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ABSTRACT Eight percent of the human genome is composed of human endoge-
nous retroviruses (HERVs), remnants of ancestral germ line infections by exogenous
retroviruses, which have been vertically transmitted as Mendelian characters. The
HML-6 group, a member of the class Il betaretrovirus-like viruses, includes several
proviral loci with an increased transcriptional activity in cancer and at least two ele-
ments that are known for retaining an intact open reading frame and for encoding
small proteins such as ERVK3-1, which is expressed in various healthy tissues, and
HERV-K-MEL, a small Env peptide expressed in samples of cutaneous and ocular mel-
anoma but not in normal tissues.

IMPORTANCE We reported the distribution and genetic composition of 66 HML-6
elements. We analyzed the phylogeny of the HML-6 sequences and identified two
main clusters. We provided the first description of a Rec domain within the env se-
quence of 23 HML-6 elements. A Rec domain was also predicted within the ERVK3-1
transcript sequence, revealing its expression in various healthy tissues. Evidence
about the context of insertion and colocalization of 19 HML-6 elements with func-
tional human genes are also reported, including the sequence 16p11.2, whose 5’
long terminal repeat overlapped the exon of one transcript variant of a cellular zinc
finger upregulated and involved in hepatocellular carcinoma. The present work pro-
vides the first complete overview of the HML-6 elements in GRCh37(hg19), describ-
ing the structure, phylogeny, and genomic context of insertion of each locus. This
information allows a better understanding of the genetics of one of the most ex-
pressed HERV groups in the human genome.

KEYWORDS endogenous retrovirus, HERV, HERV-K-MEL, HML-6, RetroTector,
bioinformatics

bout 8% of the human genome consists of human endogenous retroviruses

(HERVs) (1), resulted from the occasional integration of exogenous retroviruses into
the human germ line, which occurred mostly more than 30 million years ago. These
proviruses were vertically transmitted to the offspring and then fixed in the genome of
the population during the evolution (2, 3), accumulating, over time, several mutations
that in most cases compromised their coding capability.

Nevertheless, some important examples of HERV involvement in human biology
have been demonstrated (2, 4-6), such as the retroviral protein Syncytin-1, a functional
envelope (Env) protein coded by an HERV-W provirus that is involved in trophoblastic-
cell fusion during pregnancy (7, 8). However, in the majority of studies, only general
HERV groups and not individual HERV loci have been investigated in detail for their
correlation to diseases (9), especially due to the lack, until recently, of any information
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regarding the HERV characterization and classification at the genomic level (10). For this
reason, the putative role of HERVs as etiological agents, contributing factors, or markers
of diseases has been repetitively suggested (4, 9, 11, 12), but it still remains to be better
investigated and definitively established in the majority of cases (2, 4, 5, 9).

Recently, a comprehensive collection and classification of HERV sequences has been
provided, revealing the presence of a totality of 3,173 most complete proviral elements
in the human genome assembly GRCh37/hg19 (13). This study noted the previous HERV
subdivision in classes | (Gamma- and Epsilon-like), Il (Beta-like), and Ill (Spuma-like) (10,
13), depending on the similarity to exogenous retroviruses, and included all the HERV
elements in 39 groups, revealing a high number of recombination events that took
place over time among different HERVs (13).

Between the HERV groups, the human MMTV-like (HML) supergroup of class Il is one
of the most investigated, mainly due to the fact it includes some of the youngest and
best conserved elements, belonging to the HML-2 clade (14). This supergroup consists
of 10 clades (HML-1 to HML-10) that are related to the exogenous mouse mammary
tumor virus (MMTV) (13). Accordingly, the genome of HML elements is composed of
four main retroviral genes (gag, pro, pol, and env) flanked by two long terminal repeats
(LTRs), and it shows several beta-retroviral typical features, including the primer-
binding site (PBS) for lysine (K) tRNA (3, 13). In addition, it has been reported that some
HML-2 elements are able to encode an mRNA nuclear export protein, Rec, coded from
a doubly spliced transcript which is a functional homolog of the retroviral regulatory
proteins MMTV Rem (15), HIV Rev, and HTLV Rex (16, 17). The HML-2 rec accessory gene
can be present in two forms: the first with a full-length sequence (characteristic of type
2 HML-2 elements) and the second with a 292-bp deletion that codes for a smaller
protein, NP9 (associated with type 1 HML-2 sequences) (17, 18). Recently, the Rec
domain has also been found within the genomes of some HML-10 elements (19).

In addition to HML-2 and HML-10, HML-6 is also a highly investigated HML clade.
The earliest studies about this group collected 10 sequences identified by using a PCR
approach with HML-6-specific primers (20, 21). A first phylogenetic characterization of
these elements indicated that the HML-6 subgroup was a heterogeneous but distinct
group of elements belonging to the HERV-K superfamily, with a PBS for lysine tRNA (20,
21). The HML-6 betaretroviral features were also detected: two zinc fingers in gag and
both dUTPase and G-patch domains in pro (20, 21). Notably, the dUTPase tree showed
a different phylogeny from the one of the other genes, and further analysis concerning
the presence of dUTPase in the various HERV-K subgroups demonstrated that the
HML-6 dUTPase sequences appear to be more related to the MMTV dUTPases than to
those of the other HML members (20, 22). According to RetroTector (ReTe) analysis, this
subgroup includes 48 canonical elements and additional 17 noncanonical elements
coming from recombination events (13), and the internal sequences are flanked by two
LTRs identified among four types (LTR3, LTR3A, LTR3B, and LTR3B_v) by RepBase.

A first important study reported an extensive transcriptional activity of HML-6
elements through retrovirus-specific microarray (23). HML-6 transcripts were found in
all the 19 healthy tissues analyzed (23). Of note, an HML-6 element in locus 19q13.43b
that contains an intact open reading frame (ORF) was reported to encode a small
transcript, ERVK3-1, expressed in various healthy tissues (ENSG00000142396), and gave
support to the hypothesis of an extensive HML-6 expression activity (23). Subsequently,
besides physiological expression, HVIL-6 sequences were reported to be of particular
interest due to either the selective activation or the increased activity of several proviral
loci in malignant mammary gland tissue from patients with human breast cancer (24).
Other examples of HML-6 expression in cancer were also reported in cutaneous and
ocular melanoma cells, in which a small peptide from an HML-6 env gene, namely,
HERV-K-MEL, was detected in tumor tissues but not in normal tissues (25). Although
these findings raised the possibility of an HML-6 contribution to diseases, the causal
relationship between HML-6 expression and cancer is still not clear, and further
expression studies of the individual HML-6 loci are needed to clarify their potential
contribution to human pathogenesis.
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The present study aims to provide for the first time a comprehensive structural
characterization of the HML-6 group members, which can be useful to direct further
and more detailed studies of expression. The results show a high heterogeneity
between the HML-6 elements due to the presence of two distinct subgroups. Moreover,
the analysis of their genomic context of insertion provides updated information on the
HML-6 presence in the human genome, which is essential to understand their potential
role in physiological and pathological contexts and to focus further expression analyses
on specific loci of interest.

RESULTS

Collection of 66 HML-6 loci in the human genome sequence. We collected the
HML-6 sequences provided by Vargiu et al. (13), in which ReTe analysis of the genome
assembly hg19 allowed to identify and classify all the most intact HERV proviruses in
our genome. Moreover, we compared these coordinates and sequences to those
obtained with a genome browser BLAT search in genome assembly hg19, using as a
query the LTR3A-HERVK3-LTR3A consensus sequence assembled from Dfam data set. In
particular, two HML-2 sequences—in locus 10q11.21 and 10g25.1—were detected only
by ReTe and provided in Vargiu et al., but we were not able to find them by BLAT
searching. Similarly, two sequences in locus 5q13.2, showing 100% identity and flanked
by an identical region, were both detected by BLAT searching, even if only one
sequence in locus 5g13.2 was previously reported by Vargiu et al. (13). Therefore,
through this integrated search approach, we obtained the genomic coordinates of 66
HML-6 sequences (Table 1; see also File S1 in the supplemental material for the
coordinates in hg38). We named the HML-6 elements in conformity with their genomic
localization, and in the case of presence of multiple sequences within the same
genomic locus we unequivocally indicated the sequence order with alphabetical letters.
When we analyzed the distribution of the HML-6 insertion, almost all chromosomes
showed an apparent random distribution of HML-6 loci, in the sense that the number
of sequences was approximately proportional to the chromosome size. The exceptions
were chromosome 19 and chromosome Y, in which we detected more HML-6 provi-
ruses than expected. An overall chi-square test including all chromosomes indicated a
nonrandom distribution (P < 0.0001) of HML-6 loci, with a very prominent contribution
of chi-square values calculated for the chromosomes 19 and Y (Fig. 1). To confirm this
finding, we also performed all comparisons between each pair of chromosomes and,
owing to the large number of tests involved (n = 276), filtered P values by using the
Benjamini-Hochberg procedure (26) to maintain a cumulative probability of false
discoveries in all tests lower than 5%. The data confirmed a significant enrichment on
chromosomes 19 and Y (see Fig. S1 in the supplemental material).

Phylogenetic analyses and subtype classification of HML-6 proviral internal
sequences. In order to characterize the structure of each single provirus, we created a
consensus multiple sequence alignment of (i) all the 66 HML-6 internal sequences and
(ii) the consensus sequence HERVK3 from Dfam. Next, we performed a neighbor-joining
(NJ) analysis of the created consensus alignment with the Kimura model test. The
resulting tree revealed the presence of two main clusters that we named type 1 and 2,
including 55 and 11 elements, respectively (Fig. 2a). Moreover, type 1 elements showed
an additional internal subdivision in two further clusters of 35 and 20 elements that we
named type 1a and type 1b, respectively. To better understand the meaning of this
phylogenetic information, we implemented the analysis by creating a maximum-
likelihood (ML) tree, selecting the K80 model for the phylogenetic analysis (Fig. 2b).
Also, in this case, we obtained a similar result, as we were able to identify the two main
clusters with type 1 and 2 HML-6 proviruses and the type 1 subdivision in type 1a and
1b. Loci Xg27.1 and 17g25.1 were assigned to type 2 cluster by the NJ analysis but to
the type 1b cluster by the ML analysis. Subsequently, phylogeny and evolutionary
relations of the HML-6 group was investigated with respect to the others HML ele-
ments. We generated a majority-rule consensus sequence for the gag gene of each
subgroup, selecting this gene due to the fact that it was the most conserved within the
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TABLE 1 HML-6 proviral sequences and their localization in the human genome GRCh37/hg19 assembly

Journal of Virology

Position

Locus Chromosome Strand Start End LTR type Length (bp) Subtype
1p21.1 1 + 103298830 103306681 LTR3 7,851 1a
1925.2 1 - 179406261 179412404 LTR3A 6,143 1a
2q14.23 2 - 128372842 128376247 LTR3B_v 3,405 2
20221 2 - 136829388 136834831 LTR3A 5,443 1a
3p25.1 3 + 14266558 14271762 LTR3A 5,204 1a
3p21.31a 3 - 46087646 46095966 LTR3A 8,320 1a
3p21.31b 3 + 46468034 46475121 LTR3A 7,087 1a
4p14 4 - 39540876 39545998 LTR3B 5,122 1b
4q13.2 4 - 69610304 69616956 LTR3B 6,652 1b
49q13.3 4 + 71418184 71420406 LTR3B_v 2,222 2
4q21.1 4 - 78313436 78321358 LTR3 7,922 1a
5p14.1 5 + 24649773 24654829 LTR3A 5,056 1a
5g13.2a 5 + 69641005 69643229 Only 3'LTR3B_v 2,224 2
5q13.2b 5 + 69958435 69960659 Only 3'LTR3B_v 2,224 2
5q13.2c 5 + 70867724 70874228 LTR3A 6,504 1a
6p22.2 6 - 26288250 26296494 LTR3B 8,244 1b
6p21.32a 6 - 32443272 32447375 Only 5'LTR3 4,103 1a
6p21.32b 6 - 32527497 32535122 Only 5'LTR3 7,625 1a
7936.1 7 - 150279386 150283313 LTR3B_v 3,927 2
8q11.1 8 + 47395171 47403000 LTR3A 7,829 1a
10q11.21a 10 - 43788582 43796372 LTR3B_v 7,790 2
10911.21b 10 + 45774424 45782353 LTR3 7,929 1a
10925.1 10 + 110488980 110492726 LTR3B_v 3,746 2
11p15.4 1 - 7920872 7927779 LTR3A 6,907 1a
11q12.3a 1 - 61817251 61823827 LTR3A 6,576 1a
11912.3b 1 + 62019229 62021808 Only 5'LTR3 2,579 1a
11923.2 1 - 112795351 112800806 LTR3A 5,455 1a
12924.12 12 - 112253979 112263658 LTR3A 9,679 1a
14912 14 + 28879914 28890437 Only 3'LTR3A 10,523 1a
14924.2 14 + 70278180 70282740 LTR3A 4,560 1a
16p11.2 16 - 30627018 30635602 LTR3B 8,584 1b
16p11.1 16 + 34750975 34758850 LTR3B 7,875 1b
17921.31 17 + 41949365 41952180 LTR3B_v 2,815 2
17925.1 17 + 72580505 72583070 Only 5'LTR3B 2,565 1b
19p13.2a 19 - 9618707 9625736 LTR3 7,029 1a
19p13.2b 19 - 11964097 11971799 LTR3 7,702 1a
19p12a 19 + 21416592 21420867 LTR3B_v 4,275 2
19p12b 19 - 21968952 21975023 Only 3'LTR3 6,071 1a
19p12c 19 + 22376043 22379350 Only 3'LTR3 3,307 1a
19p12d 19 + 24047631 24054030 LTR3 6,399 1a
19q13.41a 19 - 52307949 52315192 LTR3A 7,243 1a
19913.41b 19 + 52479404 52484683 LTR3A 5,279 1a
19q13.41c 19 - 52913436 52917986 4,550 1a
19913.41d 19 - 52978909 52981951 LTR3A 3,042 1a
19q13.41e 19 - 53487788 53492829 Only 3'LTR3B 5,041 1b
19q13.43a 19 + 58023984 58029856 LTR3B 5,872 1b
19q13.43b 19 + 58817037 58826633 LTR3B 9,596 1b
20p13 20 - 1377446 1383348 LTR3A 5,902 1a
20p11.21 20 + 25374769 25383907 LTR3A 9,138 1a
Xp11.22 X + 53188296 53193008 LTR3 4,712 1a
Xp11.21 X - 57129414 57135829 LTR3A 6,415 1a
Xq13.2 X + 73397834 73402327 Only 3'LTR3A 4,493 1a
Xq27.1 X - 140290665 140293656 Only 5'LTR3B 2,991 1b
Yq11.221 Y + 19443452 19448989 LTR3A 5,537 1a
Yq11.222a Y + 19958329 19963018 Only 3'LTR3B 4,689 1b
Yq11.222b Y + 20051008 20055589 Only 3'LTR3B 4,581 1b
Yq11.222c Y - 20074149 20078731 Only 3'LTR3B 4,582 1b
Yq11.222d Y - 20216759 20221448 Only 3'LTR3B 4,689 1b
Yq11.223a Y - 25964947 25969633 Only 3'LTR3B 4,686 1b
Yq11.223b Y + 26162248 26166935 Only 3'LTR3B 4,687 1b
Yq11.23a Y - 26263056 26267731 Only 3'LTR3B 4,675 1b
Yq11.23b Y - 26277752 26282358 Only 3'LTR3B 4,606 1b
Yq11.23c Y + 27680077 27684680 Only 3'LTR3B 4,603 1b
Yq11.23d Y - 27694700 27699373 Only 3'LTR3B 4,673 1b
Yq11.23e Y + 27795496 27800183 Only 3'LTR3B 4,687 1b
Yq11.23f Y + 27992754 27997440 Only 3'LTR3B 4,686 1b
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FIG 1 Histogram of expected and detected chromosomal distributions of HML-6 proviruses. The enrich-
ment in chromosomes 19 and Y is particularly clear, as also highlighted by their contributions to the
chi-square distribution.

HML-6 group. Then, we performed a NJ analysis of amino acid sequences of Gag, by
using our translated consensus and the Gag consensus sequences of the other HML
groups (13), whereas the Gag sequences of the exogenous betaretroviruses MMTV,
Mason-Pfizer monkey virus (MPMV), and Jaagsiekte sheep retrovirus (JSRV) and the Gag
sequence of ZAM Drosophila endogenous retrovirus were used as outgroups. This
analysis confirmed that all analyzed sequences belonged indeed to the HML-6 group
(Fig. S2). Interestingly, all the HML-6 Gag consensus sequences grouped together
outside the HML clade, suggesting that HML-6 may represent an intermediate group
between the HERV-K and the other MMTV-related clades, in agreement with what has
been reported in other works (22, 27, 28).

Structural characterization of HML-6 proviral sequences. The Dfam assembled
HML-6 consensus sequence shows a typical proviral genome structure, in which 5’LTRs
and 3’LTRs flank the gag, pro, pol, and env genes encoding the structural proteins and
the essential enzymes (21). The gag gene (positions 205 to 1850) encodes the matrix
(MA), capsid (CA) and nucleocapsid (NC) elements; the pro gene (1666 to 2621) encodes
the protease (Pro) enzyme; the pol gene (2578 to 5276) determines the production of
reverse transcriptase (RT) and integrase (IN); and the env gene (5225 to 7166) encodes
the surface (SU) and transmembrane (TM) proteins. In addition, the analysis of con-
served domains allowed identifying a predicted Rec domain between pol and env (5272
to 5445).

We hence attempted to define the structural characteristics of the HML-6 proviral
types, annotating all the insertions and deletions within the internal sequences with
respect to the consensus (Fig. 3). In general, compared to the consensus sequence,
which was 7,166 bp in length excluding the LTRs, the overall average length of 4,918 bp
was below the expectation: in fact, only nine elements maintained a complete struc-
ture, whereas the majority of sequences were incomplete due to the lack of large viral
portions (Fig. 3). We hence annotated these variations, observing that a number of
them are shared between elements of the same subgroup: (i) 51% of subgroup 1a
elements lacked nucleotides (nt) 2727 to 4060 within the pol gene (RT portion), whereas
the 57% lacked nt 5176 to 6185 within the env gene (Rec and SU portion); (ii) the gag
and pro genes were completely missing in 69% of subgroup 1b elements and, more-
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FIG 3 Structural characterization of 66 HML-6 sequences. Nucleotide insertions and deletions of each HML-6 nucleotide sequence are annotated by comparison

to the HML-6 consensus sequence from Dfam.

over, a deletion of nt 5236 to 5333 (Rec portion) within the env gene was also found
in 69% of these sequences; (iii) the viral portions between nt 717 and 1000, 2239 and
2919, 3078 and 3492, 3592 and 5071, and 5249 and 7120 were deleted in all the
subgroup 2 elements, resulting in the partial deletion of the gag (p17 portion) and pro
genes and in the complete deletion of the pol and env genes. We consequently
summarized a consensus structure for each subgroup (Fig. 4 and see File S2 in the

supplemental material).

In addition, we annotated all minor insertions and deletions in order to define not
only the subgroup overall identity but also the singularity of each HML-6 sequence
(Fig. 3, see Data Set S1 in the supplemental material). Such a detailed structural
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FIG 4 HML-6 type 1 and type 2 consensus sequences. Type 2 elements show common nucleotide deletions partially or totally corresponding to pro, pol, and
env protein domains, as shown in the alignments of type 1 and 2 consensus sequences.

characterization may hence provide a specific background for the structural investiga-
tion of single HML-6 loci and the unequivocal match to their eventual expression
products.

Phylogenetic analysis of individual HML-6 retroviral genes. To further verify the
previous phylogenetic and structural studies, we performed NJ analyses for the indi-
vidual HML-6 gag, pro, pol, and env genes that confirmed the presence of two main
proviral types (1 and 2), as well as the additional subdivision within type 1 (1a and 1b)
for all genes (Fig. 5).

Moreover, we inspected the characteristics of the newly identified HML-6 Rec
putative domain. First, we used the ERVK3-1 rec nucleotide sequence as a reference for
a multiple alignment, finding that 39 of the 66 identified HML-6 elements included the
rec sequence within their env gene. Then, we created a multiple alignment of the
predicted Rec amino acid sequences, finding a full-length Rec putative domain within
23 HML-6 loci, while 16 loci showed an incomplete Rec domain due to the presence of
several deletions (Fig. 6a). We hence built a consensus sequence from the multiple
alignment (File S2 in the supplemental material), a NJ phylogenetic tree of 23 full-
length HML-6 Rec amino acid sequences (Fig. 6b). We included the following as
reference sequences: (i) seven HML-2 Rec amino acid sequences reported in UniProt; (ii)
the recently described HML-10 Rec consensus amino acid sequence (19); (iii) the amino
acid sequence of the functional homologue HIV-1 Rev; and (iv) the amino acid se-
quence of the functional homologue HTLV-1 Rex (see Materials and Methods for the
corresponding accession numbers). Remarkably, the Rec NJ tree showed a high phy-
logenetic relationship between HML-6 and HML-2 Rec putative proteins. Second, to
investigate their possible relevance, we also analyzed the integrity of the ORFs com-
pared to the ERVK3-1 Rec amino acid sequence (Fig. 6a), observing that 4 of 23 ORFs
have a predicted intact coding structure devoid of premature stop codons and frame-
shifts. Third, we focused on the four HML-6 Rec putative amino acid sequences with
predicted intact ORFs, searching the functional domains involved into the nuclear
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FIG 6 Multiple alignment and phylogenetic relationships of HML-6 Rec domains. (a) Multiple alignment of the HML-6
Rec amino acid sequences with the protein ERVK3-1 used as reference. The colors in the sequences show disagree-
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localization signal (NLS) and nuclear export signal (NES) as described for the HML-2 and
HML-10 Rec domains (17, 19). The results showed that the HML-6 Rec putative domain
harbors a conserved NES domain, as reported for the HML-2 and HML-10 Rec, but not
the NLS domains reported for the HML-2 Rec, as well as for HIV Rev and HTLV Rex (data
not shown). In addition, we investigated the presence of a putative Rec responsive
element (RcRe) by searching within the env sequence or within the LTR similarities with
the reported HML-2 RcRe and the HIV RRE. This analysis did not allow us to find any
putative HML-6 RcRe element; however, we cannot exclude the presence of a RcRe
element characterized by different structures.

Characterization and phylogenetic analysis of LTRs and time of insertion. The
HML-6 group has been associated with four different types of LTRs—LTR3, LTR3A,
LTR3B, and LTR3B_v—according to the RepeatMasker annotations. We hence at-
tempted to characterize the structure and phylogeny of LTR sequences, inspecting in
particular whether the different LTR types were associated with specific proviral types.

First, we performed a nucleotide sequence comparison between the four LTR types,
observing that LTR3A appeared to be a 3’-end extension variant of LTR3 (46 nt longer),
while LTR3B_v seemed to be a 3'-end extension variant of LTR3B (62 nt longer) (Fig. S3).
Second, to better identify the differences between LTRs, to have a comparison and to
verify the RepeatMasker annotations, we built an NJ tree of all HML-6 proviral LTRs,
which showed the presence of three clusters of sequences, one including LTR3A and
LTR3, one including LTR3B, and one including LTR3B_v elements (Fig. 7). Hence, we
sought to determine whether there was any association between the type of LTR and
the different HML-6 types. Interestingly, the results showed that type 1a elements were
associated with only LTR3 and LTR3A, type 1b sequences only occurred with LTR3B, and
LTR3B_v was only related to type 2 members (Table 1 and Fig. 3). The presence of
LTR3B associated with loci Xg27.1 and 17g25.1, which were assigned to type 2 and type
1b clusters by the NJ and ML analyses, respectively, allowed us to identify them as type
1b HML-6 loci. We characterized the LTRs identifying the most conserved structures in
betaretroviral LTRs. The polyadenylation signal was clearly present at positions 303 to
308 as an AATAAA box, and we found a putative GT/CT area immediately after this
motif. We did not found any evidences of TATA box structure (Fig. S3).

Next, we collected the solitary LTRs by using the LTR3A, LTR3, LTR3B, and LTR3B_v
as consensus sequences for a BLAT search on human assembly hg19, identifying 385
mostly intact LTRs, whose coordinates are reported in File S1. It is well known that the
5'LTRs and 3'LTRs of the same provirus are identical at the time of integration (29) and
that they independently accumulate random substitutions comparably to the internal
proviral sequences and the host genome, allowing us to assess the provirus time of
integration according to the nucleotide divergence between LTRs. However, due to
deletions and rearrangements, in many instances only one (or none) provirus-
associated LTR is available, impairing the estimation of the time of insertion. Hence, we
recently implemented the calculation of time of insertion with the use of multiple
divergence data between individual genic portions and their consensus (30). Consid-
ering a mutation rate in humans of 0,002/nucleotide/million years (31), we estimated
the evolutionary age of each HML-6 sequence by calculating nucleotide divergences
both between the 5'LTR and 3'LTR of each provirus and between nt 150 to 350
portions of the gag, pol, and env genes and a generated consensus for each subgroup
(Fig. 8 and see Data Set S2 in the supplemental material).

While the combination of both LTR-based and consensus-based divergence calcu-
lation was possible for only 16 elements (Data Set S2), the two methods in combination

FIG 6 Legend (Continued)

ments in the alignments; black lines represent the deletion. ORFs are indicated by orange arrows, eventually stopping
in correspondence of stop codons (black dots) or frameshift mutation (black arrows). (b) Relationship between the
four best-preserved HML-6 Rec domains and the known HML-2 and HML-10 Rec domains is shown in a phylogenetic
tree. This relationship was ascertained by using the NJ method and the Kimura two-parameter model with 1,000

bootstrap replicates.
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FIG 7 Phylogenetic characterization of HML-6 LTRs. The evolutionary distance between the LTRs is
shown in a phylogenetic tree that includes all HMIL-6 LTRs and the LTR Dfam consensus sequences (black
dots). The tree shows three different clusters of sequences showing LTR3A and LTR3 (green line), LTR3B
(light blue line), and LTR3B_v (orange line) elements.

allowed us to estimate the time of integration of an overall 54 HML-6 proviruses (82%).
The results showed that type 2 elements were probably acquired around 35 to 40
million years ago, while type 1 elements were probably acquired around 25 to 30
million years ago, possibly suggesting the existence of two waves of HML-6 viral
insertions.

Genomic context of insertion. The impact of HERVs on the human genome largely
depends on their context of integration, since proviral insertions in proximity or within
human genes are able to influence their expression, both in sense and in antisense
orientations, depending on (i) the regulatory activity of the LTRs; (ii) the possible
insertion of retroviral splice donor and splice acceptor within the human genes; and (iii)
the regulatory activity of antisense transcripts (32-34). For this reason, resulting from a
negative selection pressure, HERVs were mainly inserted into intergenic regions,
whereas the majority of intragenic insertions occurred in the antisense direction to
gene transcription (32, 33). Therefore, we analyzed the context of integration of all 66
HML-6 elements, attempting to design a map of the elements that could be useful to
understand their potential effects on human health through further investigations of
the genes involved. We found only 19 sequences (representing about 30% of the
HML-6 elements) included into intragenic regions: 11 elements were inserted within
coding genes, mainly into introns (9/11), and 8 elements into processed or unprocessed
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FIG 8 Time of integration of HML-6 elements. The time of integration was computationally evaluated by
using divergences both between 5’LTRs and 3'LTRs and between 150- to 350-nt portions of the gag, pro,
pol, and env genes and a generated consensus.

pseudogenes (Table 2). Interestingly, 7 of the 11 host genes that include HML-6 within
their sequences encode zinc finger proteins and may be involved in transcriptional
regulation. In addition, the elements integrated into coding regions showed a prevalent
antisense orientation with respect to the enclosing genes and seem to be mostly
integrated into intronic portions. However, HML-6 loci 16p11.2 and 19q13.41c were
inserted into the exons (FLJ90415 and ZNF528, respectively) and, in the case of 16p11.2,
showed the same sense orientation of the surrounding gene. We hence focused the
analysis on locus 16p11.2, finding that the 5'LTR of this sequence overlapped with the
first exon of one of the processed transcripts of the ZNF689 gene (Gencode ID
ENST00000566673.1), in agreement to the Ensembl and Gencode annotations (35, 36).
Importantly, the ZNF689 gene has been reported to code for a zinc finger protein
involved in suppressing the apoptosis of hepatocellular carcinoma cells and to be
overexpressed in hepatocellular carcinoma (HCC) (37). We confirm that the sequence
6p21.32b, also known as HERVK3], is located within the intron 1 of DRB2 and DRB6

TABLE 2 HML-6 genomic context of insertion into human coding and noncoding genes

Journal of Virology

Sequence Type Gene name Gene type Description

1p21.1(+) 1a RP5-936J12.1(-) Known lincRNA

1925.2(-) 1a AXDND1(+) Known protein coding Axonemal dynein light chain domain
containing protein 1

2q14.23(-) 2 MYO7B(+) Known protein coding Myosin VIIB

4p14(-) 1b UGDH-AS1(+) Known antisense UGDH antisense RNA 1

4921.1(-) 1a CCNG2(+) Known protein coding Cyclin G2

6p21.32b(-) 1a HLA-DRB6(-) Known transcribed unprocessed pseudogene  Major histocompatibility complex,
class Il, DR B6 (pseudogene)

11p15.4(-) 1a RP11-494M8.4(-) Known lincRNA

11912.3b(+) 1a RP11-703H8.9(-) Known antisense

14912(+) 1a CTD-2591A6.2(+) Known lincRNA

16p11.2(-) 1b FLJ90415(-) Known protein coding Zinc finger protein 689

17925.1(+) 1b CD300D(-); FLJ31882(+) Known protein coding; known antisense Immune receptor expressed on myeloid cells 1

19p13.2a(-) 1a CTC-543D15.3(+) Known lincRNA

19p13.2b(-) 1a DKFZp571K0837(+) Known protein coding Zinc finger protein 439

19p12c¢(+) 1a ZNF676(-) Known protein coding Zinc finger protein 676

19q13.41a(-) 1a FPR3(+) Known protein coding Formyl peptide receptor 3

19q13.41b(+) 1a ZNF350(-) Known protein coding Zinc finger protein 350

199q13.41c(-) 1a ZNF528(+) Known protein coding Zinc finger protein 528

19q13.41d(-) 1a ZNF578 (+) Known protein coding Zinc finger protein 578

19q13.41¢e(-) 1b ZNF702P(-) Known transcribed processed pseudogene Zinc finger protein 702

19q13.43b(+) 1b ERVK3-1 Known protein coding Endogenous retrovirus group K3 member 1
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FIG 9 HML-6 provirus and solo LTR distance ranges from the nearest-neighbor gene. The histogram
clearly shows a pattern of HML-6 element distribution close to the human genes.

pseudogenes, in the major histocompatibility complex (MHC) region, as already re-
ported by Doxiadis et al. (33). In addition to that, we extended the analysis of the
context of insertion to the HML-6 solitary LTRs we detected. Interestingly, we observed
that a large number of LTRs were integrated close to or within human genes. Indeed,
284 solo LTRs were included within the sequence of the genes, and 97 solo LTRs were
integrated within a 10-kb window of distance from the nearest-neighbor gene (Fig. 9).

PBS and betaretroviral structural features. Medstrand et al. identified the PBS of
the HML-6 sequences to be complementary to lysine tRNA and consequently included
the subgroup in the HERVK clade (20). Given that such a classification was based on a
limited number of HML-6 members at the time, we aimed to expand that analysis,
including all 66 HML-6 sequences collected, to examine possible variations within the
subtypes. We found that 38 HML-6 proviruses conserved the PBS regions, 20 of which
maintained a well-preserved PBS sequence. As expected, all of these PBSs were
predicted to recognize lysine tRNA (Fig. S4).

As further analysis, we searched other typical betaretrovirus markers, such as two
zinc fingers in gag, as well as dUTPase and G-patch in pro (13, 20). The gag zinc fingers
have a conserved composition (Cys-X2-Cys-X4-His-X4-Cys) and were found at positions
1483 to 1533 (zf-CCHC motif) and 1586 to 1678 (zf-CCHC_5 motif). We found at least
one zinc finger motif in >51% of the HML-6 sequences and in >13% of the sequences
present in both zf-CCHC and zf-CCHC_5 motifs. In particular, we found 19 loci with a
zf-CCHC motif and 24 loci with a zf~CCHC_5 motif. The pro dUTPase and G-patch
domains have also been detected: we observed a trimeric dUTPase conserved domain
(positions 1768 to 1800) within 20 sequences and a G-patch domain (positions 2479 to
2604) within 12 sequences. Interestingly, we also found that the type 1 and type 2
HML-6 dUTPase sequences differed from each other in the first 80 amino acid residues
(Fig. S4).

DISCUSSION

The HML-6 group, member of the class Il betaretrovirus-like HERVs, includes several
proviral loci with established transcriptional activity in physiological conditions and an
increased transcriptional activity in some human cancers (20, 21, 23, 25). In particular,
two HML-6 transcripts were already shown to contain intact ORFs: (i) ERVK3-1 is
expressed in various healthy tissues (ENSG00000142396), and (ii) HERV-K-MEL encodes
a small Env peptide in cutaneous and ocular melanoma cells but not in normal tissues
(25). Nevertheless, due to the absence of a comprehensive description of the HML-6
group at the genomic level, the specific contribution of the individual HML-6 loci to
human transcriptome, such as their role in human physiological and pathological
conditions, is overall still unclear. In the present study, we analyzed in great detail the
distribution, genetic composition, and phylogeny of all 66 HML-6 elements retrieved in
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human genome assembly hg19, providing a complete characterization of the HML-6
group. Overall, based on their chromosomal distribution, HML-6 proviruses showed a
random integration pattern, with the only exception of sequences in chromosomes 19
and Y, with a higher number of integrations than expected. Such a pattern of distri-
bution is in agreement with those observed in other HML groups, such as HML-5 and
HML-10, and with HERVs in general (13, 19, 38).

In order to better characterize the group, we analyzed the sequences of the PBS; this
has been used for the first classification of the group and was expected to be
complementary to lysine tRNA, as reported for other HML members (13). Even if, in
general, the value of the PBS as a phylogenetic marker is not totally consistent, given
the occurrence of alternative PBS types for some HERV groups (30, 39), such an analysis
corroborated the previous findings for the HML-6 elements (20), confirming that they
harbor a type K PBS sequence.

The characterization of the HERVK (HML-6) consensus sequence confirmed a struc-
ture resembling the typical proviral genome, with the retroviral genes gag, pro, pol, and
env flanked by 5'LTRs and 3'LTRs. It is worth noting that the structural analysis revealed
that 23 HML-6 sequences present an Env Rec domain, whose presence has been
reported here for the first time and has been confirmed through the phylogenetic
analysis of Rec putative proteins. The Rec protein, a functional homologue of the
retroviral regulatory proteins HIV Rev and HTLV Rex, was initially considered present in
the sole HML-2 elements (16, 17), and HML2 Rec has been shown to interact with the
promyelocytic leukemia zinc finger protein (PLZF), suggesting that Rec may contribute
to germ cell tumor development (40, 41). Recently, the same domain has been also
predicted within the sequence of five elements belonging to another HML subgroup,
HML-10 (19). Similar to what was observed for HML-10, no evidence of NP9 protein
domain was observed in HML-6, which is limited to the sole type 1 HML-2 group (18).
Importantly, one of the identified Rec domain lies within the ERVK3-1 gene that has
eight transcripts expressed in several tissues, including six transcripts predicted to be
coding (28, 36). In addition, the overexpression of HML-2 Rec in a pluripotent cell line
is sufficient to inhibit HIV infections (42). This information, together with the previously
described HML-2 Rec implication in human pathology, suggests the need for further
investigations of the role of this domain in HML-6 sequences.

Phylogenetic analysis of HML-6 internal sequences revealed the presence of two
main clusters, which we named types 1 and 2, with type 1 showing an additional
internal subdivision in two clusters: type 1a and type 1b. Phylogenetic analysis of the
HML-6 Gag amino acid sequences allowed us to confirm the group division into type
1 and type 2 elements. We also confirmed that the HML-6 internal sequences are
associated with four types of LTRs: LTR3, LTR3A, LTR3B, and LTR3B_v. These LTR types
showed differences in sequence length and were grouped in three phylogenetic
clusters, one including LTR3A and LTR3, one including LTR3B, and one including
LTR3B_v elements. Indeed, analyses of solo LTRs is necessary for further structural
characterizations and the creation of more representative consensus sequences. Inter-
estingly, we observed that type 1a elements were associated only with LTR3 and LTR3A,
and type 1b sequences were associated with LTR3B, whereas LTR3B_v was only related
to type 2. The structural analysis showed the presence of a polyadenylation signal and
a putative GT/CT-rich region in all the HML-6 LTR types. Target site duplications and
T-rich regions are also present in retroviral classes and families of LTRs, and it has been
proposed as a binding site for the cellular factor Sp1 (43, 44). Although the GT/CT-rich
region is present in most HERVs, to the best of our knowledge, its functional role in
HML-6 LTRs has not yet been elucidated. Interestingly, as also Benachenhou et al. (44)
reported, the TATA box was absent, and it is possible to speculate on a role for the
AATAAA motif as a TATA box. Finally, the structural and phylogenetic distances
between type 1 and type 2 HML-6 elements seemed to reflect different times of
insertion and may indicate two separate integration waves for the two types. These
results also suggest that the integration of type 2 HML-6 occurred after the divergence
between New World monkeys and Old World monkeys at the time of the Catarrhini
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primate speciation (about 40 millions years ago). In contrast, the integration of type 1
HML-6 elements seems to be specific for hominoid primates, as it was predicted to be
occurred about 30 million years ago, after the divergence between Old World monkeys
and hominoids. An open question is whether the two subsequent waves of integration
for type 1 and type 2 elements can be linked to the fact that the acquisition of a
retroviral element into the genome might be favored by the presence of a preexisting
endogenous retrovirus through recombination events. Indeed, as recently reported in
koalas, the presence of older HERVs facilitates the disruption, and thus the endogeni-
zation, of a coexisting exogenous species (45).

The analysis of the HML-6 genomic context of insertion and colocalization with
functional genes and sequences putatively involved in disease showed that its pattern
is comparable to the ones of other HERV elements (33), showing a higher HML-6
presence in intergenic regions, whereas the majority of sequences within intragenic
regions resulted integrated in an antisense orientation. Interestingly, the HML-6 ele-
ments were often integrated within host genes coding for zinc finger proteins (7/11),
that may be involved in transcriptional regulation. Indeed, we found that sequence
16p11.2 overlaps with a processed transcript of the zinc finger protein 689 gene, which
is overexpressed in HCC (37). Anyway, colocalization with zinc fingers, which is partic-
ularly evident in chromosome 19, may be a consequence of the prevalence of zinc
fingers in this chromosome.

Of particular interest was the finding of a large portion of solo LTRs close to human
genes. Although we did not perform a complete phylogenetic and structural charac-
terization of all solo HML-6 LTRs, the possible presence of polyadenylation signals and
GT/CT-rich regions, observed in the proviral LTRs, may have an influence on the
neighbor human gene expression, as already reported in other studies (46, 47).

In conclusion, the performed analysis gives complete and updated information on
the HML-6 individual loci in the human genome GRCh37/hg19, essential to better
understand the genetics of this group, including the possible contribution in physio-
logical and pathological contexts, and its comprehensive transcriptional/translational
analysis.

MATERIALS AND METHODS

The HML-6 sequences were collected from the human genome assembly GRCh37/hg19 both by
employing RetroTector analysis on GRCh37/hg19 assembly and by retrieving chromosome coordinates
in the UCSC Genome Browser database (48, 49) using assembled LTR3A-HERVK3-LTR3A consensus
sequences from the Dfam database as a BLAT query (50). Elements obtained from both strategies were
combined, and the identity of the HML-6 sequences was confirmed by multiple alignments with respect
to the assembled HERVK3 consensus sequence. We estimated the expected distribution of HML-6 loci in
each chromosome by using the formula: e = CI*66/Tl, where e is the number of expected integration in
the chromosome, Cl is the chromosome length, 66 is the total number of HML-6 loci in the human
genome hg19, and T/ is the sum of all chromosome lengths.

Using the LTR3, LTR3A, LTRB, and LTR3B_v consensus sequences from Dfam as queries for a BLAT
search, we collected the HML-6 solitary LTRs. The coordinates have been compared in order to exclude
replicates. A consensus nucleotide alignment of the internal sequences has been created with MCoffee
from the TCoffee package, v12.00.7fb08c2 (51). The integrity of each HML-6 element was analyzed
compared to the assembled HERVK3 consensus sequence from the Dfam database (50). The genomic
structure was further defined by using the RetroTector algorithm (52) in ReTe online. Additional multiple
alignments were performed with MAFFT online, version 7 (53), for the inspection of LTRs composition
with respect to the LTR3, LTR3A, LTRB, and LTR3B_v consensus sequences from Dfam. The obtained
alignments were visualized using Geneious bioinformatics software, version 8.1.3 (54). The consensus
sequences for type 1a, type 1b, and type 2 were generated from multiple alignments following the
majority-based rule using Geneious bioinformatics software.

We selected the Kimura model (K80) as the more appropriate for analyze the HML-6 internal
sequence evolution with JmodelTest, version 2.1.10 (55). Neighbor-joining phylogenetic trees were built
with MEGA software (56), version 6.06, using pairwise deletion and the p-distance method with 1,000
bootstrap replications. Maximum-likelihood trees were built with PhyML 3.0 online (http://www.atgc
-montpellier.fr/phyml/), selecting the K80 model and 100 bootstrap replication (57). The Gag amino acid
sequences of the other HML consensus and of the exogenous retroviruses MPMV (P07567), MMTV, and
JSRV (P31622) were included in the analysis as controls, as well as ZAM (046144), used as an outgroup.
Phylogenetic trees of Rec sequences were built with MEGA software (56), version 6.06, using pairwise
deletion and the Poisson method. The HML-10 (19), HML-2 Rec (P61573, P61572, P61573, P61575,
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P61576, P61571, and P61578), HTLV-1 Rex (Q85601), and HIV-1 Rev (P69718) amino acid sequences were
included in the analysis.

Estimation of time of integration. Considering the HML-6 coevolution with the host genome and
assuming a human genome substitution rate of 0.2% per nucleotide per million years, the time of
integration of the HML-6 sequences (T) was estimated using the formula T= D/0.2, calculating the
percentage of divergent nucleotides (D) between 150- and 350-nt portions of gag, pol, and env genes
and a generated consensus for each type and subtype. The consensus sequences used in these analyses
were generated with Geneious software from visually inspected multiple alignments and following the
majority rule. The time of integration based on the 5’LTR versus the 3'LTR divergence was also evaluated,
considering that each LTR of the same sequence accumulates mutations independently according to the
formula T = D/0.2/2. Divergence values were estimated using MEGA 6.06 (56) using pairwise deletion and
the Kimura two-parameter model and excluding CpG dinucleotides from the alignments. The final age
of the sequences was expressed, when possible, as the average value obtained from all methods,
excluding those with a standard deviation >25%.

PBS and betaretroviral structural features. The PBS nucleotide sequences were analyzed and
characterized through MAFFT multiple alignments compared to the PBS reference sequences kindly
provided by J. Blomberg. Nucleocapsid zinc fingers, Pro dUTPases, and Pol G-patch amino acid motifs
were aligned using the MUSCLE algorithm in MEGA (56). All analyses were visualized on the Geneious
platform. The composition of PBS and structural features was represented using WebLogo (http://
weblogo.berkeley.edu).

Genomic context. The genomic context of the HML-6 elements was retrieved by analyzing their
genomic coordinates on the Data Integrator tool in the UCSC Genome Browser (48, 49), selecting the
“genes and genes prediction” track. Moreover, all the sequences were visualized using Genome Browser
concurrently with the activation of GENECODE v24, RefSeq genes, ENCODE, and Gtex annotations. The
distances between HERV proviruses/solitary LTRs and human genes have been computed by using the
function “distance” from the package GenomicRanges, version 1.30.3, in RStudio (R, v3.4.4). Human gene
coordinates were collected from GENCODE v24.

Search for conserved domains. The conserved domains present in the sequences were identified
by using NCBI conserved domain search software (58).
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