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ABSTRACT

The human genome contains a large number of retroviral elements acquired over the process of
evolution, some of which are specific to primates. However, as many of these are defective or
silenced through epigenetic changes, they were historically considered “junk DNA” and their
potential role in human physiology or pathological circumstances have been poorly studied. The
most recently acquired, human endogenous retrovirus-K (HERV-K), has multiple copies in the
human genome and some of them have complete open reading frames that are transcribed and
translated, especially in early embryogenesis. Phylogenetically, HERV-K is considered a super-
group of viruses. One of the subtypes, termed HML-2, seems to be the most active and hence, it
is the best studied. Aberrant expression of HML-2 in adult tissues has been associated with cer-
tain types of cancer and with neurodegenerative diseases. This review discusses the discovery of
these viruses, their classification, structure, regulation and potential for replication, physiological
roles, and their involvement in disease pathogenesis. Finally, it presents different therapeutic
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approaches being considered to target these viruses.

1. Introduction

Retroviruses and retroviral elements have been associ-
ated with a wide variety of diseases; most often with
cancer, but also with immune disorders and neurodege-
nerative diseases. This presents an interesting paradox:
the same virus can cause both a proliferative disorder
in non-nervous systems and a degenerative disorder in
the nervous system. For example, human T-lympho-
tropic virus | (HTLV-1) can cause T-cell leukaemia/lymph-
oma and myelopathy/tropical spastic paraparesis, a
progressive neurodegenerative disorder (Barmak et al.
2003). Similarly, murine and feline retroviruses have
been associated with leukaemia, breast cancer and neu-
rodegenerative diseases (Li XJ et al. 2009).

An interesting feature of some retroviruses, e.g.
Mouse Mammary Tumour Virus (MMTV) and Murine
Leukaemia Virus (MLV), is that they exist in both
exogenous and endogenous forms (Holt et al. 2013).
The human genome also harbours a large number of
retroviruses that have been acquired throughout the
process of evolution; however, to date there is no evi-
dence for horizontal transmission of these viruses. Of all
the human endogenous retroviruses (HERVs), one

group termed HERV-K is the most recently acquired and
the most transcriptionally active. It is the only group of
endogenous retroviruses (ERVs) known to have human-
specific members (Medstrand and Mager 1998; Buzdin
et al. 2003). In recent years, it has become clear that
this group of ERVs play a critical role in embryogenesis,
but their expression is silenced in most cell types in
healthy adults (Grow et al. 2015). However, its reactiva-
tion has been associated with several types of cancer
(Agoni et al. 2013; Cegolon et al. 2013; Bhardwaj et al.
2015; Argaw-Denboba et al. 2017) and with the neuro-
degenerative disorder amyotrophic lateral sclerosis
(ALS) (Douville et al. 2011; Li W et al. 2015). HERV-K is
present in hundreds of copies in the human genome
(Wildschutte et al. 2016). The scientific interest in this
retrovirus has increased in the last few years, as evi-
denced by the number of publications. Hence, a com-
prehensive review to address all the aspects of this
complex retrovirus is much needed. In the present
review, we provide a historical perspective on the dis-
covery of these viruses and discuss their classification,
genomic organization, regulation and their capability to
form viral proteins. Finally, we critically examine the
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evidence for a role in human physiology and disease
pathogenesis and identify areas of knowledge where
there are still important gaps.

2, Historical perspective

Transposable elements were first described by
McClintock (1950) in 1950 as DNA sequences that are
capable of transposition. Fifty years after that discovery,
completion of the human genome project provided
unexpected results: 45% of our genome was composed
of transposable elements, or more accurately,
“transposed elements” (TE): mutated or truncated cop-
ies of transposable elements that have been rendered
immobile (Faulkner and Carninci 2009). ERVs are long
terminal repeat (LTR) retrotransposons (class | of TEs),
which originated from exogenous retroviruses that
infected the germ line throughout evolution.

ERVs were discovered in the late 1960s and early
1970s (Weiss 2006), when three types of ERVs were
reported by independent groups within a few years of
each other; avian leukosis virus (ALV) (Weiss 1969a,
1969b), MLV (Aaronson et al. 1971), and MMTV
(Bentvelzen et al. 1970).

The first HERV was reported in 1981 (Martin et al.
1981), using probes against MLV in human DNA.
Following that, numerous groups of HERVs were discov-
ered in the human genome. The HERV-K family, and
especially its subgroup HML-2, is the youngest and
most active group. Although all HML-2 proviruses are
defective in at least one gene (Subramanian et al.
2011), many of them possess complete open reading
frames (ORFs) with coding capability and HML-2 tran-
scripts and proteins have been detected in healthy tis-
sues (Ehlhardt et al. 2006), especially in embryonic cells
(Fuchs et al. 2013), and in malignancies (Buscher et al.
2006). It is thought that mutations accumulate in ERV
sequences over time through subsequent generations,
which would eventually lead to non-coding DNA.
Whether the maintenance of coding ORFs in the case of
HML-2 results from evolutionary conservation or they
simply exist because there has not been enough time
for all of them to accumulate ORF-destroying mutations
remains unclear. However, the protein expression in
healthy tissues might point to the conservation of such
genes for specific physiological roles in human cells, as
it has been demonstrated for other HERV proteins such
as syncytin-1 of the HERV-W family (Blond et al. 2000).
Interestingly, HML-2 can also form viral-like particles,
which have been detected in various cells, particularly
teratocarcinomas and melanomas (Lower et al. 1984;
Buscher et al. 2005; Schmitt et al. 2013). Although these

viral-like particles are considered non-infectious, two
independent research groups have demonstrated that
the consensus sequence of HML-2 provirus can produce
infectious particles (Dewannieux et al. 2006; Lee and
Bieniasz 2007). Because of its evolutionary and clinically
interesting features, this review is mostly dedicated to
the HML-2 group.

3. Classification and nomenclature

The nomenclature and classification of ERVs is complex
and confusing. There is no consistency between differ-
ent sources and very often similar sequences receive
different names. Repbase (https://www.girinst.org/
repbase) probably provides the most complete classifi-
cation: (1) ERV1, which consists of gammaretroviruses,
similar to MLV; (2) ERV2, which clusters as betaretrovi-
ruses, as they are similar to MMTV; (3) ERV3, or
Spumaretrovirus-like elements, which are similar to
Simian foamy virus (Wilkinson et al. 1994; Blomberg
et al. 2009); (4) Lentivirus; and (5) ERV4, which do not
have any described exogenous counterparts. However,
the databases Repeatmasker (http://www.repeatmasker.
org) and DFAM (http://www.dfam.org) call the betare-
trovirus class “ERVK”, instead of “ERV2” and use the
term “ERVL"” for the Spumaretrovirus class.

HERV-K may be the best example of confusing
nomenclature among ERVs as it has received multiple
names since its discovery. It was first described by
Callahan et al. (1985), who isolated a human DNA
sequence (clone HLM-2) with similarities to MMTV.
Later, Ono et al. (1986) reported the complete nucleo-
tide sequence of an almost full-length provirus that was
found to be relatively uninterrupted by stop codons.
They named it HERV-K10 and acknowledged its similar-
ities with clone HLM-2. A few years later, Medstrand
and Blomberg (1993) introduced for the first time the
term HML when they amplified sequences similar to
MMTV and HERV-K10 and classified them in 6 groups
(HML-1 to HML-6), based on alignments of the rt region.
HML stands for “human endogenous MMTV-like” and
by chance the acronym resembles Callahan’s clone
name HLM-2, which adds even more confusion to the
terminology. Subsequent analysis of HERV-K sequences
by different researchers resulted in the following desig-
nations for the same HERV group: HLM-2, HML-2, HERV-
K10, HTDV/HERV-K, HERV-K (HML-2), HERV-K, HERVK or
ERVK (Manghera et al. 2015).

Phylogenetically, the HERV-K group belongs to the
ERV2 or Class Il or Betaretrovirus-like supergroup.
Currently, the HERV-K clade contains 10 groups (from
HML-1 to HML-10) (Medstrand and Blomberg 1993;
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Figure 1. Proviral organization of HML-2 and transcripts. In the proviral form of HML-2, the sequences of the four ORFs overlap
(shown in the scheme by the colored lines). Splice donor (SD) and splice acceptor (SA) sites are shown. LTRs are composed of
the U3 and U5 regions separated by the R segment. As opposed to canonical retroviruses, which include the R segment in their
transcripts, HML-2 transcription starts after the R. Transcript 1 has three ORFs to encode proteins GAG, PRO and POL. In this tran-
script, only gag has a start codon (AUG); pro and pol translation is mediated by two ribosomal frame shifts (-1). As a result, and
despite having overlapping DNA sequences, the three proteins do not have any amino acid sequence in common. The figure
also shows the ORFs organization to encode the different final proteins and domains (matrix (MA), capsid (CA) and nucleocapsid
(NC) in gag, dUTPase in Gag-Pro junction and reverse transcriptase (RT), Rnase H and integrase (IN) in pol). The functional pro-
teins will be formed by proteolysis of the polyproteins Gag, Gag-Pro and Gag-Pro-Pol. Transcript 2 encodes the protein Env,
which has three different domains: the signal peptide (SP), surface (SU) and transmembrane (TM). Transcript 3 is the product of
alternative splicing of the env ORF and encodes Rec. This transcript is only produced by type 2 HML-2 proviruses, which do not
have the 292 nts deletion. Rec has 87 amino acids in common with Env, corresponding to its first exon. The second exon starts
in a different frame and therefore, the amino acid sequence is not shared with Env. Transcript 4 is only produced by type 1 pro-
viruses, which contain a deletion of 292 nts in the pol-env junction. As a result, the SD, site is lost and an alternative SD (SDypo)
is used for the splicing. Due to this change only the first 14 amino-acids of NP9 are shared with Env and Rec.

Andersson et al. 1996, 1999; Medstrand et al. 1997; Yin
et al. 1999), which are classified based on the reverse
transcriptase gene (rt) sequence. It is worth noting that
one study from Coffin's group determined that two pro-
viruses (located in chromosome bands 17p13.1 and
8p22), previously assigned to the HML-2 clade, were
very dissimilar to this group when aligning the sequen-
ces of other viral genes. Thus, they proposed these loci
be moved to a new group named HML-11
(Subramanian et al. 2011). Traditionally, ERVs have been
named per the tRNA that binds their RT enzyme and
the primer binding site (PBS) (Cohen and Larsson 1988).
Thus, HERV-K is named after lysine-tRNA. However, this
nomenclature is imprecise because analysis of larger
sequences show that some members have PBSs for
tRNAs other than lysine, while phylogenetically they
belong to the same supergroup (Reus, Mayer, Sauter,
Zischler et al. 2001; Blikstad et al. 2008).

3.1. HML-2 subtype classification

HML-2 proviruses have been classified as type 1 or type
2 (Lower et al. 1993), depending on the presence or
absence of a 292-bp deletion in the pol-env junction
(Figure 1). Type 2 proviruses, which do not have the

deletion, encode the protein Rec, which is an accessory
protein that binds to viral transcripts to facilitate their
nucleocytoplasmic transport (Wodrich and Krausslich
2001), and the envelope (Env) (Magin et al. 1999;
Magin-Lachmann et al. 2001; Mayer et al. 2004). Due to
the deletion, type 1 proviruses have lost a splice donor
(SD) site and are incapable of encoding Rec or Env. An
alternative SD site located just upstream of the 292-bp
deletion is instead used to splice a mRNA that encodes
a ~9-kDa protein named Np9 (Armbruester et al. 2002;
Buscher et al. 2006) (Figure 1). Some HML-2 proviruses
have larger deletions and they have not been classified
(Subramanian et al. 2011).

Based on phylogenetic analysis of the LTR sequen-
ces, HML-2 can be also classified into three subgroups:
LTR5Hs, LTR5A, and LTR5B (Buzdin et al. 2003;
Macfarlane and Simmonds 2004). LTR5Hs viruses are
the most recently acquired, whereas the LTR5A or
LTR5B subgroups come from older integrations (Buzdin
et al. 2003). Type 1 proviruses have been exclusively
found in the LTR5Hs subgroup and are scattered across
all the subclades suggesting frequent recombination
(Subramanian et al. 2011). For an unambiguous identifi-
cation of HML-2 proviruses, Hughes and Coffin (2001)
have proposed to name them based upon chromosome
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band location. In the case of multiple proviruses in the
same chromosome band the Coffin laboratory has sug-
gested labelling each provirus with an “a”, “b”, “c”, etc.
depending upon their order within the band
(Subramanian et al. 2011).

4, Genomic distribution, transcriptional
activity and unfixed copies

ERV insertions in the genome can be found as proviral
forms (full-length or almost complete proviruses) or as
solitary (solo) LTRs, resulting from homologous recom-
bination between the two LTRs flanking the provirus
and subsequent deletion of the internal sequence
(Hughes and Coffin 2004). Considerable differences
exist in the total number of HML-2 proviruses and solo
LTRs reported in publications. Such discrepancies are
due to the different criteria used to identify the loci
among the studies. Most recent estimates suggest that
there are at least 89 HML-2 proviruses, of which 26%
are type 1 and 74% are type 2, and there are 944
(Subramanian et al. 2011) to 1200 solo LTRs (Babaian
and Mager 2016).

It seems that mutations in HERV sequences are more
likely to affect their coding capacity due to nonsense
mutations than to disrupt their promoter activity
(Flockerzi et al. 2008). Studies investigating the expres-
sion of individual HML-2 proviruses (Flockerzi et al.
2008) found up to 23 transcriptionally active HML-2
proviruses in the human genome. In Table 1, we sum-
marize the published data on the HML-2 proviruses
with ORFs for the different viral genes. However, it is
important to note that not all studies analysed whether
the ORFs have coding capability or contain premature
stop codons in their sequences. To determine the gen-
omic origin of the HML-2 proteins involved in physio-
logical studies or disease pathophysiology, such
analysis is needed.

The involvement of HML-2 in pathological condi-
tions, especially in malignancies, has been the focus of
numerous publications. However, expression profiles of
healthy tissues such as brain, heart, peripheral blood
mononuclear cells (PBMCs), lung, liver and breast
(Flockerzi et al. 2008; Schmitt et al. 2015) indicate that
several HML-2 proviruses are transcriptionally active,
although the magnitude of expression in most healthy
tissues is low. This is also applicable for other groups of
HERVs (Flockerzi et al. 2008), as several HERV families
are expressed in all investigated human tissues in
health and disease (Seifarth et al. 2005; Muradrasoli
et al. 2006). Placenta and testicles seem to be privileged
tissues for HERV expression, most likely due to

decreased epigenetic regulation and specific transcrip-
tion factors. Androgens can stimulate HML-2 expression
(Hanke, Chudak, et al. 2013) and LTR hypomethylation
has been described in these tissues (Perot et al. 2012).
Recently, several HML-2 copies not present in the
reference genome were identified. These polymorphic
loci can be found as almost complete full-length pro-
virus, solo LTR and unoccupied sites. One study that
analysed more than 2500 sequenced genomes identi-
fied 36 non-referenced insertions with frequencies
ranging from <0.0005 to 0.75 (Wildschutte et al. 2016).
Previous studies had identified 17 of those polymorphic
HML-2 loci by different methods (Turner et al. 2001;
Kidd et al. 2008; Lee E et al. 2012; Marchi et al. 2014).

5. HML-2 structure: genes, transcripts
and proteins

5.1. Proviral organization

HML-2 proviral organization is described in Figure 1. In
the proviral form of HML-2, the sequences of the four
ORFs overlap, flanked by a 5 and a 3’ LTR. There are
two SD and two splice acceptor (SA) sites. As explained
previously, there are two types of proviruses character-
ized by the presence or absence of a 292 bp-deletion in
the pol-env junction. Four mRNAs have been described
as products of HML-2 transcription (Hohn et al. 2013)
(Figure 1). One transcript has three ORFs to encode pol-
yproteins Gag, protease (Pro) and polymerase (Pol). In
this transcript, only gag has a start codon (AUG); pro
and pol translation is mediated by two ribosomal frame
shifts (-1). As a result, and despite having overlapping
DNA sequences, the three proteins do not have any
amino acid sequence in common. Gag, Pro and Pol are
translated as polyproteins. Gag contains the sequences
to form the structural proteins matrix (MA), capsid (CA)
and nucleocapsid (NC) and Pol forms the reverse tran-
criptase (RT), which has Rnase H and polymerase
domains, and the integrase (IN). The pro ORF also enco-
des the enzyme dUTPase. The functional proteins are
formed by proteolysis of the polyproteins Gag, Gag-Pro
and Gag-Pro-Pol. Another mRNA encodes the protein
Env, which has three different domains: the signal pep-
tide (SP), surface unit (SU) and transmembrane domain
(TM). The third transcript is the product of alternative
splicing of the env ORF and encodes Rec. This transcript
is only produced by type 2 HML-2 proviruses, which do
not have the 292-bp deletion. Rec has 87 amino acids
in common with Env, corresponding to its first exon.
The second exon starts in a different frame and there-
fore the amino acid sequence is not shared with Env.
The fourth transcript, np9, is only produced by type 1
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Table 1. HML-2 proviruses with ORFs for the main viral genes and some domains.

Band Chr Alias References

GAG

1p36.21a 1 Subramanian et al. (2011)

1p36.21b 1 K(OLDAL023753), K6, K76 Reus, Mayer, Sauter, Zischler, et al. (2001)
1p36.21¢ 1 K6, K76 Subramanian et al. (2011)

1p31.1 1 K4, K116, ERVK-1 Hughes and Coffin (2001)

3g13.2 3 K106, K(C3), K68, ERVK-3 Barbulescu et al. (1999)

3g27.2 3 K50b, K117, ERVK-11 Hughes and Coffin (2001)

5933.3 5 K107/ K10 K(C5), ERVK-10 Ono et al. (1986)

6q14.1 6 K109, K(C6), ERVK-9 Barbulescu et al. (1999)

7q22.2 7 ERVK-14 Subramanian et al. (2011)

7q34 7 K(OLDAL004979), ERVK-15 Reus, Mayer, Sauter, Zischler, et al. (2001)

8p23.1a 8 K115, ERVK-8 Turner et al. (2001)

8924.3¢ 8 Wildschutte et al. (2016)

10p12.1 10 K103, K(C10) Barbulescu et al. (1999)

10q24.2 10 ERVK-17, c10_b Macfarlane and Simmonds (2004)

11923.3 1 K(C11b), K37, ERVK-20 Costas (2001)

12913.2 12 Belshaw et al. (2005)

12q14.1 12 K(C12), K41, K119, ERVK-21 Costas (2001)

14q11.2 14 K(OLDAL136419), K71 Reus, Mayer, Sauter, Zischler, et al. (2001)

19p12b 19 K113 Turner et al. (2001)

19p12e 19 Wildschutte et al. (2016)

19q11 19 K(C19), ERVK-19 Tonjes et al. (1999)

22911.23 22 K(OLDAP000345), KOLD345 Hughes and Coffin (2001)

Xq21.33 X Wildschutte et al. (2016)

Xq28a X K63 Macfarlane and Simmonds (2004)

Xq28b X K63 Macfarlane and Simmonds (2004)

POL

1922° 1 K102 Contreras-Galindo et al. (2017)

3q13.2° 3 K50b, K117, ERVK-11 Contreras-Galindo et al. (2017)

3927.2 3 K50b, K117, ERVK-11 Hughes and Coffin (2001), Contreras-Galindo et al. (2017)
5q33.3 5 K107/K10, K(C5), ERVK-10 Ono et al. (1986), Contreras-Galindo et al. (2017)
7p22.1a 7 K108L, K (HML.2-HOM), K(C7), ERVK-6 Barbulescu et al. (1999)

7p22.1b 7 K108R, ERVK-6 Barbulescu et al. (1999), Contreras-Galindo et al. (2017)
8p23.1a 8 K115, ERVK-8 Turner et al. (2001), Contreras-Galindo et al. (2017)
10p12.1 10 K103, K(C10) Barbulescu et al. (1999), Contreras-Galindo et al. (2017)
119123 11 K(OLDAC004127) Reus, Mayer, Sauter, Zischler, et al. (2001)

119221 1 K(C11c), K36, K118, ERVK-25 Costas (2001), Contreras-Galindo et al. (2017)
12913.2 12 Belshaw et al. (2005)

12q14.1 12 K(C12), K41, K119, ERVK-21 Costas (2001)

19p12b 19 K113 Turner et al. (2001), Contreras-Galindo et al. (2017)
Xq21.33 X Contreras-Galindo et al. (2017)

ENV

4913.2 4 Subramanian et al. (2011)

5933.2 5 K18b Romano et al. (2006)

6q14.1 6 K109, ERVK-9, K(C6) Barbulescu et al. (1999), de Parseval et al. (2003)
6025.1 6 Subramanian et al. (2011)

7p22.1a 7 K108L, K(HML.2-HOM), K (C7), ERVK-6 Barbulescu et al. (1999), Mayer et al. (1999), de Parseval et al. (2003)
7p22.1b 7 K108R, ERVK-6 Barbulescu et al. (1999), Tonjes et al. (1999), de Parseval et al. (2003)
8p23.1a 8 K27, K115 Turner et al. (2001), de Parseval et al. (2003)
8g24.3b 8 K29 Hughes and Coffin (2001)

11912.1 1 Subramanian et al. (2011)

12q14.1 12 K(C12), K41, K119, ERVK-21 Costas (2001), de Parseval et al. (2003)

19p12b 19 K113 Turner et al. (2001), de Parseval et al. (2003)
19q11 19 K(C19), ERVK-19 Tonjes et al. (1999), de Parseval et al. (2003)
19913.42 19 LTR13 Subramanian et al. (2011)

Xq11.1 X Subramanian et al. (2011)

Xq21.33 X Wildschutte et al. (2016)

REC

3p12.3 3 Mayer et al. (2004)

3g21.2 3 K(1), ERVK-4 Mayer et al. (2004)

5p13.3 5 K104, K50d Mayer et al. (2004)

6q14.1 6 K109, ERVK-9, K(C6) Mayer et al. (2004)

7p22.1a 7 K108L, K(HML.2-HOM), K (C7), ERVK-6 Mayer et al. (2004)

7p22.1b 7 K108b, ERVK-6 Mayer et al. (2004)

10p14 10 Mayer et al. (2004)

10924.2 10 ERVK-17, c10_b Mayer et al. (2004)

11922.1 1 K(C11c), K36, K118, ERVK-25 Mayer et al. (2004)

12q14.1 12 K(C12), K41, K119, ERVK-21 Mayer et al. (2004)

19q12 19 Mayer et al. (2004)

(continued)
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Table 1. Continued.

Band Chr Alias References
NP9

1p31.1 1 K4, K116, and ERVK-1 Schmitt et al. (2015)
1923.3 1 K110, K18, K(c1A), ERVK-18 Schmitt et al. (2015)
1922 1 K102, K(C1B), K50A, ERVK-7 Schmitt et al. (2015)
3q12.3 3 K(ii), ERVK-5 Schmitt et al. (2015)
3q13.2 3 K106, K(C3), K68, ERVK-3 Schmitt et al. (2015)
22q11.21 22 K101, K(C22), and ERVK-24 Schmitt et al. (2015)
3qg27.3 3 K50b, K117, ERVK-11 Schmitt et al. (2015)
5g33.2 5 K107, K10, K(C5), ERVK-10 Schmitt et al. (2015)
11923.3 11 K(C11b), K37, ERVK-20 Schmitt et al. (2015)
16p11.2 16 Schmitt et al. (2015)
19p12a 19 K52 Schmitt et al. (2015)
21921.1 21 K60, ERVK-23 Schmitt et al. (2015)

?Only ORF for the RT domain is described in Contreras-Galindo et al. (2017), not the complete pol.

proviruses. As a result of the deletion at the pol-env
junction, the SD, site is lost and an alternative SD is
used for the splicing (Lower et al. 1995; Armbruester
et al. 2002) (Figure 1). Due to this change only the first
14 amino-acids of Np9 are shared with Env and Rec.

5.2. Long terminal repeats

The gene expression of HML-2 is under the direct con-
trol of the LTRs, the 5’ LTR promotes transcription of
the viral genome. Each flanking viral LTR consists of a
U3, R, and U5 regions in 5’ to 3’ direction (Figure 1).
HML-2 LTRs possess promoter and enhancer elements,
multiple transcription factor binding sites, and polyade-
nylation signal (Kovalskaya et al. 2006). The Rec binding
site or Rec Responsive Element (RcRE) is a highly struc-
tured RNA region that has been identified in the U3R
segment of the 3’ LTR (Magin et al. 1999). We have
included a list of the published transcription factor
binding sites in the consensus sequence of the HML-2
LTR (Table 2). However, it is important to highlight that
due to the multiple sequence variations among the
genomic LTRs, not all these binding sites may be pre-
sent in each particular locus. These variations probably

Table 2. Transcription factors binding to different HML-2 LTRs.

underlie the differential gene expression in different
cell types or after different stimuli, reflecting expression
of different proviruses with different patterns of muta-
tions in their LTRs.

Solo LTRs were created during evolution via homolo-
gous recombination between 5’ and 3’ LTRs of an inte-
grated provirus and subsequent loss of the internal
sequence. These solo LTRs retain some of their pro-
moter/enhancer function and hence have gene regula-
tory capacity. At least 50% of the HML-2 LTRs possess
promoter activity and are differentially expressed in
normal and cancer tissues (Buzdin et al. 2006) and
some elements are methylated in a tissue-specific man-
ner (Khodosevich et al. 2004). Some LTRs have bi-direc-
tional promoter activity (Domansky et al. 2000) and can
regulate the function and expression of proximal down-
and upstream genes (see Section 7.5). The transcription
in canonical retroviruses starts between U3 and R ele-
ments, so R is part of the transcripts. In a study using a
consensus sequence of the HML-2 Hs family, authors
determined that, surprisingly, the transcriptional start-
ing point is located at the very 3’ end of the LTR R
region. Therefore, the R region is excluded from tran-
scripts (Kovalskaya et al. 2006). In another study using

Factor LTR sequence binding site

LTR sequence analysed in the study

Publications

HERVK-22, HERVK-9, HERVK-14C

HERVK-108L and HERVK-108R
LTR5 consensus derived from ERVK-10,

Wang et al. (2007), Cai et al. (2009)
Fuchs et al. (2011)

Fuchs et al. (2011)

Grow et al. (2015)

Katoh et al. (2011)

Manghera et al. (2016)

HERVK-109, HERVK-115, HERVK-108,

LTR5 consensus derived from ERVK-10,

Manghera et al. (2016)

HERVK-109, HERVK-115, HERVK-108,

p53 CATTAG
SP1 GGGCGGG (GC box) Based on HERVK-108
SP3 GGGCGGG (GC box) Based on HERVK-108
0CT4 TTITGCAT LTR5Hs consensus
MITF-M CACATG
NFKB GG(G/A)(G/ANN(C/T)(C/T)CC

and ERVK-113
IRF1 GAAANN repeats

and ERVK-113
TDP43 CTN repeats LTR5Hs consensus

Li W et al. (2015)

YY1 GCCATNTT HERVK-10 Knossl et al. (1999)
GR TCCTCTGTGGCTTAG HERVK-10 and HERVK-18 Ono (1986)
AR GG(A/T)ACANNNTGTTCT HERVK-113 Hanke, Chudak, et al. (2013)
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Figure 2. Molecular biosynthesis of HML-2. In the human
genome HML-2 sequences can be found in the form of two
types of proviruses (type 1 and type 2) as well as solo LTRs,
resulting from homologous recombination between the two
LTRs of a provirus and subsequent loss of the internal
sequence. The two types of proviruses differ in the presence
(type 1) or absence (type 2) of a 292 nts-deletion in the
pol-env junction. Because of such deletion, type 1 proviruses
are unable to encode the Env protein and the accessory pro-
tein Rec, encoding NP9 instead. In addition to transcripts with
coding capability, non-coding RNAs are produced, resulting
from the transcription of loci with premature stop codons.
The consensus sequence of HML-2 provirus (type 2) presents
a 5'LTR, a PBS and four main ORFs: (1) gag, encoding the
structural proteins: matrix (MA), capsid (CA) and nucleocapsid
(NQ); (2) protease (pro), also encoding the enzyme dUTPase;
(3) polymerase (pol), encoding the reverse transcriptase (RT),
RNase H and integrase (IN) and (4) Envelope (env); a polypur-
ine tract (PPT) and a 3'LTR. HML-2 gag, pro and pol transcripts
are translated as polyproteins. The position in the reading
frames indicates that ribosomal frameshifting is performed to
synthesize Gag-Pro and Gag-Pro-Pol polyproteins. After auto-
cleavage, the viral protease (Pro) will proteolyze the precur-
sors, yielding the mature structural proteins of the matrix
(MA), capsid (CA) and nucleocapsid (NC), and the active
enzymes reverse transcriptase (RT) and integrase (IN). Env
transcript can undergo alternative splicing, generating either
env or rec/np9 mRNAs (depending on the type (1 or 2) of pro-
virus). HML-2 Env is synthesized as a polyprotein that follows
the secretory pathway. It has a signal peptide (SP) to direct
the protein to the endoplasmic reticulum, where it is cleaved
by the signal peptidase. Then Env is cleaved by furin host
proteases into a surface unit (SU), and a transmembrane unit
(TM). SU and TM are non-covalently associated and will
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the promoter of the K108 provirus, it was found that
the LTR acts as a TATA-less promoter, since mutation of
the TATA motif did not decrease promoter function.
Instead, significantly increased transcriptional activity
was observed (Fuchs et al. 2011).

5.3. HERV-K proteins
5.3.1. Gag

As described in Figure 1, two -1 ribosomal frameshifts
are needed to translate the 160-kDa HML-2
Gag-Pro-Pol precursor protein. Analysis of the prote-
olysis of HML-2 Gag (Figure 2) showed that the 74 kDa
polyprotein is processed by the viral protease to yield
the matrix protein (MA) (15kDa), SP1 (spacer peptide of
14 amino acids), a peptide of 15kDa, capsid (CA)
(27 kDa), nucleocapsid (NC) (10kDa) and two C-termin-
ally encoded glutamine- and proline-rich peptides, QP1
and QP2, spanning 23 and 19 amino acids, respectively
(George et al. 2011).

Without the ribosomal frameshifts, only a Gag pro-
tein of 76kDa is translated (Bannert and Kurth 2004).
The processing takes place after the viral particle buds
from the producer cell, during the maturation process.
It results in a condensed core morphology (Boller et al.
1993). Several HML-2 proviruses possess complete gag
ORFs (Table 1). Gag-encoding transcripts have been
detected in many cells and tissues from diseased and
healthy individuals (Ishida et al. 2008). Gag proteins can
be detected in teratocarcinoma cell lines and in testicu-
lar tumour cells by immunoperoxidase staining or
immunogold labelling in electron micrographs (Boller
et al. 1993; 1997).

5.3.2. Protease (Pro)

The protease of HML-2 is similar to retrovirus aspartic
proteinases. In general, in mammalian retroviruses the
proteinase is encoded as part of the Gag—Pol polypro-
tein. In contrast, HML-2 proteinase is encoded by its
own reading frame located between gag and pol
(Schommer et al. 1996). It can be translated as Gag-Pro
or Gag-Pro-Pol polyproteins (Mueller-Lantzsch et al.
1993). The protease undergoes autocatalytic cleavage
into an 18-kDa fragment that cleaves Gag (Mueller-
Lantzsch et al. 1993; Schommer et al. 1996).

possibly trimerize in the Golgi apparatus, resulting in a trimer
of heterodimers. Env anchors into the cell membrane via the
TM subunit, then traffics to the plasma membrane and studs
the surface of the newly budding virus particles.
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5.3.3. dUTPase

The dUTPase domain is found in almost all HML-2 loci
(Mayer and Meese 2003). This enzyme has two import-
ant functions: it removes dUTP from the deoxynucleo-
tide pool, reducing the probability of uracil
incorporation into the DNA, and it produces the dTTP
precursor dUMP (Vertessy and Toth 2009). In all betare-
troviruses the dUTPase is a proteolytic product of the
Gag-Pro polyprotein precursor. Proviruses belonging to
the HERV-K(HML-2) family also contain dUTPase motifs
(Mayer and Meese 2003). In MMTV, the betaretrovirus
most closely related to HERV-K, the ribosomal frame-
shift occurring at the gag-pro junction is responsible
for the expression of a 30-kDa transframe protein,
which contains the nucleocapsid protein domain of
Gag fused to 154-amino acid residues derived from the
5" region of the pro ORF. This transframe product has
been identified as the viral MMTV dUTPase (Koppe
et al. 1994). In a study using primers against the HERV-
K10 sequence, the authors amplified a 513-nts-ampli-
con from human DNA, corresponding to the 3’ region
of gag and the 5’ region of pro, containing the five
essential dUTPase motifs (Harris et al. 1997). They
cloned and sequenced 22 copies of the HERV-K
dUTPase gene and deducted a consensus sequence
from them. Although enzymatic activity was reported
for such consensus sequence of the dUTPase region of
the HML-2 group (Harris et al. 1997), it is it is uncertain
whether any of the real predicted dUTPse proteins of
the HML-2 proviruses are enzymatically active (Ariza
and Williams 2011).

5.3.4. Polymerase (Pol): reverse transcriptase (RT),
integrase (IN) and RNase H

RT gives retroviruses their name, based on the conver-
sion of RNA into DNA. Reverse transcription of retrovi-
ruses occurs by the concerted action of the RT with the
RNase H, which degrades the template RNA of the
RNA-DNA heteroduplex after it is copied by the poly-
merase. The polymerase domain of the RT enzyme then
forms the second strand of DNA, which is integrated
into the host genome by the integrase (IN). In HML-2,
the pol gene encodes the RT enzyme with a RNase H
domain (Ono et al. 1986; Berkhout et al. 1999), and the
integrase (IN) (Kitamura et al. 1996). Several HML-2 loci
appear to encode functional RT proteins (Berkhout
et al. 1999; Contreras-Galindo et al. 2017) with RNase H
activity (Berkhout et al. 1999) (Table 1). In one study, six
full-length HML-2 RT genes were cloned and several of
the HERV-K RT enzymes produced exhibited polymerase
as well as RNase H activity (Berkhout et al. 1999). Those

HML-2 RT enzymes were strictly dependent on Mg>™,
and did not show polymerase activity with other diva-
lent cations (Berkhout et al. 1999). The integrase of
HML-2 (HERV-K10) has also been cloned; it showed
both terminal cleavage and strand transfer in the pres-
ence of Mn?" of the HML-2 LTR substrate (Kitamura
et al. 1996; Bray et al. 2016). In the human genome
(GRCh38) only eight HML-2 proviruses have intact inte-
grase motifs (Bray et al. 2016).

5.3.5. Envelope (Env)

Retroviral Env proteins are generally synthesized as pre-
cursors that trimerize in the endoplasmic reticulum and
are cleaved by cellular furin-proteases in the late Golgi
apparatus to generate two subunits: SU, which interacts
with the receptor on target cells, and TM, which medi-
ates fusion and is anchored in the viral envelope near
its C terminus. After cleavage, SU and TM remain associ-
ated either non-covalently or via an intersubunit disul-
fide bond, resulting in trimers of heterodimers that
traffic to the cellular plasma membrane and become
part of the envelope in budding viral particles (Henzy
and Coffin 2013).

Several lines of evidence suggest that the exogenous
ancestors of HML-2 used the Env protein to infect germ
cells via a cellular receptor (Turner et al. 2001). In HML-
2 genomes, the pol and env reading frames partially
overlap, and the Env protein is translated from a singly
spliced transcript (Figure 1). Several studies have identi-
fied HML-2 proviruses with complete ORFs for the Env
protein (Table 1). In a study, the authors cloned 6 HML-
2 env sequences from genomic loci to test their coding
capability and functionality. The sequence of the puta-
tive proteins encoded by the six complete HERV-K env
genes were highly conserved, with more than 97%
identity at the amino acid level (de Parseval et al. 2003).
The structural organization of the HML-2 Env proteins
encoded by the six genes cloned was determined to be
canonical, with a SP (although longer than canonical
retroviruses) at the N-terminus, a consensus cleavage
site for the cellular furin protease that splits the SU and
TM subunits (Figure 2), a hydrophobic fusion domain at
the TM subunit and a hydrophobic TM anchor domain
(Dewannieux et al. 2005). Of all loci tested, the authors
found that only one, locus K108L in chromosome
7p22.1a, encoded a functional Env protein (Dewannieux
et al. 2005). The Env protein encoded by this locus
underwent cleavage into SU and TM subunits, could be
exported to the cell surface and finally generated infec-
tious particles when pseudotyped with env-deficient
constructs derived from simian immunodeficiency virus,
HIV or MLV. The infection was restricted to certain types



of cells, possibly indicating the necessity of a particular
receptor (Dewannieux et al. 2005), which has not yet
been identified. The processing of the Env protein
encoded by the same locus (K108L; 7p22.1a) was con-
firmed in another study (Ruggieri et al. 2009). In the
endoplasmic reticulum, the Env precursor undergoes
cleavage by the signal peptidase releasing a 13-kDa SP
and the 90-kDa Env precursor. The Env precursor fol-
lows the maturation pathway to the Golgi where it is
further cleaved by a furin-like endoprotease into two
N-glycosylated domains, a 55-kDa SU and a 39-kDa TM
subunit (Ruggieri et al. 2009) (Figure 2). Then, the SU
and TM subunits of HML-2 Env associate non-covalently
as predicted by the two-cysteine motif of the TM
sequence (Henzy and Coffin 2013). Although studies on
the formation of trimers by HML-2 Envs remain to be
performed, since all the loci studied have a canonical
sequence, it is reasonable to assume that HML-2 Env
heterodimers will associate in trimers as canonical
betaretroviruses (Aydin et al. 2014).

Despite only locus K108L has been found to encode
a functional Env, in another study, the infectivity of the
K113 element could be restored by reversing some
mutations in its ORF (Hanke et al. 2009).

In a study by Ruggieri et al. (2009) the authors
attempted to characterize the long SP predicted by the
sequence. SPs assist in transportation of the Env precur-
sors to the endoplasmic reticulum to follow the secre-
tory pathway. Then, SP is cleaved by the signal
peptidase and is degraded. The SP of HML-2 Env has 96
amino acids organized into three domains. Amino acids
1-75 form the N extension, amino acids 76-90 form the
hydrophobic domain and amino acids 91-96 form the
polar domain. The arginine rich nuclear localization sig-
nal (amino acids 13-20) and the leucine rich nuclear
export signal (amino acids 54-60) are located within
the N extension region (Ruggieri et al. 2009). The
authors determined that HML-2 SP (locus K108L;
7p22.1a) has a long half-life compared to conventional
SPs and is translocated to the granular component of
the nucleoli after being cleaved. The authors speculated
that HML-2 SP exerts an unknown activity in the nucle-

olus that is yet to be characterized (Ruggieri
et al. 2009).
5.3.6. Rec

Rec is encoded by two exons (Figures 1 and 2) and con-
sists of 105 amino acids. It is an accessory protein that
binds to viral transcripts to facilitate their nucleocyto-
plasmic transport and incorporation of the viral gen-
ome into particles in the cytoplasm (Wodrich and
Krausslich 2001). It functions like the Rev protein of
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human immunodeficiency virus (HIV) and the Rex pro-
tein of human T cell leukemia virus (HTLV). Besides
assisting in nuclear RNA export, these proteins also
facilitate translation of the transported mRNAs by
enhancing the association with polysomes and acceler-
ating the encapsidation of viral transcripts (Blissenbach
et al. 2010). However, the functions of HML-2 Rec in
this regard have not yet been explored. Rec is a 14-kDa
protein that accumulates primarily in the nucleoli but is
also present in the cytoplasm (Hanke, Chudak et al.
2013). It contains an arginine-rich nuclear location sig-
nal (NLS), which interacts with importin-p, mediating
entry into the nucleus. The NLS also recognizes the Rec-
responsive element (RcRE) within the viral RNAs
(VRNAs). Rec forms tetramers and, presumably, three
tetramers bind to purine-rich stretches within the RcRE
(Langner et al. 2012). To achieve its nucleocytoplasmic
function Rec interacts with Staufen-1, which is also
involved in utilization of the cargo RNA for efficient
transport and particle encapsidation (Hanke, Hohn,
et al. 2013).

5.3.7. Np9

In contrast to Rec, Np9 has no known function in HML-
2. Np9 is expressed in various types of cancer
(Armbruester et al. 2002; Chen et al. 2013), and in
healthy tissues (Schmitt et al. 2015). Like Rec, Np9 trans-
locates to the nucleoli (Armbruester et al. 2004) and
can activate several oncogenic pathways (see
Section 8.1.1.2).

6. HML-2 silencing, activation and potential
for replication

6.1. Silencing

HML-2 expression is highly regulated, temporally and
spatially, during human development. It is highly
expressed at the 8-cell stage in the embryo and the
expression continues throughout formation of the
blastocyst (Grow et al. 2015). As development pro-
gresses, HML-2 is silenced by mechanisms such as CpG
methylation, deamination (Manghera and Douville
2013) and alteration of histones (Grow et al. 2015). The
reconstituted HML-2 consensus sequence (Lee and
Bieniasz 2007) is sensitive to the retroviral restriction
factor APOBEC3F, but not to APOBEC3G or TRIM5a (Lee
and Bieniasz 2007).

It would be of interest to test whether the Krueppel-
associated box (KRAB) zinc finger protein ZFP809 (Wolf
et al. 2015), which has been reported to play a role in
ERV silencing, might also repress HML-2. Previous
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studies using mouse embryonic stem cells (ESCs) have
shown that the KRAB zinc finger proteins target
TRIM28, which in turn recruits histone methyltransfer-
ase SETDB1 (ESET) that deposits histone 3 lysine 9 tri-
methylation at the proviral genes (Gautam et al. 2017).
This histone modification is critical for gene repression.
In mouse ESCs, ChIP-seq analysis demonstrated tran-
scriptional repression of ERVS through direct recruit-
ment of the histone chaperone CHAF1A and the
sumoylation factor Sumo2 to those sequences. Sumo2
represses the provirus by sumoylation of TRIM28 and
CHAF1A reinforces transcriptional repression via its
interaction with members of the NuRD complex
(KDM1A, HDAC1/2) and ESET (Yang et al. 2015). The
KRAB domain is known for its repressor activity medi-
ated by a tandem array of up to 40 zinc finger domains
which bind to specific DNA sequences. The DNA-bind-
ing motifs for the KRAB zinc finger proteins C2H2 are
listed in Barazandeh et al. (2018).

6.2. Transcription

Both epigenetic modifications and transcription factor
binding regulate HML-2 expression. It has been shown
that a functional HML-2 promoter cannot be activated
in a cell lacking the appropriate transcription factors
(Fuchs et al. 2011). Due to the variations in the
sequence of the HML-2 LTR among the different loci, it
is important to point out that different proviruses vary
considerably in their patterns of transcription factor
binding sites, no doubt leading to the alterations in
expression of different viral genes (from different provi-
ruses) in various cell types. For example, during human
preimplantation development, transcripts originating
from LTR5HS, but not LTR5A or LTR5A are preferentially
expressed (Grow et al. 2015). Sequence analysis showed
that OCT4 has a binding site in diverse LTR5HS sequen-
ces that it is not present in LTR5A or LTR5B. ChIP-qPCR
analysis showed OCT4 binding in the predicted group
of LTR5HS, but not in LTR5A/LTR5B in human embry-
onic carcinoma cells (Grow et al. 2015).

Using a construct based on the sequence of the
K108 LTR (chr 7) provirus, transcription factors Sp1 and
Sp3 were found to regulate their transcription (Fuchs
et al. 2011). It is worth noting that the K108 locus on
chromosome 7 contains a tandem HML-2 repeat with
three LTRs, sharing more than 99% of homology (Reus,
Mayer, Sauter, Scherer, et al. 2001), and it is not clear
from the published data which LTR was used in the
study by Fuchs et al. (2011).

A corticoid responsive site has been found in the
LTRs of HERV-K18 and HERV-K10 (Ono 1986). Its

expression is stimulated by progesterone and testoster-
one (Hanke, Chudak, et al. 2013). Furthermore, Rec
upregulates androgen receptor (AR) activity and thus,
enhances AR-mediated activation of the HML-2 LTR
(Hanke, Chudak, et al. 2013). The consensus sequence
of HML-2 LTR has binding sites for inflammatory tran-
scription factors (Manghera and Douville 2013).
Moreover, HML-2 may also indirectly enhance its own
expression through cellular components such as TAR
(trans-activation-responsive) DNA binding protein 43
(TDP-43), which binds to the consensus HML-2 LTR and
upregulates its transcription (Li et al. 2015). HIV Tat has
been shown to activate HML-2 expression at the level
of the consensus transcriptional promoter (Gonzalez-
Hernandez et al. 2012). Since the LTR has a Rec-respon-
sive element (Magin et al. 1999), it would be interesting
to study whether Rec affects the activation of HML-2
LTRs. A list of the transcription factors confirmed to
bind to the consensus and certain genomic HML-2 LTRs
sequences is included in Table 2.

6.3. Reverse transcription and particle formation

Until recently, all retroviruses, including HML-2, were
considered to have a general life cycle that included
packaging of a RNA genome that is reverse transcribed
in the target cell and subsequently integrated in the
host genome. However, recent discoveries have dem-
onstrated alternative replication patterns among retro-
viruses. In fact, the retroviral genus of spumaviruses
produce viral particles containing both RNA and DNA
genomes (Yu et al. 1996, 1999; Linial 1999; Rethwilm
2003); the reverse transcription of the RNA occurs in
the virus-producing cell (late reverse transcription),
prior to budding and release (Yu et al. 1996, 1999) and
the DNA-containing particles appear to be more infec-
tious than the RNA ones (Yu et al. 1996, 1999; Delelis
et al. 2003). HIV also has partial reverse transcribed
DNA in some viral particles upon release from the cells,
although the majority of DNA sequences found in the
virions are short, with only a fraction of them extending
beyond the minus-strand strong stop (Lori et al. 1992;
Trono 1992).

Studies using uracil N-glycosylase (UNG) have sug-
gested that HML-2 is a genomically versatile virus con-
taining either RNA or DNA genomes within viral
particles. UNG specifically hydrolyzes uracil-glycosidic
bonds in DNA but not in RNA. While genomic DNA con-
tains little or no uracil, reverse transcribed DNA can
contain significant amounts (Longo et al. 1990). When
HML-2 viral particles are treated with UNG it results in a



significant decrease in viral load (Laderoute et al. 2007,
2015; Dube et al. 2014).

Using an HML-2 consensus construct and by measur-
ing infectivity after treating virion-producing and/or tar-
get cells with antiretrovirals, it has been suggested that
HML-2 reverse transcription can take place in three dis-
tinct times and locations (1) in the virus-producing cell,
prior to viral release (late reverse transcription); (2)
within the extracellular virus particle itself; and (3) in
the target cell, after a RNA-containing viral particle
enters the cell (early reverse transcription) (Dube et al.
2014). This would result in viral particles containing
either RNA or DNA genomes. In the same study, authors
showed that both RNA and DNA-containing viral par-
ticles could infect target cells (Dube et al. 2014).
However, it is important to note that this concept is not
widely accepted as the possibility of contamination
with genomic DNA in the assay cannot be entirely ruled
out. More studies from independent groups are needed
to confirm these results.

6.4. Integration and episomal DNA

Reconstruction of HML-2 using a consensus sequence
derived from proviral sequences in the human genome
produced retrovirus-like particles that were stably inte-
grated after undergoing reverse transcription (Lee and
Bieniasz 2007). It is important to note that this property
of infection has only been demonstrated in vitro with a
reconstructed virus using a consensus sequence (HML-
2con) @and not with any of the actual sequences of HML-
2 present in the human genome. When cell lines were
infected with HML-2¢,,, it preferentially integrated in
gene-rich regions near active transcriptional units and
regulatory regions. In contrast, genomic HML-2 inser-
tions are located preferentially in intergenic regions.
Among the HML-2 loci that are inserted in genes, the
majority are in opposite orientation relative to the host
gene. This orientation is thought to be minimally dis-
ruptive to the host mRNA synthesis. In contrast, the
consensus sequence integrated randomly in vitro in
antisense and sense orientation. These findings have
been interpreted to suggest that initial integration of
HML-2 into the human genome occurred in transcrip-
tionally active units but through a process of selection
there was a loss of proviruses that were disruptive to
gene function (Brady et al. 2009).

In another study, an HML-2 probe derived from pro-
virus K113 was created to study the packaging and
transmission of HERV-K sequences. This resulted in
abundant episomal proviral DNA after the viral particles
entered the target cells and underwent reverse
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transcription, but integration of the probe into the
chromosomal DNA was not detected (Contreras-
Galindo et al. 2015). However, the HML-2 episomes
were transcribed and translated into proteins that were
packaged into new particles, as the probes were able to
produce a protein that conferred G418 resistance to the
target cells. If, as suggested by Contreras-Galindo et al.
(2015), HML-2 is not able to integrate in the genome
due to a lack of essential viral factors or by repressor
mechanisms of the host cell, insertional mutagenesis
cannot be a mechanism for cancer pathogenesis caused
by HML-2.

6.5. Viral entry

For all retroviruses, the Env protein is responsible for
the initial events that lead to endogenization, from cell
binding to membrane fusion. The first step for effective
viral infection is the fusion between the viral Env and
the cellular membrane. HML-2 enters the cells via an
endocytic pathway which requires dynamin-mediated
membrane scission and endosomal acidification, but
does not require macropinocytosis or actin polymeriza-
tion (Robinson and Whelan 2016). HML-2 Env imparts
broad species tropism to the virus, by being able to
enter numerous mammalian and non-mammalian cell
lines. This suggests that the receptors used by HML-2
to enter the cells are conserved throughout amniotes
or that it can use multiple pathways (Robinson and
Whelan 2016).

7. Possible physiological functions of HML-2

The main focus of HML-2 research has been their
involvement in diseases, leading to the erroneous idea
that they are only reactivated under pathological condi-
tions. However, as mentioned above, HERVs are consti-
tutively expressed at low levels in every human tissue
studied and may provide potential benefits to their
hosts (Kurth and Bannert 2010). In the sections below,
we review the possible physiological roles of
those genes.

7.1. Maintenance of pluripotency

To understand their role in oncogenesis, possibly the
most relevant function of HERV-K and other ERVs is
their involvement in the maintenance of cell pluripo-
tency. High levels of HML-2 transcripts and proteins are
found in undifferentiated ESCs and induced pluripotent
stem cells. Induction of differentiation rapidly silences
this expression (Fuchs et al. 2013). The role of HERVs in
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maintenance of the undifferentiated phenotype and
cell proliferation is supported by the observation that
some HERV LTRs contain binding sites for p53 and
OCT4 (Grow et al. 2015). In fact, HERV LTRs account for
over 30% of all p53 binding sites genome-wide (Wang
et al. 2007). The exact function of p53 in the regulation
of HML-2 expression has not been studied, but possibly
the tumour suppressor p53 could act as a transcrip-
tional repressor of HERVs.

7.2. Neurotrophic effects

Human neural stem cell lines transfected with HML-2
Env exhibited increased NGF and BDNF expression,
which promoted cellular viability and prevented neuro-
toxicity. In mice, HML-2 Env expressed by neural stem
cells implanted in the brain suppressed TNF-o expres-
sion and microglial activation while also improving neu-
robehavioral deficits in vpr/RAGI*/* mice (Bhat et al.
2014). These findings in neural stem cells suggest that
HML-2 may have opposite effects in undifferentiated
and differentiated cells, as its expression has been
shown to be pathogenic for neurons (Li W et al. 2015).

7.3. Antiviral defense

Viral infection of a cell prevents infection from other
related viruses (Moelling and Broecker 2015). Thus, it
has been hypothesized that ERVs have been co-opted
by vertebrates to protect them against infections of
related exogenous retroviruses. For example, expression
of the Env protein of the Fv-4 ERV on the surface of
mouse cells competes for the receptors of related
viruses, preventing them from entering the cell (lkeda
and Odaka 1984). The expression of a truncated Gag
from the Fv-1 ERV also protects against some strains of
MLV (Best et al. 1997). Similarly, the Env protein of
HERV-W induces cellular resistance to spleen necrosis
virus (Ponferrada et al. 2003). This suggests that HML-2
activation in HIV-infected patients may also confer simi-
lar protective effects. However, this potential antiviral
effect of HML-2 has not been fully studied.
Interestingly, none of the three clades of HERVs
(gamma, beta and spuma-like retroviruses) have
exogenous counterparts that are infectious for humans,
as spuma-like viruses only infect humans by zoonosis.
Similarly, exogenous retroviruses that are able to infect
human cells (lenti and deltaretroviruses) do not have
endogenous representatives in humans (van der Kuyl
2012). This fact could support the hypothesis of HERVs
co-opted as antiviral defense against related exogenous
retroviruses.

7.4. Placenta formation

The most characteristic physiological function of HERVs
is the involvement of the Env proteins in the formation
of the placenta, where they are highly expressed.
Syncytin-1 and 2, which are the Env proteins of HERV-W
and HERV-FRD, respectively, have preserved fusogenic
capacity that allows the formation of the syncytiotro-
phoblast layer and its junction with the cytotrophoblast
(Blond et al. 2000; Blaise et al. 2003). HML-2 Env, how-
ever, does not form syncytia. It is expressed in villous
and extravillous cytotrophoblast cells in the placenta,
but not in the syncytiotrophoblast (Kammerer
et al. 2011).

7.5. Effects of HML-2 on host genome function

ERVs can affect the expression of the genes in their
proximity. LTRs can act as alternative promoters or
enhancers not only of the genes downstream in sense
orientation (Schulte et al. 1996), but also upstream, as
they can have bidirectional activity (Feuchter and
Mager 1990; Dunn et al. 2006). Such LTRs with pro-
moter functions can influence genes at a distance of up
to 100 kb (Whitelaw and Martin 2001). For example, an
antisense-oriented HERV-H LTR serves as an alternative
promoter for the gene GSDML (Huh et al. 2008). The
LTRs of HERVs might influence the expression of neigh-
bour genes due to the presence of regulatory elements
in their sequences, such as enhancers, promoters, splice
sites (Kapitonov and Jurka 1999), and polyadenylation
signals. Interestingly, two HML-2 LTRs situated in the
introns of genes SLC4A8 (sodium bicarbonate cotrans-
porter) and IFT172 (intraflagellar transport protein 172)
in the antisense orientation serve in vivo as promoters
for generating RNAs complementary to the exons of
those genes. The antisense transcripts formed from the
LTRs decreased the mRNA level of the corresponding
genes (Gogvadze et al. 2009). The LTR of an HML-2 pro-
virus in chromosome 22 has been shown to regulate
the expression of proline dehydrogenase gene (PRODH)
in the hippocampus, creating a tissue-specific enhancer
(Suntsova et al. 2013).

8. HML-2 in pathological conditions
8.1. HML-2 and cancer

The fact that some retroviruses can cause cancer has
been known since the discovery that Rous sarcoma
virus causes sarcoma in chickens. Two other well-known
onco-retroviruses are HTLV-1, which causes adult T-cell
lymphoma in 2-7% of infected individuals (Watanabe
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2017), and MMTV, which causes mammary tumours in
mice and is also a beta-retrovirus that can be carried
endogenously like HML-2.

HML-2 has been implicated in cancer development,
as its expression has been associated with many cancer
types such as teratocarcinoma, germ cell tumours, mel-
anoma, ovarian, and prostate cancer (Lower et al. 1984;
Herbst et al. 1996; Muster et al. 2003; Buscher et al.
2005, 2006; Wang-Johanning et al. 2007; Kurth and
Bannert 2010), and with various features of malignant
cells (Oricchio et al. 2007; Reis et al. 2013; Schmitt et al.
2013; Wildschutte et al. 2014; Bhardwaj et al. 2015).

8.1.1. Potential Mechanisms of HML-2-Induced
Carcinogenesis
8.1.1.1. Chromosomal rearrangements and LTR-

induced upregulation of oncogenes. Cancer arises
from abnormal expression of oncogenes, as well as
inactivation of tumour suppressor genes. Aberrant
expression of coding genes or long non-coding RNAs
(IncRNAs) with oncogenic properties can be caused by
epigenetic changes, translocations, point mutations and
other less characterized mechanisms. Due to their
sequence similarities, homologous recombination can

occur between two different LTRs. Thus, many HERVs
exist as solo LTRs and lack their internal proviral
sequence due to homologous recombination between
the 5’ and 3’ LTRs. In fact, solo LTRs outnumber full
length proviruses by a factor of 10 (Subramanian et al.
2011). The recombination can also occur between dis-
tant LTRs, even on different chromosomes.
Phylogenetic and sequence analyses have shown that
some HML-2 loci have contributed to human genome
evolution through large-scale chromosomal rearrange-
ments (Hughes and Coffin 2001), although probably to
a lesser extent than other transposable elements like
Alus (Ade et al. 2013), simply due to their much lower
copy number. Thus, it is possible for HERVs to contrib-
ute to carcinogenesis through homologous recombin-
ation resulting in chromosomal rearrangements (Figure
3A), although it is likely a rare event. Additionally, as
explained in Section 5.2, HML-2 LTRs contain all the
regulatory elements to act as promoter of the provirus.
There is a selective transcriptional repression of LTRs
residing in gene introns (Buzdin et al. 2006) and at least
half of the human specific HML-2 LTRs seem to serve in
vivo as active promoters in non-repetitive regions of
the genome (Buzdin et al. 2006). If an HML-2 LTR is de-
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repressed, it could act as alternative promoter of adja-
cent host genes (Buzdin et al. 2006; Fuchs et al. 2011;
Katoh et al. 2011) (Figure 3B). Although it has not yet
been described for HML-2, LTRs in their natural posi-
tions in the genome have been shown to drive ectopic
expression of genes in cancer, possibly due to epigen-
etic de-repression (reviewed in Babaian and Mager
2016). Regarding HERV-K, one study on prostate cancer
found that chromosomal rearrangements caused the
ETV1 gene to fuse with the LTR of HML-2 22q11.23,
causing an aberrant overexpression of truncated ETV1.
ETV1 encodes a transcription factor that controls cellu-
lar proliferation, differentiation, development, trans-
formation, and apoptosis (Tomlins et al. 2007). The
fusion transcript included the upstream 5'LTR, provid-
ing evidence that the HERV-K LTR controls the expres-
sion of ETV1. Another example of HML-2 participating
in an oncogenic gene fusion after chromosomal trans-
location was found in the stem-cell myeloproliferative
disorder linked to the 8p12 chromosomal region. This
syndrome is caused by the aberrant expression of the
FGFR1 gene, which encodes one of the tyrosine kinase
receptors for fibroblast growth factors (Chaffanet et al.
1998). Several FGFR1 fusion genes formed by transloca-
tion have been described in this lymphoproliferative
disorder (Guasch et al. 2003). By cloning one transloca-
tion breakpoint, a fusion of a HERV-K LTR on chromo-
some 19 to FGFR1 sequences was revealed. Sequence
analysis showed nucleotide similarities with the
sequence of HERV-K113 (Chr 19) (Guasch et al. 2003).
However, while it was suggested by the authors that
the LTR promoter may contribute to the expression of
the fusion gene, in this case no supporting evidence
was presented.

8.1.1.2. HML-2-derived oncoproteins. HML-2 encodes
several proteins that have been implicated in cancer
such as Np9, Rec and Env, which could be contributing
to cellular proliferation (Figure 3C). Np9 has been found
to be expressed in various tumour tissues such as
breast cancer, ovarian cancer, and leukaemia
(Armbruester et al. 2002; Chen et al. 2013). Np9 pro-
motes growth of myeloid and lymphoblastic leukaemia
cells by activation of ERK, AKT, and Notch1 pathways
and by upregulation of B-catenin (Chen et al. 2013).
Moreover, like Rec, Np9 interacts with PLZF, which has
been linked to prostate cancer (Robinson et al. 2015).
Np9 interaction with PLZF leads to increased transcrip-
tion of the gene c-myc, which in turn leads to enhanced
cell growth and reduced apoptosis (Denne et al. 2007).
Another way Rec may contribute to prostate cancer
is by binding to the human small glutamine-rich

tetratricopeptide repeat protein (hSGT), which is a
known regulator of the androgen receptor (AR). When
Rec binds to hSGT, AR activity is increased.
Interestingly, AR has been shown to activate HML-2
LTR, and this activation may lead to a “vicious cycle”
that could result in increased cell proliferation and
tumorigenesis (Hanke, Chudak et al. 2013).

HML-2 Env has also been suggested as a potential
oncogenic stimulus. Using a MCF10A cell line, HML-2
Env (K108L) expression from a lentiviral construct
endowed the cells with the ability to transition from
epithelial cells to mesenchymal cells; the cells displayed
an increase in cellular migration and invasion (Lemaitre
et al. 2017). Additionally, a recent study showed that
downregulation of Env prompted a decrease in cell pro-
liferation and a concomitant reduction of RAS, p-ERK,
and p-AKT expression (Li M et al. 2017).

8.1.1.3. HML-2-mediated immunosuppression.
Immunosuppressive properties are characteristic of
many retroviruses and HML-2 has retained this feature
(Denner 1998, 2000). HML-2 particles released from a
human teratocarcinoma cell line, a recombinant Env
transmembrane (TM) protein, and a peptide corre-
sponding to a highly-conserved region of the TM were
all able to inhibit human immune cell proliferation,
change the expression of numerous cytokines, such as
increasing IL-10, and affect gene expression (Morozov
et al. 2013). Similarly, Rec has been shown to interact
with B-catenin, which induces immune tolerance to
tumours (Liang et al. 2014; Suryawanshi and
Manicassamy 2015), contributing to carcinogenesis
(Gonzalez-Cao et al. 2016). Currently, HML-2 proteins
and transcripts are being considered as potential tar-
gets for treatment in several cancer types.

8.2. HML-2 polymorphism-associated diseases

Sequence variations and insertional polymorphisms of
HERV-K have been associated with diabetes and other
autoimmune diseases. A HERV-K18 haplotype located in
the intron of CD48 on chromosome band 1q has been
reported to present a weak association with type 1 dia-
betes (Marguerat et al. 2004). In addition, low copies of
the insertional polymorphism HERV-K(C4), which
belongs to the HML10 group, on chromosome 6 has
been associated with an increased risk for diabetes. This
copy of HERV-K is present in ~70% of the population in
intron 9 of the C4 complement gene, in opposite orien-
tation to the host gene. However, this association was
not confirmed by another study in Germany (Pani et al.
2002). HERV-K113 and HERV-K115 are other insertional



polymorphisms found in 29 and 16% of individuals,
respectively. Both are full length proviruses and have
ORFs for all their genes except for a frame shift muta-
tion in the gag gene of HERV-K115. The presence of
HERV-K113 has been associated with an increased risk
for certain autoimmune diseases (Krzysztalowska-
Wawrzyniak et al. 2011). HERV-K113 is capable of form-
ing a complete viral particles but the envelope is non-
fusogenic (Moyes et al. 2007).

8.3. HML-2 and neurological diseases

The evidence for the role of HML-2 in the pathophysi-
ology of sporadic ALS is strong. Several groups have
identified the presence of RT activity in the blood and
cerebrospinal fluid of patients with ALS (Viola et al.
1975; Steele et al. 2005; McCormick et al. 2008). HML-2
gene products, gag, pol and env can be detected in the
brains of ALS patients, and RT and Env proteins are
expressed in cortical neurons (Douville et al. 2011; Li W
et al. 2015). This expression was specific for ALS, since it
could not be found in patients with Parkinson’s or
Alzheimer's disease. Multiple active HML-2 loci have
been identified, although loci in chromosome 7 seem
to be differentially expressed in patients and controls
(Douville et al. 2011). Forced expression of HML-2 in
neurons, either by transfection with the complete con-
sensus sequence or by activation of the endogenous
proviruses with a CRISPR/dCAS9 targeting HML-2 LTRs,
lead to neuronal injury and cell death. Transgenic mice
in which HML-2 Env (consensus) was expressed under a
neuronal promoter developed progressive motor dys-
function, with specific loss of neurons in the motor cor-
tex and the anterior horn of the spinal cord (Li W et al.
2015). Although the mechanism of pathogenicity is not
entirely clear, it may be partly mediated by TDP-43
which has several putative binding sites on the LTR of
HML-2. Signs of nucleolar dysfunction were also
observed, as evidenced by redistribution of the nucle-
olar marker nucleophosmin into the cytoplasm of Env-
expressing neurons (Li W et al. 2015). Additional evi-
dence comes from rare cases of HIV-infected patients
who also develop ALS. HIV infection has been associ-
ated with increasing levels of HML-2. When HIV-ALS
patients were treated with antiretroviral drugs early in
the course of the neurological manifestations, ALS
symptoms could be reversed or slowed in a subset of
patients (Alfahad and Nath 2013). The activation of
HML-2 found in the blood of some of these patients
decreased following treatment with antiretroviral drugs
(Bowen et al. 2016). Besides ALS, activation of HML-2
and polymorphisms of HERV-K18 and K115 have been
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associated with schizophrenia (Otowa et al. 2006;
Dickerson et al. 2008). A nearly full length HML-2 has
also been identified in the PRODH gene where its
enhancer activity is regulated by methylation. PRODH is
expressed in multiple regions of the brain, with highest
levels in the hippocampus where the HML-2 is hypome-
thylated (Suntsova et al. 2013). PRODH encodes proline
oxidase, a mitochondrial enzyme that regulates proline
catabolism, which is vital for brain function.
Polymorphisms in this gene have been associated with
schizophrenia (Kempf et al. 2008). However, in schizo-
phrenia the association does not seem to be specific for
HERV-K, as HERV-W and ERV-9 had also elevated levels
(Diem et al. 2012).

8.4. Interactions between HML-2 and HIV

It is well established that HIV infection can increase
HML-2 mRNA levels in PBMCs (Contreras-Galindo,
Almodovar-Camacho, et al. 2007; Ormsby et al. 2012;
Bhardwaj et al. 2014) and the activation of certain HML-
2 loci can be cell-type specific (Vincendeau et al. 2015).
The possible mechanisms of induction of HML-2 by HIV
are explained in Figure 4. However, the level of HML-2
induction in HIV infection remains unclear. Several stud-
ies have found that HML-2 RNA was readily detectable
in plasma of HIV-infected individuals (Contreras-Galindo
et al. 2006, 2012; Contreras-Galindo, Almodovar-
Camacho, et al. 2007; Contreras-Galindo, Lopez, et al.
2007; Esqueda et al. 2013); however, other investigators
were unable to confirm these findings (Bhardwaj et al.
2014; Karamitros et al. 2016). It has been suggested
that contamination with genomic DNA is largely
responsible for detection of HML-2 in blood, since rigor-
ous DNA digestion with DNase | eliminated HML-2 from
almost all patient samples (Esqueda et al. 2013;
Bhardwaj et al. 2014; Karamitros et al. 2016). However,
as described above (Section 6.3), if it is true that some
HML-2 virions do in fact contain reverse-transcribed
DNA in addition to viral RNA (Dube et al. 2014), then
DNAse treatment would degrade the viral DNA and,
hence, prevent detection of extracellular virus.
Nevertheless, the hypothesis that HML-2 viral particles
might contain DNA genomes is still far from being con-
firmed. Furthermore, intracellular HML-2 transcripts
may be elevated in PBMCs from HIV-positive individuals
compared to controls even when HML-2 RNA is
undetectable in plasma (Sugimoto et al. 2001; Bhardwaj
et al. 2014; Brinzevich et al. 2014).

Regarding the influence of HML-2 on HIV pathogen-
esis, it is not clear whether expression of HML-2 helps
control HIV or if it contributes to its pathogenicity
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restriction factor tetherin, leading to enhanced viral release.

(Figure 4). HML-2 specific antibodies have been found
in the blood of HIV-infected individuals at higher titers
than uninfected controls (Michaud et al. 2014). “Elite
controller” individuals, who control HIV replication in
the absence of treatment had higher titers of antibod-
ies to HML-2 compared to their antiretroviral-treated
counterparts (Michaud et al. 2014), indicating that
immune responses against HML-2 may correlate with
HIV suppression. However, other groups could not find
differences in HML-2 antibody levels between HIV
patients and uninfected controls (Vogetseder et al.
1993). Similarly, several groups have reported T cell
responses to HML-2 in HIV-infected patients (Garrison
et al. 2007; SenGupta et al. 2011; Tandon et al. 2011;
Jones et al. 2012) that are associated with better

virologic control (Garrison et al. 2007; SenGupta et al.
2011) and higher T cell counts (SenGupta et al. 2011).
Collectively, these findings suggest that HML-2 tran-
scripts induced by HIV infection may be translated into
viral proteins that can generate a humoral and/or cyto-
toxic T cell response.

The presence of HML-2 proteins produced in
response to HIV infection also introduces the possibility
that these proteins modulate HIV replication. It has
been suggested that HIV and other primate lentiviruses,
which do not encode dUTPase, can use the host
enzyme encoded by HERVs (McIntosh and Haynes 1996;
Harris et al. 1997). Similarly, some HML-2 loci encode a
functional integrase protein that can act on the HIV-1
LTR (Kitamura et al. 1996), which suggests that HML-2



integrase may substitute for HIV integrase under spe-
cific conditions (Figure 4).

HML-2 Gag can co-assemble with HIV Gag in vitro,
which results in diminished HIV assembly and release
(Monde et al. 2012, 2017). However, two studies have
revealed functional differences between the consensus/
reconstituted and native HML-2 Env sequences; the
consensus sequence promotes HIV infection by antago-
nizing the restriction factor tetherin (Lemaitre et al.
2014; Terry et al. 2017), while Env produced from type
2 endogenous proviruses K108 and K109 significantly
diminished HIV Gag protein levels and inhibited HIV
release (Terry et al. 2017). In contrast, plasmids encod-
ing functional HML-2 Env proteins derived from either
the consensus sequence (type 2) or native HERV-K18
(type 1) “rescue” Env-deficient HIV in co-transfection
experiments, allowing assembly and release of infec-
tious viral particles (Brinzevich et al. 2014). Given that
HML-2 Env appears to bind to the surface of many dif-
ferent cell types (Kramer et al. 2016), HIV virions
“pseudotyped” with HML-2 Env could exhibit altered
cellular tropism. These experiments highlight the need
to better define which HML-2 loci are upregulated fol-
lowing HIV infection, and whether this induction results
in translation of functional HML-2 proteins such as Gag
and Env.

To date there is no evidence that the endogenous
retroviral elements can rescue defective HIV virions in
vivo. However, the possibility exists that recombination
events might occur between the activated endogenous
retroviral elements themselves or between the
endogenous and exogenous retroviruses which may aid
in their evolution.

9. Therapeutic approaches

Since increased activation of HML-2 has been associ-
ated with several pathologies, it raises the question of
whether these genes can be silenced to affect the out-
come of these diseases. Gene silencing techniques such
as antisense, siRNA or shRNA could be used, although
delivery to the target cells can be challenging, particu-
larly within the brain. However, new viral vectors such
as the adeno-associated viruses and nanoparticle deliv-
ery mechanisms hold promise. Even if its participation
in carcinogenesis is not entirely clear, HML-2 is consist-
ently over-expressed in certain cancer types. Therefore,
cell-mediated immune responses can be directed
against HML-2 antigens to eliminate cancer cells. The
recent success of immune-mediated therapies, particu-
larly the engineering of a chimeric antigen receptor on
the surface of T cells, makes this a promising approach
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(Krishnamurthy et al. 2015; Zhou et al. 2015). In cases
where viral assembly occurs, the use of antiretroviral
drugs to inhibit productive viral replication could also
be considered. Certainly, in vitro studies show that
some of the reverse transcriptase and integrase inhibi-
tors developed against HIV are also effective against
HML-2, although with lower efficacy (Contreras-Galindo
et al. 2017; Tyagi et al. 2017). Hence, more effective
drugs need to be specifically designed that target
HML-2.

10. Conclusions

It is becoming abundantly clear that HERVs may play a
critical role in embryogenesis and in disease patho-
physiology. Of the different HERVs in the human gen-
ome, HML-2 is distinct because of the presence of
multiple nearly complete viral genomes, its high tran-
scriptional activity and its possible non-canonical repli-
cation. Understanding the role of HERVs in cellular
physiology is vital to eventually clarifying their relation-
ship with disease pathogenesis. The mechanisms by
which HERVs are regulated by the host and how they
interact with other retroviruses are aspects that require
more attention. At the same time, current therapeutic
technologies for manipulating their expression make it
possible to consider therapeutic intervention where
dysregulation of HERVs is implicated.
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