for the presence of intact HERV gag ORFs. We extracted
41 HERV gag genes of which the oldest with an intact, full-length
gag ORF entered the genome of simian primates at least 43 Ma
(Steiper and Young 2006; Perelman et al. 2011). This ancient gag
gene is conserved in all simian lineages, and remarkably, the
large leader sequence of this ancient HERV contains another
OREF, here termed pre-gagV/1, that encodes a novel protein that
is also highly conserved in all simian primate lineages. A second
provirus with a related intact gag gene is found downstream of
this ancient ERV in Old World and New World monkeys.
Phylogenetic analysis of these gag genes revealed evidence of
recurrent gene conversion and positive selection. Expression of
both pre-gag and gag transcripts is highly restricted to the pla-
centa in both humans and rhesus macaques as is also the case
for their associated env genes (Blaise et al. 2005; Esnault et al.
2013). This suggests that all of these genes may have been co-
opted for placenta-specific functions. Moreover, transcriptomic
analyses of human tumors revealed that this co-opted gag gene
is also significantly upregulated in diffuse large B-cell lymphomas
(DLBCLs), providing a possible marker for this type of cancer.

Results

Screening for gag ORFs in the Human Genome

To identify the intact gag genes of HERVs, we screened the
latest human genome assembly (GRCh38.p13) for ORF
sequences longer than 1,200 bp flanked by start and stop
codons (fig. 1A). We virtually translated these ORFs and
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queried the resulting amino acid sequences using BlastP to
identify matches to Gag sequences from various exogenous
and endogenous retroviruses (supplementary table S,
Supplementary Material online). We identified 41 hits on
17 chromosomes, named with the chromosome and sequen-
tial numbers (fig. 1B and table 1). Similarity searches of protein
domain databases via InterProScan (Jones et al. 2014) for
these hits showed that 32 of them had at least two of the
three Gag domains: matrix (MA), capsid (CA), and nucleo-
capsid (NC), whereas nine hits represent partial Gags with
only one of these domains. Six hits also included a protease
and/or a reverse transcriptase domain (table 1). Two hits with
partial Gag sequences (HSA14_gag1 and HSA22_gag1) were
almost identical and represent the fusion of a partial retroviral
Gag to the ORF2 of a LINET element (table 1). These results
indicate that our screening methodology was sensitive
enough to capture HERV-derived ORFs with only short gag-
like sequences.

To characterize these hits, we searched the Dfam repeat
database (Storer et al. 2021) for each ORF, which placed more
than half of them (25/41) in the HML (human MMTV-like)
superfamily of class Il (betaretrovirus) HERVs (HERV-K) (table
1). Moreover, at least three of these HML ORFs (HSA3_gag1,
HSA3_gag4, and HSA3_gag5) included a dUTPase-like do-
main, a common feature of betaretroviruses with a similar
genomic position in the 3'-end of gag (table 1) (Hizi and
Herzig 2015). Nineteen of the 25 HERV-K gag genes represent
segments of previously identified HML-2 proviruses that have
full-length gag genes (table 1) (Subramanian et al. 2011). The
rest of the hits are members of the various families of the class
| (gammaretrovirus) HERVs, including three hits with a partial
gag sequence that belong to HERV-H (HSA1_gagl,
HSA1_gag5 and HSA13_gagl), two hits that belong to
HERV-F2 (HSA11_gagl and HSAX_gagl), and two hits
that belong to HERV-E (HSA2_gag1 and HSA9_gag1) (table
1). Next, we determined the phylogenetic relationships of
these HERV gag ORFs and known HERYV families. A phyloge-
netic tree including only the hits with full-length Gag along
with known exogenous and endogenous retroviruses (sup-
plementary data set 1 and supplementary fig. S1,
Supplementary Material online) is consistent with the Dfam
search results (table 1) (Storer et al. 2021). Hits identified as
HML clustered with betaretroviruses and class Il HERVs,
whereas other hits clustered with gammaretroviruses and
class | HERVs (supplementary fig. S1, Supplementary
Material online).

To determine the evolutionary history of these gag con-
taining HERVs, we searched for orthologs in nonhuman pri-
mates. The majority (27/41) of these HERVs entered the
primate lineage after the branch leading to modern orangu-
tans split from the family Hominidae, approximately 15 Ma
(table 1, fig. 1C and supplementary methods, Supplementary
Material online) (Steiper and Young 2006; Perelman et al.
2011). Among these, 14 HERVs are human specific, whereas
13 are found in orthologous locations in the chimpanzee and
gorilla genomes (fig. 1C). Notably 13 of 14 human-specific
HERVs as well as 7 of 13 HERVs found in the subfamily
Homininae belong to the HERV-K group (table 1). Among
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Fic. 1. Computational similarity screen for HERV Gag ORFs. (A) Workflow of the in silico screen for identification of HERV Gag ORFs. (B) Human
chromosome ideogram is shown with the location of the screen hits pointed out with red arrows. Light blue indicates variable regions and pink
indicates centromeres. Location of the oldest identified Gag ORF is indicated with a green box. (C) A cladogram indicating the evolutionary
relationship between the major primate lineages is shown. Branch lengths are proportional to time as indicated at the bottom. The predicted
position of the insertions of the ERVs that represent the origin of each Gag ORF hit is shown with arrows. Family, subfamily, and tribe classifications
under apes are shown on the right. The species tree was generated with TimeTree (Hedges et al. 2015).

the rest of the HERVs (27 of 41), five are found in the orang-
utan genome, including three that belong to the HERV-K
group, one member of the HERV-E group, and another be-
longing to HERV-9. Another four HERVs have gibbon ortho-
logs including two with partial gag sequences that belong to
HERV-K11 and HERV-9, suggesting that they were endogen-
ized at least 15 and 20 Ma, respectively (Steiper and Young
2006; Perelman et al. 2011). Only five HERVs had orthologs in
Old World monkeys of which four were likely acquired by the
common ancestor of Old World monkeys and apes at least 30
Ma, and a single HERV (HSA19_gag5) has a New World mon-
key ortholog (fig. 1C). Notably, 10/41 HERVs contained a full-
length gag ORF in nonhuman primates, but only a single gag
ortholog with an ORF (HSA19_gag5) was found outside the
subfamily Homininae (table 1, fig. 1C). Thus, the oldest HERV
with an intact gag ORF in the human genome (HSA19_gag5)
is also found in the genomes of apes and Old and New World
monkeys, suggesting that it was endogenized at least 43 Ma
(table 1) (Steiper and Young 2006; Perelman et al. 2011).
Hence, we decided to further investigate this remarkably con-
served gag gene (HSA19_gag5).

An Additional ORF in the Unusually Long Leader of
the Oldest HERV gag ORF

The chromosomal region around the HSA19_gag5 gag ORF
contains two previously identified HERV proviruses separated
by approximately 40 kb termed HERV-V1 and HERV-V2 with

associated env genes envV1 and envV2 (fig. 2A) (Blaise et al.
2005; Kjeldbjerg et al. 2008). Accordingly, the HSA19_gag5 gag
OREF just upstream of the envV1 gene was named gagV'1. We
did not find an intact gag ORF as a part of HERV-V2, and only
the remnants of pol and 5’ and 3’ long terminal repeats (LTRs)
can be detected in both HERV-V1 and HERV-V2 (supplemen-
tary fig. S2, Supplementary Material online). Although LTR se-
quence divergence can be used to estimate the age of an ERV, a
comparison of 5'- and 3'-LTRs of human and macaque ERV-V1
revealed ancient insertion dates (88-71 Ma for human, 95-76
Ma for macaque), which would, inaccurately, put endogeniza-
tion of this ERV before the split from the common ancestor of
primates (Steiper and Young 2006; Perelman et al. 2011). It is
possible that the conserved nature of this ERV ORF disconnects
it from the evolution of the two LTRs or that the LTRs them-
selves may have undergone recombination with similar ele-
ments leading to an increase in divergence between them.
Moreover, the 3'-LTR of HERV-V1 and both HERV-V2 LTRs
are interrupted by several Alu elements which may prevent the
accurate determination of the age of this HERV by LTR diver-
gence (supplementary fig. S2, Supplementary Material online).

A search of the Pfam (El-Gebali et al. 2019) and Supfam
(Pandurangan et al. 2019) protein domain databases using
the predicted amino acid sequence of gagV/1 revealed an MA-
like domain, a CA-like domain containing a major homology
region, and a C-terminal zinc finger-like domain common to
NC proteins (supplementary fig. S3A, Supplementary Material
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Table 1. Properties of Gag ORFs Identified in a Screen of Human Genome Assembly.

Hit ID Dfam Designation of Gag ORF HERV  Provirus
Group?

HSA1_gag1l HERV-H (partial gag)
HSA1_gag2  HERV-K (HML-2) 1p31.1
HSA1_gag3  HERV-ONC
HSA1_gagé  HERV-K (HML-2) 1922
HSA1_gag5  HERV-H (partial gag)
HSA1_gag6  HERV-K13
HSA2_gagl  HERV-E (pol,

partial gag)
HSA2_gag2 HERV-9
HSA3_gag1l HERV-K (HML-2) (gag, dUTPase) 3p25.3
HSA3_gag2  HERV-K (HML-2) 3q12.3
HSA3_gag3  HERV-K (HML-2) 3q13.2
HSA3_gagé  HERV-K11 (gag, dUTPase, pro)
HSA3_gag5  HERV-K (HML-2) (gag, dUTPase, pro) 3q27.2
HSA4_gag1l HERV-K11 (pol, partial gag)
HSA4_gag2  HERV-17 (pol, partial gag)
HSA5_gag1 HERV-571
HSA5_gag?  HERV-K (HML-2) 5933.3
HSAG_gagl  HERV-K
HSA7_gag1l HERV-K(HML-2) 7p22.1a
HSAS8_gag1 HERV-K(HML-2) 8p23.1a
HSAS_gag2  HERV-K(HML-2) 8p23.1b
HSA8_gag3  HERV-K(HML-2) 8p23.1c
HSAS_gagé  HERV-K(HML-2) 8p23.1d
HSA9_gagl  HERV-E
HSA10_gagl HERV-K(HML-2) 10q24.2
HSA11_gagl HERV-Fc2
HSA11_gag? HERV-K(HML-2) 11q22.1
HSA11_gag3 HERV-K(HML-2) 11q23.3
HSA12_gagl HERV-K(HML-2) 12q14.1
HSA13_gag1l HERV-H (partial gag)
HSA14_gagl HERV-I (partial gag)

LINET ORF2
HSA19_gagl HERV-9 (pol, partial gag)
HSA19_gag2 HERV-FH21
HSA19_gag3 HERV-K13(HML-2) 19p12.c
HSA19_gagé HERV-K(HML-2) 19q11
HSA19_gag5 MER50
HSA22_gagl HERV-I (partial gag)

LINE1 ORF2
HSA22_gag? HERV-K(HML-2) 22q11.21
HSA22_gag3 HERV-K(HML-2) 22q11.23
HSAX_gag1 HERV-Fc2
HSAX_gag?2  HERV-K3

b

Location of Gag ORF* Strand Orthology ORF Conservation
55023242-55024501 + Homininae Human Specific
75378614-75380197 + Human Specific  Human Specific
154673229-154674548 + Human Specific  Human Specific
155632734-155634038 - Human Specific  Human Specific
183613715-183614944 + Homininae Human Specific
237917591-237919054 + Homininae Hominini
158882965-158884236 + Hominidae Homininae
202498491-202499780 + Hominidae Human Specific
9851020-9853113 - Hominidae Human Specific
101693005-101695008 + Homininae Homininae
113030248-113032332 - Human Specific  Human Specific
130449221-130451068 - Hominidae Human Specific
185567810-185570893 - Human Specific  Human Specific
64145040-64146809 - Hominoidae Human Specific
85353157-85354584 - Catarrhini Human Specific
95710726-95712081 - Hominoidea Hominini
156663774-156665774 - Human Specific  Human Specific
77723263-77725263 - Human Specific  Human Specific
4588786-4590090 - Human Specific  Human Specific
7504291-7506234 - Human Specific  Human Specific
8198347-8199615 + Homininae Human Specific
12223547-12224818 - Homininae Human Specific
12466057-12467328 - Homininae Human Specific
135442339-135443550 - Hominoidae Human Specific
99825872-99827437 - Human Specific  Human Specific
5929216-5930448 + Homininae Human Specific
101696870-101698174 + Human Specific  Human Specific
118727068-118728381 - Homininae Homininae
58333804-58336072 - Human Specific  Human Specific
86358566-86359789 + Homininae Human Specific
18349411-18350967 + Gag: Catarrhini  Human Specific
LINE1: human
18580605-18581828 + Hominoidea Homininae
20094153-20095379 - Homininae Human Specific
21886667-21889372 - Hominidae Human Specific
27644310-27646310 - Human Specific  Human Specific
53009305-53010798 + Simiiformes Simiiformes
15280221-15281648 + Gag: Catarrhini  Human Specific
LINE1: human
18939785-18941785 + Human Specific  Human Specific
23538874-23540745 + Homininae Homininae
97842167-97843579 + Homininae Hominini
141197579-141198778 - Catarrhini Hominini

Hits that contain only partial gag sequences and those with more than just gag sequences are indicated.
PNineteen gag genes were identifiable by map location and sequence as specific HML-2 proviruses (Subramanian et al. 2011).

“Genomic location coordinates are for GRCh38.p13.

online) (Coffin et al. 1997). GagV1 also contains a consensus
myristoylation signal (MGxxxS) at the second methionine
codon (supplementary fig. S3A, Supplementary Material on-
line), a common feature of retroviral Gag proteins that is
important for Gag-membrane interactions (Resh 2013;
Dick and Vogt 2014) suggesting that this methionine is likely
the translation initiation site for GagV1. This HERV has a long
leader sequence upstream of gag (~1,600 bp) that contains
an additional ORF of 981 bp, here termed pre-gagV1, that is
not in frame with the gag ORF (fig. 2A). Analysis of the pu-
tative amino acid sequence of this ORF using Phobius and
TMHMM membrane topology prediction software suggests
the presence of a transmembrane domain close to the N-
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terminal end of the protein (supplementary fig. S3B,
Supplementary Material online), but pre-gagV1 shows no se-
quence homology to any known protein. Comparably long
leader sequences are not found in exogenous viruses, and
although a few other HERVs have long leaders, only a subset
of class | HERVs, including HERV-V, contain very long leaders
(>1,500bp) (Jern et al. 2005; Blanco-Melo et al. 2017; Grandi
et al. 2020) (supplementary fig. S4, Supplementary Material
online). There are a few examples of exogenous and endog-
enous retroviruses with ORFs in their leader sequences, but
none is related to pre-gagV'1 (Prats et al. 1989; Holzschu et al.
1995; Kambol et al. 2003; Jern et al. 2005; Blanco-Melo et al.
2017; Grandi et al. 2020).
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Fic. 2. Conserved synteny of the HERV-V locus in primates. (A) Chromosomal context of the HERV-V locus is shown for human (GRCh38.p13,
chromosome 19), orangutan (Susie_PABv2, chromosome 19), rhesus macaque (Mmul_10, chromosome 19), and marmoset
(Callithrix_jacchus_cj1700_1.1, chromosome 22) genomes. Refseq annotated genes are shown in green. Location of the pre-gagV1, gagV1,
gagV3, envV1, and envV2 ORFs are indicated in black. Starting and ending coordinates of the depicted region for each species are indicated in
red. The figure was created using Geneious (Kearse et al. 2012). (B) Genomic segments containing the ERV-V locus and ZNF160 starting with 20k
bases upstream of the pre-gagV'1 sequence were extracted from the NCBI genome database for each of the indicated species. Cross-species
homologies were analyzed using the MultiPipMaker alignment tool (Elnitski et al. 2010). ORFs of pre-gagV'1, gagV'1, gagV3, envV1, and envV2 as well
as exons of ZNF160 are shown in black boxes in the rhesus macaque reference assembly. Regions with less than 75% and more than 50% identity are
shown as green boxes. Regions with more than 75% identity are shown as red boxes. A cladogram representing the phylogenetic relationships
between the primate species is shown on the left. The species tree was generated with TimeTree (Hedges et al. 2015).
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Conservation of pre-gagV'1 and gagV'1 ORFs in
Simiiformes

The region of human chromosome 19 that contains the pre-
gagV'1, gagV1, and envV1 OREFs is located downstream of the
ZNF160 and ZNF415 genes (fig. 2A). Three divergent primate
species belonging to hominoids (orangutan), Old World
monkeys (rhesus macaque), and New World monkeys (mar-
moset) were selected for genomic comparisons. The orthol-
ogous regions in the orangutan, rhesus macaque, and
marmoset genomes contain the gagV'1 and pre-gagV1 ORFs
(fig. 2A). Notably, both rhesus macaque and marmoset, but
not orangutan, have an additional ORF approximately half-
way between the envV1 and envV2 genes. A BLAST search of
this ORF revealed more than 95% identity to the gagV'1 ORFs
in the respective species, and therefore, we labeled this ORF
gagV3 (fig. 2A). The presence of a third HERV-V element in
this region was previously reported without identification of
an intact gag gene as part of this HERV (Kjeldbjerg et al. 2008).

To examine the sequence conservation of this region in
primates, we extracted and aligned the orthologous genomic
segments from apes, Old World and New World monkeys,
and prosimians (fig. 2B). This genomic region is strongly con-
served among Old World monkeys and apes although the
high similarity between the members of the parvorders
Catarrhini (Old World monkeys and apes) and Platyrrhini
(New World monkeys) is clustered around the ORFs of
gagV'1, pre-gagV1, envV1, and envV2. The gagV3 sequence is
missing in great apes (family Hominidae); however, the se-
quence immediately surrounding gagV'3 shows relatively high
similarity in Pongo abelii (Sumatran orangutan) and Old
World monkeys (fig. 2B). This suggests that gagV3 was likely
lost after the Hominidae and Hylobatidae families diverged,
and the rest of the provirus was deleted in the subfamily
Homininae. However, the gagV3 in Nomascus leucogenys
(northern white-cheeked gibbon) lacks an intact ORF sug-
gesting that more recent selection pressures may have elim-
inated this ERV in some lineages.

To describe the evolutionary history of the ERV-V gag and
pre-gag ORFs, we searched the primate genomes for human
gagV'1 and pre-gagV'1 sequences. These ORFs were found in all
lineages basal to the infraorder Simiiformes (fig. 3). Although
some species contain HERV-V1 and HERV-V2 orthologs in a
single scaffold/chromosome, other species have a gap in the
predicted location of gagV/1 and gagV3 (fig. 3). Although some
species have early stop codons in gagV'1 or pre-gagV'1, there is
remarkable conservation of the gag and pre-gag ORFs within
the remnants of an ancient retrovirus (fig. 3). BLAST searches
failed to find gagV'1 and pre-gagV'1 in Tarsiiformes (tarsiers) or
Strepsirrhini (prosimians) (fig. 3), and we did not find ERV-V
orthologs in Carlito syrichta (Philippine tarsier) or Microcebus
murinus (grey mouse lemur) (fig. 2B). Thus, the ancient ret-
roviral progenitor of ERV-V1, ERV-V2, and ERV-V3 invaded
the genome of a common ancestor of Simiiformes at least 43
Ma (Steiper and Young 2006; Perelman et al. 2011).

These findings prompted us to search for additional HERV-
V gag and pre-gag sequences in the human genome. BLAST
searches identified five other gag-like HERV sequences that
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had the same gagV'1 Dfam repeat designation (table 2). We
also found remnants of a pre-gag sequence upstream of the
gag-like sequence in at least two of these HERVs (table 2).
Four of these HERVs have orthologs in both New and Old
World monkeys, and one has orthologs in Old World mon-
keys suggesting that ERV-V-like viruses invaded the genome
of a common ancestor of simian primates. These findings also
indicate that the long leader sequence and the pre-gag ORF
were likely present in the ancient virus that generated the pre-
gagV'1 provirus.

pre-gagV1 and gagV'1 Show Placenta Specific
Expression

A BLAST search of the NCBI nucleotide database using the
gagV1 ORF as a probe revealed the presence of a previously
reported RNA (GenBank accession number: AK127846.1) that
encompasses this region of the human genome. Data for this
RNA from the Expression Atlas show that it is expressed highly
in the placenta with very low levels of expression in other
tissues such as cerebellum and prostate (Papatheodorou et
al. 2020). To provide a more complete description of the tis-
sue-specific expression of gagV'1 and pre-gagV'1, we performed
an in silico analysis of RNA sequencing data from a large-scale
study that includes placenta and 26 other tissues from 95
individuals (Fagerberg et al. 2014). Since this study does not
include cerebellum, we also examined RNAseq data from two
other studies that include cerebellum (Prudencio et al. 2017;
Tan et al. 2017) (fig 4 and supplementary methods,
Supplementary Material online). Because neither of these
genes is annotated in the human genome, we remapped
the extracted raw RNA sequencing reads to the latest human
genome assembly (GRCh38.p13) and used a custom annota-
tion that included gagV1 and pre-gagV1 ORFs. This analysis
showed that the expression of both gagV'1 and pre-gagV1 is
highly restricted to the placenta with very low-level expression
of both transcripts in kidney, bladder, prostate, and cerebel-
lum (fig. 4A and B). We also confirmed the previously observed
placenta-specific expression of the envV1 and envV2 tran-
scripts (Blaise et al. 2005; Esnault et al. 2013) (fig. 4C and F).
Notably, we also found low levels of expression of the co-opted
placenta-specific HERV envelope genes, syncytin-1 and syncy-
tin-2, in various other tissues (fig. 4G and H) which match the
expression profiles of these genes in the Expression Atlas
(Papatheodorou et al. 2020).

Next, to describe the expression profile of gagV'1 and pre-
gagV1 in another primate, we analyzed RNA sequencing data
from 13 macaque tissues. Like their human orthologs, ma-
caque gagV1, pre-gagV'1, and envV1 show a placenta-specific
expression profile (supplementary fig. S5, Supplementary
Material online). Also, the expression of gagV/3, which is not
found in the human genome, is highly restricted to the ma-
caque placenta (supplementary fig. S5, Supplementary
Material online). Collectively, these findings indicate that in
both humans and macaques, gagV/1 and pre-gagV/1 transcripts
are placenta specific.

We used 5’ rapid amplification of cDNA ends (RACE)-PCR
and reverse transcription (RT)-PCR to determine the struc-
ture of the transcripts that encode GagV1 and Pre-GagV1.


https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data

Oldest Co-opted gag Gene of an HERV - doi:10.1093/molbev/msab245 MBE

ERV-V1 ERV-V3
ERV-V1  pre-gag ORF/gag ORF ERV-V3  gag ORF

+/+ - -

Homo sapiens +
ERV-V3 deleted .
N Pan paniscus _ + +/+ - -
Pan troglodytes : + %y _ _
Goirilla gorilla + Y _ _
Pongo abelii + +/+ + _
Nomascus leucogenys + +/+ + -

SpIUlwWoH

sady

Cercocebus atys + +/+ + ¥
Papio anubis + /¥ + +
Theropithecus gelada + +/+ + Gap
(] Macaca mulatta o + +/+ + +
Macaca fascicularis % + +/+ + +
Macaca nemestrina % § é': + +/+ + +
Chlorocebus sabaeus 2 g g + +/+ + Gap
|| Cercopithecus neglectus SAEAE + ++ Gap Gap
Rhinopithecus roxellana k2 + +/+ + +
ERV-V fixation .
N Nasalis larvatus + +/+ Gap Gap
] Trachypithecus francoisi + +/+ + +
Piliocolobus tephrosceles + +/Gap + Gap
Colobus angolensis + +/+ + +
Alouatta palliata z + +/+ Gap Gap
Sapajus apella ; + +/+ + "
] Cebus capucinus % + +/+ + +
Saimiri boliviensis = + YR + -
Aotus nancymaae é + +/-* - -
Callithrix jacchus e + +/+ + +
T Plecturocebus donacophilus + +/Gap Gap Gap
Carlito syrichta - -/- - -
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* Early stop codon

Fic. 3. pre-gagV1 and gagV1 orthologs with an intact ORF are present in all simian primate lineages. A cladogram illustrating the evolutionary
relationship between the primate species with a genome assembly in the NCBI database is shown. The species tree was generated with TimeTree
(Hedges et al. 2015). Phylogenetic classifications are shown on the right. + indicates the presence of ERV-V1, ERV-V3 orthologs or gagV'1, gagV3, or
pre-gagV'1 orthologs with ORFs as identified via BLAST searches of each genome assembly. * indicates the presence of an early stop codon. “Gap”
indicates the presence of a sequencing gap in the relevant region of the indicated genome. Arrows suggest the location of the ERV-V insertion and
the ERV-V3 deletion according to the orthology analysis.

Table 2. Locations of Other HERV-V Elements Found in the Human Genome.

Gene Location® Orientation Orthology Dfam designation
gag ChrX: 83161089-83161913 + Simiiformes MER50
pre-gag ChrX: 84708729-84709383 - Catarrhini MER50
gag ChrX: 84707334-84708555 - Catarrhini MER50
pre-gag ChrX: 98578387-98578970 - Simiiformes MER50
gag ChrX: 98577295-98577791 - Simiiformes MER50
gag Chr5: 59311710-59313003 + Simiiformes MER50
gag Chr20: 36984411-36985174 + Simiiformes MER50

*Genomic location coordinates are for GRCh38.p13 (hg38).

First, we probed for pre-gagV'1 and gagV'1 ORFs in total RNA Consistent with our RNA sequencing data, transcripts were
extracted from cell lines developed from different human only detected in BEWO cells, derived from a placenta-derived
tissues via RT-PCR using the primers shown in figure 5A. choriocarcinoma (fig. 5B) (Pattillo et al. 1968). Next, RT-PCR
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Fic. 4. Human pre-gagV'1 and gagV'1 expression is restricted to the placenta. In silico analysis of RNA sequencing data from 27 human tissues is
shown for (A) gagV1, (B) pre-gagV1, (C) envV1, (D) CBLN1, (E) PSG2, (F) envV2, (G) Syncytin-1, and (H) Syncytin-2. The mapping accuracy of the
RNA sequencing reads, and the normalization of the read counts was confirmed using PSG2 (placenta specific) and CBLN1 (cerebellum specific) as
tissue-specific controls. Raw RNA sequencing data extracted from SRA projects PRJEB4337, PRJNA279249, and PRJNA237340 were mapped to the
human genome assembly and the counts that map to the coding region of each gene were extracted and normalized using DEseq2.

identified multiply spliced products in BEWO cell RNA for
gagV1 as well as an unspliced product that contains both pre-
gagV1l and gagV1l ORFs (supplementary fig. S6,
Supplementary Material online). Sequencing of these prod-
ucts showed them to be identical to the corresponding se-
quence at the human reference genome assembly
(GRCh38p13) (supplementary data set 4, Supplementary
Material online). Notably, alignment of the orthologous re-
gion showed that the splice acceptor and donor sites as well
as the surrounding sequence is highly conserved in various
simian primates apart from a splice donor site in the alterna-
tive splice product in the New World monkeys (supplemen-
tary fig. S7, Supplementary Material online), indicating that
this RNA splicing scheme for gagV1 may be conserved
throughout simian primate evolution. Sequencing of the
splice products also revealed that the splice acceptor se-
quence for gagV'1 is immediately upstream of the start codon
with the muyristoylation signal (supplementary fig. S3A,
Supplementary Material online) establishing that translation
initiates at this codon and not at the ATG that is 42 bases
upstream. In addition, 5 RACE-PCR analysis showed that the
spliced gagV1 and envV1 transcripts and the unspliced tran-
script for pre-gagV1 all share a start site that is 180 bases
upstream of the predicted primer binding site (PBS) and is
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thus within the 5’ LTR of HERV-V1 (supplementary fig. S6,
Supplementary Material online). The 3’ end of the transcripts
containing pre-gagV'1 and/or gagV'1 was not immediately de-
tectable via 3' RACE-PCR due to the presence of several A-
rich regions in the multiple Alu elements inserted 1,500—
2,500 bp downstream of the gagV'1 stop codon (supplemen-
tary figs. S2 and S6, Supplementary Material online). However,
RT-PCR and sequencing indicate that the 3'-end extends at
least 1,400 bases downstream of the gagV'1 stop codon sug-
gesting there is a very long 3’ untranslated region for tran-
scripts that contain  gagV1 (supplementary fig. S6,
Supplementary Material online).

Evidence of Purifying Selection in pre-gagV'1

Once fixed in the genome of the host, ERV-derived genes that
serve a host function are subject to the same evolutionary
pressures as any other host gene. Such genes either evolve under
diversifying/positive selection which leads to adaptive changes
in the amino acid sequence, or purifying/negative selection to
retain their physiological function (Meyerson and Sawyer 2011;
Johnson 2013). Such selection pressures are detected by the
ratio of the rate of nonsynonymous (dN) and synonymous
(dS) changes in related species (Yang and Bielawski 2000).
Among the known co-opted ERVs, env genes with a syncytin-


https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab245#supplementary-data

Oldest Co-opted gag Gene of an HERV - doi:10.1093/molbev/msab245

MBE

A
500 1,000 1,500 2,000 2,500 3,120
F1 R1 F2 R2
/ \ |
> < > <«
pregagV'1 gagV'1
3,000 3,500 3,912

1,000

1,500

2,000

2,500

pre-gagV'1

gagV'1

GAPDH

FiG. 5. Human pre-gagV'1 and gagV'1 expression in human cell lines. (A) At the top is a schematic of the genomic region that contains pre-gagV'1 and
gagV'1 ORFs. Locations of the primers used in RT-PCR are indicated above the diagram. At the bottom of the panel is a schematic of the genomic
region that contains human GAPDH. Exons of GAPDH are shown in red. Locations of the primers used in RT-PCR are indicated above each diagram.
Primers that were designed for different exons of GAPDH were used to confirm the absence of DNA contamination as well as uniform RNA loading.
The figure was created using Geneious (Kearse et al. 2012). (B) Agarose gels showing the RT-PCR products of pre-gagV'1, gagV'1, and GAPDH that
were amplified from the indicated human cell lines with the primers shown in the upper panel. A control done without an RT step (only Taq
polymerase) was included to confirm the absence of HERV DNA contamination. Gels are representative of at least two independent experiments.

like fusion function, including envV2, are evolving under purify-
ing selection (dN/dS < 1) (Kjeldbjerg et al. 2008; Esnault et al.
2013; Lavialle et al. 2013; Heidmann et al. 2017).

To identify evolutionary pressures that have shaped pri-
mate pre-gagV1, we extracted and aligned pre-gagV/1 ORFs
from simian primates and generated a maximum likelihood
tree. This tree shows high bootstrap support and clear sep-
aration of lineages of Catarrhini (apes, Old World and New
World monkeys) (fig. 6A). Moreover, the pre-gagV1 nucleo-
tide sequence shows high similarity (84-99%) among simian
primates (fig. 6B) despite being derived from an ancient
ERV. Comparisons of all pairs of species revealed dN/dS
values much lower than unity for most (<0.35) except
for some very closely related species (e.g, human/bonobo
and pig-tailed macaque/rhesus macaque) (fig. 6B). To deter-
mine whether any specific residues of pre-gagV1 are subject
to recurrent positive selection, we used the maximum like-
lihood models in the codeml program of PAML4 (Yang
2007). No evidence of positive selection was found at any
sites (table 3), which was confirmed using the SLAC, FEL,
and REL programs from the datamonkey webserver
(Weaver et al. 2018). These findings indicate that pre-

gagV1 has been under strong purifying selection during sim-
ian primate evolution.

Our phylogenomic analysis showed that, unlike pre-gagV'1
which is present in a single copy, some species carry another
co-opted gag gene with an intact ORF and high similarity to
gagV1, gagV3. We therefore generated a phylogenetic tree
using the ORFs from both gagV'1 and gagV3 (fig. 7A). These
genes show high sequence similarity (86-99%) in simian pri-
mates (supplementary fig. S8A, Supplementary Material on-
line). Since the orthology analysis indicates that these genes
were fixed before the divergence of simians and prosimians
(43 Ma) (Steiper and Young 2006; Perelman et al. 2011), we
expected the gagV'1 and gagV3 genes to evolve as monophy-
letic groups that cluster separately in a maximum likelihood
tree. However, the gagV/1 and gagV3 genes of different line-
ages did not fall into this expected grouping but instead were
intermingled (fig. 7A). In Old World monkeys, the gagV3
genes clustered together but are more closely related to the
gagV'1 genes from the same species than to their gagV3 ortho-
logs in New World monkeys (fig. 7A). Similarly, the gagV'1 and
gagV3 genes of the New World monkeys did not cluster into
separate groups (fig. 7A). These results indicate that, unlike
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1. Homo sapiens - 0.272 0.336 0.438 0.331 0.362 0.444 0.373 0.329 0.387 0.338 0.313 0.348 0.336 0.312 0.36 0.362 0.354 0.314 0.35 0.291 0.254 0.341
2. Pan paniscus 98.3 0.388 0.444 0.482 0.372 0.403 0.486 0.386 0.393 0.427 0.387 0.347 0.396 0.37 0.37 0.408 0.395 0.385 0.342 0.379 0.315 0.281 0.366
3. Pongo abelii 97.1 96.4 0.299 04 0.28 0.333 0.371 0.37 0.302 0.357 0.353 0.271 0.364 0.338 0.291 0.376 0.336 0.327 0.274 0.336 0.272 0.249 0.315
4. Nomascus leucogenys 96.3 957 96.3 0.376 0.291 0.304 0.384 0.339 0.302 0.316 0.325 0.303 0.335 0.312 0.291 0.346 0.351 0.342 0.3 0.334 0.275 0.257 0.334
5. Nasalis larvatus 95.1 942 951 94.7 0.209 0.404 0.21 0.524 0.253 0.378 0.311 0.283 0.31 0.284 0.237 0.362 0.391 0.381 0.333 0.362 0.33 0.276 0.357
6. Colobus angolensis 94.8 94 946 945 989 0.14 0.178 0.251 0.142 0.138 0.201 0.169 0.207 0.171 0.143 0.247 0.343 0.335 0.289 0.314 0.293 0.243 0.321
7. Chlorocebus sabaeus 94.8 94 948 945 983 983 0.351 0.698 0.156 0.28 0.234 0.226 0.242 0.268 0.195 0.312 0.359 035 0.314 0.35 0.319 0.278 0.333
8. Rhinopithecus roxellana 947 939 945 944 995 988 982 0.459 0.231 0.313 0.283 0.258 0.284 0.26 0.219 0.332 0.383 0.374 0.343 0.356 0.34 0.273 0.351
9. Cercopithecus neglectus 94.6 94 944 941 0979 98 99.2 97.8 0.186 0.37 0.312 0.27 0.311 0.276 0.217 0.381 0.383 0.374 0.335 0.372 0.34 0.275 0.351
10. Theropithecus gelada 946 936 942 941 979 977 987 978 983 0.197 0.209 0.234 0.223 0.314 0.236 0.313 0.345 0.337 0.292 0.33 0.296 0.257 0.305
11. Trachypithecus francoisi 945 937 945 944 988 986 98 98.7 976 97.6 0.284 0.22 0.285 0.225 0.191 0.333 0.364 0.356 0.302 0.362 0.316 0.261 0.329
12. Macaca fascicularis 941 933 942 939 977 975 985 976 983 989 97.6 0.255 0.317 0.313 0.314- 0.354 0.346 0.315 0.372 0.332 0.249 0.317
13. Piliocolobus tephrosceles 939 931 937 938 978 982 973 977 967 968 975 96.5 0.257 0.255 0.224 0.326 0.352 0.344 0.298 0.322 0.286 0.247 0.328
14. Macaca nemestrina 939 93.1 94 937 975 973 983 974 981 987 974 99.8 96.3 0.312 0.313 0.316 0.363 0.355 0.317 0.373 0.33 0.251 0.318
15. Cercocebus atys 939 931 941 938 976 974 986 975 982 992 973 987 96.5 985 0.394 0.403 0.359 0.351 0.303 0.342 0.314 0.266 0.327
16. Papio anubis 939 931 939 938 976 974 986 975 982 993 973 988 96.5 986 99.1 0.41 0.343 0.336 0.291 0.322 0.301 0.256 0.315
17. Macaca mulatta 99.6 98.4 0.362 0.354 0.322' 0.379 0.335 0.256 0.323
18. Sapajus apella 0 0.132 0.267 0.139 0.13 0.214
19. Cebus capucinus 99.7 0.126 0.257 0.145 0.126 0.22
20. Aotus nancymae 96.4 96.3 0.21 0.14 0.134 0.245
21. Alouatta palliata 945 944 9338 0.19 0.191 0.285
22. Saimiri boliviensis 95.9 96 95.3 93 0.108 0.249
23. Plecturocebus donacophilus 95.1 95 94 922 937 0.195
24. Callithrix jacchus 93.1 932 931 902 922 91
B<90% = 90-95% >95% m>07 7035-07 <035

Fic. 6. Evolution of pre-gagV1 in Simiiformes. (A) pre-gagV'1 ORFs from the indicated primate species were aligned (supplementary data set 2,
Supplementary Material online) and a maximum likelihood tree was generated using RaxML with 500 replicates. Bootstrap values that are below
70 are shown at the relevant nodes. The tree was midrooted. Phylogenetic classifications are shown on the right. Scale bar represents 0.02
nucleotide substitutions per site. (B) Pairwise percentage nucleotide identity (lower triangle) and the pairwise dN/dS values (upper triangle) of pre-
gagV1 of the indicated simian primate species are shown. Color coding for each series is shown below the figure.

pre-gagV'1, gagV'1 and gagV'3 have more complex evolutionary
histories.

Recurrent Gene Conversion between gagV1 and
gagV3

These findings prompted us to investigate whether gene con-
version events impacted the evolution of the gagV1 and
gagV3 genes. Use of the genetic algorithm for recombination
detection (GARD) program (Kosakovsky Pond et al. 2006;
Weaver et al. 2018) revealed strong evidence of recombina-
tion between these genes with significant support
(P =10.0002) for a recombination breakpoint at the N-termi-
nal end between the predicted MA and the CA domains
creating two segments (A and B) with distinct evolutionary
histories (fig. 7B). In a phylogenetic tree of segment A, the
gagV3 genes from Old and New World monkeys cluster to-
gether (fig. 7C), although the gagV'1 and gagV3 genes still did
not separate into monophyletic clades. Although most nodes
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in this phylogenetic tree showed strong bootstrap support,
we observed low support values in a few nodes which may be
caused by high sequence similarity between gagV'1 and gagV3
orthologs in segment A as well as the short length of this
sequence. Because of the loss of gagV/3 in the ape lineage, we
produced a segment A tree from only Old and New World
monkeys which showed complete segregation of gagV'1 and
gagV3 genes into two separate clades (supplementary fig. S8B,
Supplementary Material online). This discrepancy may be
explained by the similarity of gagV/'1 and gagV3, short length
of segment A, and the small number of species outside of Old
World monkeys used for this analysis. In contrast to these
results, a phylogenetic tree of segment B revealed several
instances of gene conversion events between gagV1 and
gagV3 (fig. 7D), most notably in C. angolensis, in which seg-
ment B of gagV'1 and gagV3 is identical.

Recombination events can lead to the detection of false
selection signatures (Anisimova et al. 2003). Because we
found significant evidence of recombination between gagV/1
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Table 3. PAML Analysis of pre-gagV1 and gagV1 from Simian Primates.

Gene Codon Frequency o® M1-M2 M7-M8 Tree Length® dN/dS (%) Residues®
with dN/dS
20 P Value 20 P Value of >1and pr
of >0.95
pre-gagV'1 f3 X4 0.3 1.01 0.604 291 0.233 1.4524 N.S. N.S.
f3x4 1.7 1.01 0.604 2.91 0.233 1.4524 N.S. N.S.
gagV1 3X4 03 131 0.0014 16.25 0.0003 1.6499 2.78 (11.5) 9Q, 45K
(Segment A) f3X4 1.7 131 0.0014 16.25 0.0003 1.6499 2.78 (11.5) 9Q, 45K
gagV1 f3x4 0.3 5.33 0.0694 8.412 0.0149 1.2764 N.S. N.S.
(Segment B) f3x4 1.7 5.25 0.0724 8.486 0.0143 1.2764 N.S. N.S.

Note.—®, the initial seed value of o used; 25, two times the difference of the natural log values of the maximum likelihood from pairwise comparisons of the different models;

pr, posterior probability.

*Tree length is defined as the sum of the nucleotide substitutions per codon at each branch.

PResidue numbers are based on the human pre-gagV'1 and gagV1 sequences.

and gagV'3, we carried out our selection analysis individually
on each GARD segment. Segment A shows significant recur-
rent positive selection (P < 0.001) with two residues under
positive selection with a posterior probability of >0.95 (table
3). One of these residues (9Q) was also identified as evolving
under positive selection using FEL and REL (Weaver et al.
2018). In contrast, segment B shows no evidence of positive
selection (P > 0.01) (table 3).

GagV1 or Pre-GagV1 Does Not Impact Postentry
Stages of HIV-1 or MoMLYV Infection

Previous studies showed that coexpression of HIV-1 with a
reconstituted HERV-K gag gene in the same cells leads to
coassembly of viral particles and decreased HIV-1 infectivity
(Monde et al. 2012). To determine whether gagV1 can sim-
ilarly restrict assembly and release of exogenous retroviruses,
we expressed human gagV'1 and pre-gagV'1 ORFs with C-ter-
minal HA and V5 tags, respectively, in 293T cells (fig. 8A). Co-
transfections with constructs that produce Moloney MLV
(MoMLV) or VSV-G-pseudotyped HIV-1 with luciferase
reporters show that neither gagV/1 nor pre-gagV1 alters the
infectivity of either the MLV or HIV-1 particles (fig. 8B). Thus,
although the HERV-derived genes gagV/1 and pre-gagV1 can
express stable proteins under a constitutive promoter, neither
restricts HIV-1 or MLV assembly or release.

The most well-known co-opted gag gene of an ERV is the
rodent restriction factor Fv1 which blocks replication of cer-
tain retroviruses postentry but before integration (Yang et al.
1980; Best et al. 1996). To test whether GagV1 can restrict the
postentry stage of exogenous retroviruses in a single-cycle
infection assay, we ectopically expressed different dosages
of C-terminally HA-tagged human gagV1 or a C-terminally
V5-tagged postentry restriction factor, the owl monkey
TrimCyp (omTRIMCyp) as a positive control (supplementary
fig. S9A, Supplementary Material online). As expected,
omTRIMCyp expression led to a strong inhibition of VSV-G
pseudotyped HIV-1 but had no impact on VSV-G pseudo-
typed MoMLV (supplementary fig. S9B, Supplementary
Material online). In contrast, ectopic expression of GagV1
had no impact on infection by VSV-G pseudotyped HIV-1
or MoMLV. These findings duplicate the previously reported
restriction profile of omTRIMCyp (Sayah et al. 2004; Boso et

al. 2019) and indicate that GagV1 does not restrict the post-
entry stages of HIV-1 or MoMLV.

GagV1 Is Released from Human Cells

A common feature of retroviral Gag proteins is that even in
the absence of a functional protease, Gag expression can lead
to virion assembly at the cell membrane and the release of
virus-like particles (Coffin et al. 1997; Bell and Lever 2013). To
determine whether GagV1 has retained this function, we
expressed human GagV1 and MLV Gag with a C-terminal
HA tag in 293T cells and probed for the presence of Gag
proteins in the pelleted culture supernatant. As shown in
figure 8D, both MLV Gag and GagV1 were detected in the
cell lysate as well as in the pelleted supernatant. These find-
ings indicate that despite being endogenized more than 40
Ma, the oldest co-opted HERV gag gene, gagV/1, can be re-
leased into the cell supernatant when ectopically expressed.

gagV1 and envV1 Expression in Human Tumors

Numerous reports have described increased expression of
various HERVs in human tumors and suggested that this
expression may serve as diagnostic markers for specific can-
cers (Wang-Johanning et al. 2007, 2014; Maliniemi et al. 2013;
Wallace et al. 2014; Perot et al. 2015; Ma et al. 2016; Zhou et al.
2016; Heidmann et al. 2017). To determine the expression
levels of gagV1 and envV1 genes in human tumors, we
extracted RNA sequencing data from 16,495 patient samples
that span 56 different cancer projects from the National
Cancer Institute Genomic Data Commons (NCI-GDC) data
portal (Grossman et al. 2016). Since gagV/'1 is not annotated in
the human genome database, expression data for this gene
are not included in the raw count data from NCI-GDC, so
instead, we analyzed envV1 expression data across various
tumors, as these genes share a transcription start site (sup-
plementary fig. S6, Supplementary Material online). As shown
in figure 9A, the highest level of envV1 expression is found in
lymph node tumors. High levels are also observed in bladder
tumors but correspond to levels in normal bladder (fig. 9A),
whereas there is no detectable expression of envV1 in normal
lymph nodes (fig. 5). Moreover, transcriptomic analysis of
envV2, which has an expression profile similar to envV1 (fig.
5), did not show upregulated expression levels in lymph-
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Fic. 7. Evolution of gagV'1 and gagV3 in Simiiformes. (A) gagV'1 and gagV3 ORFs from the indicated primate species were aligned (supplementary
data set 3, Supplementary Material online) and a maximum likelihood tree was generated using RaxML with 500 replicates. Bootstrap values that
are below 70 are shown at the relevant nodes. The tree was midrooted. gagV'3 genes are shown in red. (B) Plot with the model-averaged support (y-
axis) for recombination breakpoints as calculated by GARD is shown above the human GagV1 protein. Nucleotide position of human gagV1 is
indicated on the x-axis. Domains predicted via SupFam (green) and Pfam (purple) are indicated on GagV1. Maximum likelihood trees are
generated using RaxML with aligned gagV'1 and gagV3 nucleotide sequences from (C) GARD segment A (first 360 nucleotides) or (D) GARD
segment B. Bootstrap values that are below 70 are shown at the relevant nodes. The tree was midrooted. gagV/3 genes are shown in red.

node-derived  tumors  (supplementary  fig.  S10A,
Supplementary Material online). Almost all tumor samples
(517/519) from patient lymph nodes in the NCI-GDC data set
are identified as DLBCLs, a type of non-Hodgkin’s lymphoma.
To further identify the specific type of cancer associated with
increased expression of envV1, we analyzed gene expression
data from the individual projects in this data set (supplemen-
tary fig. S10B, Supplementary Material online); this revealed
that samples in all three DLBCL projects had higher envV1
transcript levels than the projects that analyzed other tumor
types.

Since this data set does not contain matched normal con-
trols for DLBCL samples, we expanded our analysis to include
RNA sequencing samples from additional studies. We
extracted and analyzed RNA sequencing data from 74 pri-
mary DLBCL tumor samples and 33 naive and germinal B cells
as normal controls that span six different projects from the
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NCBI SRA database. As shown in figure 9B, these DLBCL
samples showed significantly higher expression of gagV1
and envV1 than normal B cells. Notably, 29/33 naive and
germinal B-cell samples had no detectable gagV'1 expression,
and the low levels of envV2 transcript in both DLBCL and
normal B-cell samples showed no significant difference be-
tween tumor and normal samples (fig. 9B). Taken together,
these results indicate that gagV'1 and envV1 transcripts are
significantly upregulated in DLBCL.

Discussion

Although ERVs make up about 8% of the human genome, the
discovery that these ERVs can be co-opted by their hosts to
serve important functions has shifted our understanding of
these elements from “junk DNA” to important players that
serve as sources of genetic diversity. In this study, we identified
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Fic. 8. Expression and evaluation of the antiretroviral activity of GagV1 and Pre-GagV1. (A) Immunoblotting analysis of HEK293T cells transfected
with increasing amounts of plasmids expressing empty vector, GagV1-HA and Pre-GagV1-V5 was done using the indicated antibodies. (B, C) HIV-
RenLuc or MLV-Luc produced in HEK293T cells following transfection with the indicated amounts of plasmids expressing GagV1-HA or Pre-
GagV1-V5 was used to infect HELA (HIV-RenLuc) or NIH3T3 (MLV-Luc) cells. Normalized (B) Renilla or (C) firefly luciferase reporter values are
shown relative to empty vector control. Error bars indicate standard deviation. Values represent the average of three independent experiments.
(D) Immunoblotting analysis of whole cell lysate and pelleted supernatant from HEK293T cells transfected with GagV1-HA, MLV Gag-HA, or
empty vector. Immunoblots are representative of at least two independent experiments.

the oldest HERV that expresses an intact gag gene with a full-
length protein-coding sequence: HERV-V1. The full length
OREF of this gag gene, gagV'1, is conserved in simian primates
and is part of a provirus that includes another evolutionarily
conserved ORF in the leader sequence of HERV-V1, pre-
gagV'1; this provirus also contains a previously reported env
gene, envV1, which is also conserved in simian primates
(Blaise et al. 2005; Kjeldbjerg et al. 2008). This ERV is closely
linked to the previously described related ERV (Blaise et al.
2005; Kjeldbjerg et al. 2008; Esnault et al. 2013), HERV-V?2, that
also contains an intact env gene, envV2, that is highly similar
to envV1. A third related provirus, ERV-V3, approximately

halfway between ERV-V1 and ERV-V2 contains the second
gag OREF in this region, gagV3, which is conserved in Old and
New World monkeys. Although ERV-V3 is lost in the
genomes of hominids, its remnants can be found in orang-
utans and gibbons. Thus, although the human genome con-
tains a small number of HERV-V copies, two of these have not
only become fixed within a span of 100 kb but have conserved
OREFs.

The remarkable conservation of three large ORFs in the
single HERV-V1 provirus in all simian primate lineages for
more than 40 My (Steiper and Young 2006; Perelman et al.
2011) suggests exaptation of each of these genes for a host
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Fic. 9. Expression of gagV'1 and envV1 is upregulated in DLBCL samples. (A) Htseq count data from RNA sequencing samples were extracted from
the NCI-GDC data portal and normalized using DEseq2. Box plot with the normalized count values for envV1 (log scale) in the y-axis and the
primary isolation site of the normal or tumor samples in the x-axis is shown. (B) Raw RNA sequencing data extracted from six different SRA projects
(see supplementary methods, Supplementary Material online, for project numbers) that represent 74 primary DLBCL tumor samples and 33 naive
and germinal B-cell samples were mapped to the human genome assembly and the counts that map to the coding region of each indicated gene
were extracted via featurecounts and normalized using DEseq2. CD79a is a B-cell-specific marker and was used to confirm the accuracy of mapping
and normalization (Mason et al. 1995). Box plots of normal and tumor samples (x-axis) with the normalized count values for the indicated genes
(log scale) in the y-axis are shown. Samples with 0 count values were changed to 0.01 for visualization in the log scale. Statistical significance
comparing tumor and normal counts for each indicated gene was estimated with the Welch two-sample t-test. ****P-value < 0.0001. ns, not
significant. Box plots were generated using the ggplot2 R package.
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function, and this is coupled with the surprising observation
that ORFs of env or gag are found in all three of the linked
ERV-V copies in primate genomes. Even more surprising is the
fact that all four of the ORF-containing genes examined here,
envV1, envV2, gagV1, and pre-gagV1, show placenta-specific
expression as shown previously for the two env genes (Blaise
et al. 2005; Esnault et al. 2013). Independent domestication of
ERV envelope genes for a placental function in various line-
ages throughout vertebrate evolution is a remarkable exam-
ple of convergent evolution and indicates that ERVs have
played an important role in the evolution of this transient
organ at the materno-fetal interface. In humans, trophoblast
fusion in the placenta is affected by the HERV Env proteins,
syncytin-1 and syncytin-2, which were derived from HERV-W
and HERV-FRD ERVs, respectively (Mi et al. 2000; Blaise et al.
2003). In other mammalian lineages, different ERV env genes
have been co-opted to serve this same function (Blaise et al.
2005; Kudaka et al. 2008; Kammerer et al. 2011; Esnault et al.
2013; Heidmann et al. 2017; Bergallo et al. 2020). Although the
human EnvV1 and EnvV2 proteins do not have fusogenic
properties, the EnvV2 proteins of some Old and New
World monkeys can fuse human and feline cell lines
in vitro (Esnault et al. 2013) suggesting that this may have
been a primate syncytin that was deactivated in humans. This
also suggests that captured syncytins can be replaced in di-
verging lineages by env genes from newly acquired ERVs that
have a selective advantage in placentation, perhaps account-
ing for syncytin diversity in mammals and loss of this partic-
ular syncytin in humans.

Our study suggests that the progressive evolution of the
placenta has been mediated by successive ERV exaptations.
We identified the first placenta-specific expression of a co-
opted HERV gag gene in humans and for gagV'1 and gagV3 in
rhesus macaques. Although this expression pattern suggests a
physiological role for pre-gagV'1, gagV'1, and gagV/3 in placental
formation or function, it remains to be determined what
function these retroviral gag-like genes might perform in
the placenta. Previous studies demonstrated that mammalian
genomes carry several expressed genes that resemble retro-
transposon gag genes including ARC which encodes a neuro-
nal RNA transport protein (Ashley et al. 2018; Pastuzyn et al.
2018) as well as a set of 12 genes derived from the gag-pol
regions of the suchi-ichi LTR retrotransposon family (SIRH),
three of which are involved in placentation and/or embryo-
genesis (Kaneko-Ishino and Ishino 2015). Peg10/Sirh1, Peg11/
Sirh2/Rtl1r, and Sirh7/Ldoc1 are expressed in placenta and
some embryonic tissues, and knockouts of each of these
genes result in fetal death or abnormal development (Ono
et al. 2001; Naruse et al. 2014; Kitazawa et al. 2017). These
three genes have been assigned roles in placenta formation
(Peg10), development of fetal capillaries at the feto-maternal
interface (Peg11), and regulation of placental hormones
(Sirh7/Ldoc1) (Ono et al. 2001, 2006; Sekita et al. 2008;
Naruse et al. 2014; Kitazawa et al. 2017). All are highly con-
served, with Peg10 found in mammals and marsupials
whereas the other two were fixed later, in eutherian mammals
(Kaneko-Ishino and Ishino 2015). Their conservation through-
out mammalian evolution and their placental roles suggest

they might have been involved in the initial development of
the placenta, and their successive acquisition may have con-
tributed to the diversification of placental structures in mam-
mals. The co-option of the known syncytins, HERV-V env and
gag genes, which are restricted to primates, and the subse-
quent decommissioning of envV1 and envV2 in humans is
further suggestive evidence of an ongoing evolutionary refine-
ment of placental morphology and physiology, with co-opted
ERV genes, like HERV-V, playing leading roles in this process.

It is also possible that the HERV-V genes described here
serve functions unrelated to placentation. During the retro-
viral life cycle, Gag proteins are targeted to the plasma mem-
brane where they assemble into virions and package viral
RNA (Coffin et al. 1997). Some of the features involved in
these functions are still intact in gagV1 including the N-ter-
minal myristoylation site, involved in membrane targeting
(Spearman et al. 1994), the C terminal zinc finger-like
CCHC motif, required for RNA binding (Coffin et al. 1997),
and the major homology region which functions in capsid
formation (Strambio-de-Castillia and Hunter 1992; Alin and
Goff 1996a, 1996b; Orlinsky et al. 1996). Moreover, we found
that GagV1 is released from human cells when ectopically
expressed (fig. 8D), suggesting that the ability of this ancient
gag gene to form virus like particles may be preserved despite
the original virus being endogenized more than 40 Ma. The
preservation of Gag motifs important for viral replication is
also suggestive of a possible protective role in reproduction
based on several examples of endogenous gag genes interfer-
ing with infectious virus replication. A reconstituted HERV-K
gag gene was shown to interfere with the assembly and re-
lease of HIV-1 particles (Monde et al. 2012), although no
HERV-K gag genes in the human genome have yet been
found to be restrictive. In other species, the recently acquired
gag gene of a JSRV ERV in sheep (Mura et al. 2004; Arnaud et
al. 2007; Monde et al. 2012; Sistiaga-Poveda and Jugo 2014;
Cumer et al. 2019) blocks replication of the JSRV betaretro-
virus, whereas in muroid rodents, the retroviral restriction
factor, Fv1, a remnant of the gag gene of an ERV-L element,
inhibits the replication of some MLVs and other retroviruses
(Best et al. 1996; Benit et al. 1997; Boso et al. 2018). It is
possible that gagV'1 and pre-gagV1 might function to limit
retroviral infection and/or amplification in developing em-
bryos, but although we found no effect of gagV/1 expression
on HIV-1 and MLV infectivity (fig. 8B, and supplementary fig.
S9, Supplementary Material online), such restrictive activity
might be limited to specific retroviral families.

The conservation of gagV/1 and gagV3 genes among differ-
ent primates suggests that evolutionary pressures acted to
preserve these genes. Although there is evidence of positive
selection acting on the N-terminal segment of ERV-V gag
genes, we found only two residues evolving under adaptive
evolution, and most of the gene is under purifying selection
suggesting it serves an important function that does not tol-
erate polymorphisms (table 3). In contrast, the co-opted gag
gene Fu1 evolved under strong positive selection (Yan et al.
2009; Boso et al. 2018) consistent with its function as a host
restriction factor that is in evolutionary conflict with retro-
viruses. Also, although Fv1 has been lost or pseudogenized in
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several rodent lineages possibly due to nonuniform selective
pressures from retroviral challenge, the gagV/1 ORF is as old as
Fv1 but is more stable in simian primates with only three
species containing an early stop codon that interrupts the
OREF (fig. 3). Notably, the NCBI dbSNP database (https://www.
ncbi.nlm.nih.gov/snp/, last accessed August 23, 2021) shows
that the region of the human genome that encompasses
HERV-V1 (supplementary fig. S2, Supplementary Material on-
line) contains large numbers of single-nucleotide polymor-
phisms (SNPs), but few are in the gagV1 and pre-gagV1
ORF segments and none of these introduces stop codons
or has clinical associations. Further study of the allele frequen-
cies of these SNPs as well as their possible impact on gagV'1
and/or pre-gagV1 function may shed light on the ongoing
evolution of these ancient retroviral remnants in human
populations. It is also important to note that the sequence
surrounding the predicted start codons of pre-gagV1 and
gagV1 does not match the consensus Kozak sequence iden-
tified for human genes (GCCGCCACCatgGCG) (supplemen-
tary fig. S6 and supplementary data set 4, Supplementary
Material online) (Grzegorski et al. 2014). Hence, analysis of
the translation efficiency of these genes in physiological con-
ditions in both humans and other primates may be useful in
further understanding their evolution and co-option.

HERV-V1 is unusual among retroviruses in encoding a
large ORF in the leader sequence between the PBS and the
gagV'1 start codon. Preservation of this pre-gagV1 ORF in all
simian primates with strong purifying selection for more than
40 My (Steiper and Young 2006; Perelman et al. 2011) sug-
gests that the putative protein that is expressed by this ORF
has a physiological function that is beneficial to the host.
Unusually long leader sequences with ORFs are found in
some exogenous and endogenous retroviruses (Prats et al.
1989; Holzschu et al. 1995; Jern et al. 2005; Blanco-Melo et
al. 2017; Grandi et al. 2020). The most prominent example of
this is glyco-gag which is found in a subset of exogenous
gammaretroviruses, including MLVs (Prats et al. 1989).
Glyco-gag is not a separate ORF but is an N-terminally ex-
tended form (~88 aa) of the viral Gag protein that is
expressed from an alternative start codon (CUG) located in
the leader sequence (Prats et al. 1989). In contrast, pre-gagV'1
is fully contained in the leader sequence and not in frame
with the gagV1 ORF. In addition to the gammaretroviruses,
the presence of a long leader sequence with a putative ORF
was also reported in a few groups of class | gammaERVs in-
cluding ERV-W, HERV-H, and HERV-T (Jern et al. 2005;
Blanco-Melo et al. 2017, Grandi et al. 2020) and
epsilonERVs in frogs (Kambol et al. 2003). The presence of
this ORF in the gag leader region among some other class |
ERVs implies a possible functional role in the replication of
the original ancient viruses, but the variable size of these
genes, sequence and structural variations and linkage to gag
are not suggestive of any shared function.

Closely linked paralogous genes have an increased chance
of gene conversion events (Ezawa et al. 2006; Tareen et al.
2009; Mitchell et al. 2015; Molaro et al. 2020), and we found
strong evidence for recurrent gene conversion between gagV'1
and gagV3, two co-opted gag genes from the same ERV group
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in close genomic proximity for millions of years. Interestingly,
the first reported gene conversion between two large HERV-
derived genes also involves this same set of ERVs, specifically
envV1 and envV2 (Kjeldbjerg et al. 2008). For gagV1 and
gagV3, the N-terminal portion of the encoded proteins con-
taining the putative matrix domain is more divergent than
the rest of the protein. Since these genes are otherwise highly
similar in sequence, they may have redundant functions.
Hence, gene conversion may have led to the homogenization
of the GARD segment B (fig. 7B) by limiting the divergence
and increasing gene dosage in some lineages. This may also
explain the loss of gagV3 in hominoids, because, in the ab-
sence of gene conversion, further divergence from gagV'1 may
have led to a decrease in evolutionary pressures to maintain
this gene. Alternatively, further divergence from gagV1 may
have interfered with gene convergence eliminating any evo-
lutionary pressure to maintain the gene.

Our transcriptomic analyses revealed an increased expres-
sion of gagV1 and envV1 transcripts in DLBCL which is the
most common type of non-Hodgkin’s lymphoma (Armitage
etal. 2017). As they make up about 8% of the human genome
(Lander et al. 2001), transcription from LTRs of HERVs can be
highly regulated (Hurst and Magiorkinis 2017). The highly
restricted expression of gagV1 and envV1 in the placenta
driven from the same LTR represents a good example of
this type of regulation. On the other hand, a common feature
found in cancer cells is transcriptional deregulation via global
hypomethylation (Ehrlich 2009). Thus, over the years, several
studies have shown activation of different HERVs in tumor
samples including lymphomas, melanomas, as well as ovarian
and breast cancers (Wang-Johanning et al. 2007, 2014;
Maliniemi et al. 2013; Wallace et al. 2014; Perot et al. 2015;
Ma et al. 2016; Zhou et al. 2016; Heidmann et al. 2017). For
example, anti-HERV-K antibodies and gag mRNA can be
detected in early-stage breast cancer indicating a potential
diagnostic value (Wang-Johanning et al. 2014). Considering
the complete lack of expression of gagV1 and envV1 in most
tissues (fig. 4), these genes represent a strong potential diag-
nostic marker for DLBCL. Additional transcriptomic as well as
immunological analysis of large numbers of DLBCL and
matched control samples may determine whether gagV1
and/or envV1 expression can be used as a reliable marker
for a specific disease state in DLBCL.

Thisstudydescribes thediscovery of the oldest HERV withan
intact gag gene and the presence of a novel protein expressed
froman independent ORFlocated in the leader sequence of the
same HERV, all potentially involved in placentation. The dis-
covery of the oldest co-opted gag gene, as well as the first de-
scription of a co-opted pre-gag gene in the human genome, will
likely spur new avenues of research to further uncover the
complex roles HERVs played during primate evolution.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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Statistical Analysis

The Welch two-sample t-test was utilized to calculate statis-
tical significance as implemented in the ggpubr R package.
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