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Abstract
Human endogenous retrovirus group K (HERV-K) proviruses are among the
limited number of human endogenous retroviral elements to retain coding sequence. Of
interest, expression from the Human Mouse Mammary Tumor Virus-like 2 (HML-2)
subgroup of HERV-K proviruses has been widely associated with disease, including
different types of cancers as well as in HIV-1 infection. In particular, recent studies have
suggested that HML-2 expression may play a role in the pathogenesis of HIV-1 infection.
RNA from the HML-2 subgroup was reported to be highly expressed at the cellular level
and detectable in the plasma of HIV-1 infected patients, suggestive of virion production
and potentially replication.
In order to investigate this phenomenon, an HML-2 specific quantitative PCR
assay was developed, which detects 51 of the >90 known HML-2 proviruses in the
human genome. Plasma and peripheral blood mononuclear cells (PBMCs) from HIVnegative controls and HIV-1 infected patients were collected for analysis of HML-2 RNA
expression. Contrary to previous reports, high levels of HML-2 RNA were not detected
in the plasma of HIV-1 infected patients, but a significant increase of HML-2 RNA in
total PBMCs was observed. The level of HML-2 expression in PBMCs did not appear to
be related to patient use of antiretrovirals or to HIV-1 plasma RNA, cellular RNA or
cellular DNA levels. To investigate the source of expressed HML-2 RNA, patient
PBMCs were sorted into CD3+CD4+ T cells, CD3+CD8+ T cells, CD3-CD14+
monocytes and CD3-CD20+ B cell subsets and then analyzed for HML-2 RNA levels
using the quantitative PCR assay. No single cell subset was enriched for HML-2 RNA
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expression in HIV-1 infected patients, but there was substantial variability in the level of
HML-2 expression dependent on the cell type.
In order to understand the potential impact of HML-2 expression, an RNAseq
methodology was developed to annotate expression at the proviral level. Prior to use on
the HIV-1 infected and uninfected populations, this RNASeq strategy was implemented
using the teratocarcinoma cell line Tera-1, known to express high levels of cellular HML2 RNA and produce non-infectious HML-2 virions. RNASeq effectively discerned the
proviral expression pattern of this cell line and was capable of identifying the core
expressed transcripts, which originated from two proviruses located on chromosome 22
(chr 22q11.21 and chr 22q11.23). Interestingly, only one of these proviral transcripts
appeared to be packaged into virions at a high level, suggesting a preference for recently
integrated proviruses to be packaged into virions over those from other highly expressed
but older elements.
The validated RNASeq approach was used to investigate the HML-2 profile of
PBMCs collected from HIV-1 infected and uninfected subjects. Bioinformatic analysis
revealed that HML-2 expression profiles between these populations are remarkably
similar in composition, though not in magnitude of expression. Increased overall HML-2
expression detected in the HIV-1 population appears to be driven by the higher
expression of the provirus on chr 1q22. However, as this provirus does not maintain open
reading frames for retroviral genes gag, pro, pol and env, it is unlikely that it leads to
production of retroviral particles or participates in productive recombination events that
could lead to replicating HML-2 virus. Thus, based on these studies, HML-2 expression
during HIV-1 infection is not predicted to have a direct pathogenic effect.
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Chapter 1: Introduction

Portions of this chapter were previously published in:
Bhardwaj N, Coffin JM. “Endogenous retroviruses and human cancer: is there anything
to the rumors?” Cell Host Microbe. 2014 Mar; 12;15(3):255-9.

1.1 Retroviruses
Retroviridae encompasses a diverse family of enveloped viruses, categorized into
seven genera that are related through their unique replication cycle. Initially, retroviruses
were termed “oncoviruses” or “RNA tumor viruses” for their well-established ability to
cause the cell-free transmission of cancers in chickens and mice [17, 66, 197]. It was
decades later that they were hypothesized to replicate their RNA genome through a DNA
intermediate [246], a theory that was subsequently confirmed in 1970 [5, 248], which,
when discovered, broke one of the central tenants of molecular biology about the flow of
genetic information [50]. Specifically, retroviruses have the ability to convert their nonsegmented, single-stranded, pseudo-diploid positive sense RNA genome into linear
dsDNA through the use of the enzyme reverse transcriptase (RT). Reverse transcription
has been recognized to occur in other retroelements and viruses since this seminal finding
[20]. After reverse transcription, the retroviral dsDNA genome is then irreversibly
integrated into the host genome by the enzyme integrase (IN) as part of its replication
cycle [247], a process which in many ways informs the pathology of retroviral infection.
The seven genera of retroviruses are capable of infecting most vertebrate species and
are categorized based on the phylogeny of their RT genes [260]. These genera are:
1

Alpharetrovirus, Betaretrovirus, Gammaretrovirus, Deltaretrovirus, Epsilonretrovirus,
and Lentivirus, which are included in the sub-family Orthoretrovirinae, and Spumavirus,
which is a genus in the sub-family Spumaretrovirinae. In addition to differences in RT
genes, retroviruses vary in genome size, ranging from 7-12kb in length, and can be
categorized as either simple or complex retroviruses [39]. Simple retroviruses encode
essential elements and genes carried by all members of Retroviridae, which notably
include gag, pro, pol and env flanked by 5’ and 3’ long terminal repeats (LTRs) in their
integrated form, and may include an accessory gene [260]. On the other hand, complex
retroviruses, which include members of the Deltaretrovirus, Lentivirus and Spumavirus
groups, encode multiple accessory genes in addition to all essential genes, which are
necessary for regulation of gene expression and important for control of the host response
in many cases [260].
If we consider the simple retrovirus as the standard, there are two major transcripts
produced during infection: (1) a genomic RNA which contains all the aforementioned
essential genes; and (2) a subgenomic transcript containing only the env open reading
frame (ORF) (Figure 1-1 A) [192]. In addition, note that complex retroviruses and even
some simple retroviruses carry multiple splice donor and acceptor sites and therefore
produce multiply spliced subgenomic transcripts encoding accessory genes, however
these are variable. Commonly, these transcripts are produced by the host RNA
polymerase II through its recognition of cis-acting elements on the integrated retroviral 5’
LTR, but transcription may be enhanced by the presence of trans-activating accessory
proteins encoded by the retrovirus [192]. Two copies of the genomic transcript are
preferentially packaged into nascent virions through the presence of a packaging signal
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(ψ), which is a secondary structure formed by the presence of specific sequence, usually
in the 5’ leader of gag, on the viral genomic RNA [237]. The ψ signal enhances viral
genome packaging over cellular genes 20-200-fold [237].
The genomic RNA carries the essential genes gag-pro-pol-env, which can be
packaged into virions or translated into Gag, Gag-Pro and Gag-Pro-Pol polyprotein [237].
Based on genomic structure (Figure 1-1 A), gag, pro and pol ORFs may minutely overlap
or be in-frame, and can be translated off the same genomic transcript [237]. However,
since the gag, pro and pol genes are not all in-frame at the same time, Gag, Gag-Pro and
Gag-Pro-Pol polyprotein production is dependent upon translational read-through of the
termination codon after gag into the pro or pol ORFs and/or -1 frame shifting events that
allow for ribosomal recognition of the downstream ORFs [237]. Due to the complexities
of translation of the downstream ORFs, Gag protein is commonly seen at levels 10-20x
higher than Gag-Pro and Gag-Pro-Pol [237]. The env ORF is not translated off the
genomic transcript, but rather from a dedicated subgenomic transcript (Figure 1-1 A)
[237].
The gag gene encodes the Gag polyprotein that contains the structural genes
necessary for retroviral replication, which includes matrix (MA), capsid (CA) and
nucleocapsid (NC), as well as minor phosphoprotein and/or peptide products (Figure 1-1)
[237]. Gag polyprotein is responsible for driving retroviral particle assembly, as virions
have been produced with only Gag expression in the cell [237]. MA is important for
membrane binding of Gag and Env glycoprotein incorporation into virions; in addition,
MA forms a lattice under the membrane of the mature viral particle [237, 244]. CA is
needed for particle assembly and makes up the capsid core that surrounds the viral
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genome and enzymes in a mature particle [79]. NC binds retroviral genomic RNA
primarily through use of basic residues [38], and facilitates the multimerization of Gag
polyprotein at the cell surface [171].
Protease (PR), encoded by pro, is one of the essential enzymes of the retrovirus [260].
PR is necessary for cleaving the Gag, Gag-Pro and/or Gag-Pro-Pol polyprotein in an
immature virion into the mature forms of Gag (MA, CA and NC) and Pol (RT and IN),
which leads to dramatic morphological changes and maturation of the viral particle [260].
PR is active only after dimerization, which appears to occur late in assembly or after
budding of the viral particle [260].
The pol gene encodes genome replication-associated enzymes, which are the
aforementioned RT and IN proteins that drive the unique retroviral lifecycle. RT, which
is the most conserved gene between genera, is the driver of reverse transcription, where it
utilizes its three functions as an RNA-dependent DNA polymerase, DNA-dependent
DNA polymerase and RNase H. In reverse transcription, a dsDNA copy of the virus is
created from the viral RNA genome using a tRNA molecule as a primer for first strand
synthesis; during this process, the viral RNA genome is degraded by the inherent RNase
activity of RT when in duplex with nascent viral DNA [260]. Reverse transcriptase has a
high error rate (~10-4 -10-5 errors/base) and is able to template switch between the two
packaged viral RNA genomes at sites of homology to make a recombinant dsDNA [245],
both features that are important to the observed diversity of retroviruses. The produced
viral dsDNA is part of a pre-integration complex (PIC) that is targeted to the cell nucleus,
mediated by the presence of retroviral CA in the PIC [157], and the retroviral dsDNA is
integrated into the host genome through the function of IN. At this point, the integrated

4

copy of the retrovirus is referred to as a provirus and remains as an irreversible insertion.
Dependent upon the retrovirus, IN may be targeted to certain regions of the genome, for
example, near transcriptional start sites [273] or areas of active transcription [218], based
on interaction with host factors, however, in some cases, integration is completely
random [269]. Regardless of the mechanism, the site of proviral integration has important
implications for retroviral pathogenesis.
The env ORF encodes the glycoprotein Env, which studs the membrane of the
retroviral particle. Env is present as a trimer and is made up of two main regions, the
surface (SU) region, which mediates binding to the cognate receptor, and the
transmembrane (TM) region, which contains the fusogenic machinery that mediates virus
entry [104]. Env is initially a single precursor polypeptide that is trafficked from the ER
to the Golgi, where it is glycosylated and cleaved by a host protease (by furin or similar
enzyme) into its two domains SU and TM, which remain associated by non-covalent
interactions or disulfide bonds [260]. Env further traffics to the cell surface where it colocalizes with the nascent virion.
Surrounding the gag, pro, pol and env genes on the provirus are two LTRs. Due to the
requirements of reverse transcription, at the time of retroviral integration the 5’ and 3’
LTRs are identical and comprise three regions: unique region 3’ (U3), repeat (R) and
unique region 5’ (U5). The U3 region contains enhancer sites for transcription factor or
hormone binding, which vary dependent on the retrovirus, and also a promoter site at the
U3-R boundary, which has a TATA box and other elements [192]. The R region defines
the transcriptional start for the retrovirus and also serves as the site of 3’ end processing
[192]. As there are both 5’ and 3’ LTRs, a provirus can drive its own transcription as well
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Figure 1-1. A retrovirus genome (A), virion (B) and replication cycle (C).

6
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as the transcription of downstream host genes, a property that relates directly to its
potential pathogenicity in a host.

1.2 Retroviral oncogenesis
The defining moments of the retrovirus lifecycle, reverse transcription and
integration, inform their pathogenesis in animals. Many retroviruses are capable of
causing cancers, and in fact, this is how they were initially discovered. Starting with the
process of retroviral integration, the presence of the provirus and its promoter elements
can disrupt cellular regulation of oncogenes in a process called proviral insertional
mutagenesis [196]. If a provirus is randomly inserted near a cellular oncogene, its
regulatory elements can lead to increased recruitment of transcriptional machinery to the
gene or even lead to 5’ or 3’ LTR-driven transcription of the oncogene from an upstream
inserted provirus. Dysregulation of oncogenes can lead to oncogenesis; for example, in
chickens, this exact mechanism is at play when the alpharetrovirus avian leukosis virus
(ALV) was found to integrate near c-myc in bursal lymphomas and drive transcription
from its 3’ LTR [96]. If instead expression is driven from the retroviral 5’ LTR, there is
the potential that a genomic transcript will contain read-through sequence of a cellular
oncogene and be packaged into budding virions. Carriage of an oncogene has been shown
to occur with many retroviruses, including avian, feline and mouse retroviruses [196],
and leads to quickly transforming retroviral infection [236], though usually in the
presence of a helper virus.
Reverse transcription can also affect the ability of a retrovirus to cause cancer in a
host. As previously mentioned, a viral particle packages two copies of its viral genome,
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which is produced from proviral transcription of genomic RNA. However, the integrated
copies of a retrovirus may not be infectious or oncogenic due to mutations in the viral
genome. If two defective yet complementing copies of a viral genome are expressed
within the same cell and packaged in the same virion, after infection of a new cell,
template switching during reverse transcription can lead to the production of a
recombinant replication-competent virus.
Recombination leading to oncogenesis has been observed in animal models of
infection. In the AKR mouse model of oncogenesis, a leukemogenic retrovirus is
generated from a coordinated series of recombinations between three germ-line encoded
murine leukemia virus (MLV) elements, which donate different parts of their genomic
sequence (e.g. LTR or polytropic env sequence capable of infecting murine and nonmurine cells), to create an infectious oncogenic virus, but do not cause cancer
individually [230]. In another example, in the setting of immunodeficiency, replication of
germ-line encoded MLV was shown to increase in Rag1-/- mice, likely due to microbial
stimulation in the gut; here, increased expression led to recombination between
endogenous MLVs to create an infectious virus capable of causing lymphomas [278].
Thus, the position of proviral integration and likelihood for recombination are crucial in
assessing the oncogenic potential of a retrovirus.

1.3 Exogenous human retroviruses
The first retrovirus discovered to cause human disease was human T-lymphotrophic
virus (HTLV-1) in the late 1970s [190, 254]. HTLV-1 is a deltaretrovirus and is
estimated to infect 5-20 million people worldwide [55], though its geographic distribution
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is very irregular, with HTLV-1 endemic populations clustered in southwestern Japan, the
Caribbean, Papua New Guinea and parts of Africa, the Middle East and South America
[84]. It is thought to have evolved from simian T-lymphotrophic virus (STLV-1) simianto-human transmissions between 3,000-21,100 years ago depending upon the subtype of
HTLV-1, with separate STLV-1 transmissions causing multiple HTLV-1 subtypes,
though interestingly the prevalent HTLV-1 subtype A did not appear to cluster with any
STLV-1 isolates in phylogenetic analyses [123, 257]. HTLV-1 preferentially infects
CD4+ T cells and disease is mostly asymptomatic, though a portion of infected
individuals progress to neurological or malignant disease, the pathogenic outcome that
prompted HTLV-1 discovery [83, 258].
Shortly after the discovery of HTLV-1, human immunodeficiency virus type 1 (HIV1), the causative agent of acquired immunodeficiency syndrome (AIDS), was recognized
[69]. AIDS was identified in 1981 [33, 34], and was found to be caused by the lentivirus
HIV-1 in 1983 [8, 78]. The resultant HIV pandemic has infected over 60 million people
worldwide, with a death toll of over 25 million [61], and is primarily caused by infection
with HIV-1 group M [223]. HIV-1 group M originated from simian immunodefiency
virus chimpanzee (SIVcpz) that jumped into humans and was back calculated to have
existed in humans since the 1920s [80, 124]. Similar to HTLV-1, HIV-1 infects CD4+ T
lymphocytes,

though

infection

with

HIV-1

is

characterized

by

systemic

immunodeficiency due to their depletion [40, 53, 69]. The dynamic cycle of infection and
clearance of infected cells culminates in the destruction of this immune cell population,
either through the direct effects of infection, immune surveillance or apoptosis/pyroptosis
induced by increased cellular activation [40, 62, 69, 71]. HIV-1 immunosuppression
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leads to increased susceptibility to opportunistic infections, like Pneumocystis jirovecii,
Candida albicans or Mycobacterium tuberculosis, and fatal neoplastic diseases as the
critical CD4+ T cell subsets are exhausted [69, 217]. While there are antiretroviral
medications available that can effectively suppress viral replication with proper
adherence [4], these interventions are not equally available to all infected individuals.
Furthermore, there is no known cure for HIV-1 infection [19] and there are associated
cardiovascular and age-related comorbidities [31, 252], likely related to elevated levels of
immune activation and inflammation in infected individuals.
These two circulating human retroviruses are known to lead to cancer, though by
differing mechanisms. HTLV-1 causes adult T-cell leukemia/lymphoma (ATL) in a
minority of infected patients (3-5%) [106]. ATL is thought to be caused by the activities
of HTLV-1 accessory proteins Tax, which activates Nf-κB and Akt signaling and inhibits
p53 function, and HBZ, which supports the proliferation of ATL cells [106, 281].
Currently, there is no clinical test available to predict which patients will progress to
ATL, though they are often adults infected for 20-30 years, and the clinical course of
ATL is heterogenous [106]. HIV progresses to malignancy in patients due to immune
deficiency and opportunistic infections. Many HIV-associated cancers are known to arise
by co-infection with another virus, for example human herpesvirus-8 (HHV-8) in
Kaposi’s sarcoma and primary effusion lymphoma, and Epstein-Barr virus (EBV) in
primary central nervous system lymphoma [24, 32, 162, 212, 276]. Interestingly, HIV has
not been shown to transform infected cells through delivery of a transforming protein or
via insertional mutagenesis. Direct oncogenic effects of HIV-1 infection due to
insertional effects have been proposed [225] and in fact recent results show that HIV-1
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provirus integration may drive clonal expansion of infected cells in vivo [151], suggesting
that this possibility should be further investigated. Therefore, oncogenesis caused directly
by the retrovirus or due to its disease manifestations are relevant to human retroviral
infections.

1.4 ERVs: The retroviruses in our genome
The genomes of all mammals, and indeed of most or all vertebrates and many
invertebrates, contain elements known as endogenous retroviruses (ERVs), which are
recognized to be more than just “junk DNA.” Though infection generally occurs through
horizontal transfer, where a retrovirus infects a somatic cell, replicates and is passed from
cell to cell and from one individual to another (e.g. HIV and CD4+ T cells), retroviruses
can also be inherited and transferred genetically, from parent to child, due to their
irreversible integration into host cell DNA. These elements that are passed vertically in
humans, the human endogenous retroviruses (HERVs), are the descendants of infection
of the germline cells of our ancestors, which is known to have been occurring over 100
million years [109, 133]. Almost half of the human genome is composed of parasitic
elements, which includes DNA transposons (2.8%), non-LTR retroelements (33.9%) and
LTR retroelements that include HERV sequences (8.3%) [126]. There are over 30
families of HERVs known today that have populated the human genome either through
serial infection of germ line cells as previously mentioned and, for a few families,
through retrotransposition, where retroviral DNA is transcribed into RNA, reverse
transcribed into DNA and integrated into the genome of the same cell, lacking an
extracellular infection phase [11]. Once integrated into the genome, HERVs are inherited
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in a Mendelian fashion, akin to genes, and subject to similar selection pressures, as
insertions can have beneficial, detrimental or neutral effects on the host [109].

1.5 Function of ERVs in the genome
As previously mentioned, at the time of integration, the inserted retroviral genome,
called a provirus, contains all essential elements needed for its replication. The provirus
contains the 5’ and 3’ LTRs, which contain promoter, enhancer and polyadenylation
sites, which surround the canonical retroviral genes gag, pro, pol and env. The provirus
can be deleterious to the host for multiple reasons. Most evidently, a provirus can encode
a replicating virus. Even though its expression may be strongly suppressed, it can lead to
infection of the whole animal, with pathogenic consequences such as cancer due to
insertional activation of gene expression, immunodeficiency, and others. Expression of
individual retroviral genes can also have ill effects, such as cell-cell fusion mediated by
expression of a fusogenic Env glycoprotein, which has been implicated in ovarian cancer
[264]. The provirus, depending upon where it inserts, can also influence the expression of
neighboring genes through the use of regulatory sequences present on the LTRs or splice
donor and acceptor sites present in the genomic sequence [70]. In addition, as
retroviruses have been infecting the germline for over 100 million years, a provirus can
be used as a site of homologous recombination with established ERVs and cause genomic
rearrangements [103]. In short, although HERVs can be benign, or even beneficial,
retrovirus infection presents a special threat to the host, not only for the infected
individual, but also for descendants who may inherit the HERVs resulting from that
infection.
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There is substantial pressure to minimize the effects of retrovirus infection on the
host. The relative contributions of somatic infection and HERV formation to this pressure
are unclear. HERV insertions that are highly detrimental to the host are unlikely to be
fixed in a population under conditions of normal gene flow (i.e. no bottleneck events). It
seems plausible that if initially detrimental insertions are fixed in a population, they
would have been inactivated prior to fixation [6]. For those insertions that reach fixation,
including HERVs that were defective upon integration or integrated into non-critical
regions of the genome, most have accumulated mutations that have rendered them nonfunctional or non-infectious to the host species. In the human genome, HERVs are
underrepresented in gene-rich areas and are more likely to be found in intergenic regions
[159], an effect that increases with age of the provirus and attributable to counterselection
of those integrants most likely to affect gene expression [109]. Furthermore, even though
HERVs comprise ~8% of the human genome, none is known to be infectious [109]. The
survival advantage for non-infectious ERVs in genomes was recently recognized. Groups
of “env-less” ERVs expanded up to 30 times more than ERVs maintaining env in
mammalian genomes, where expansion was achieved through retrotransposition [149].
Though these elements retain their capacity for insertional mutagenesis, this observation
implies an expansion advantage for ERVs that sacrifice their extracellular lifecycle,
potentially due to the less harmful effects of retrotransposition on host fitness as
compared to reinfection cycles.
Beyond mutational changes, inactivation of HERVs post-integration also results from
formation of solo LTRs, which are formed when the proviral 5’ and 3’ LTRs, which are
identical at integration, recombine and excise the proviral genome, leaving only one LTR
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sequence in place of the full provirus [231]. While this event eliminates the retroviral
genome, the LTR sequence can still provide a site for recombination or affect the
expression of nearby genes [109]. For example, a hypomethylated LTR derived from a
retrotransposon was found to direct transcription of the proto-oncogene colonystimulating factor 1 (CSF1R) in Hodgkin’s lymphoma, necessary for survival of the
malignant cell [128]. Though the exact ratios differ by group of HERVs, solo LTRs can
outnumber proviruses 10:1, another way in which the remains of replication-defective
proviruses are maintained in the genome [231].
The series of retroviral insults on the mammalian ancestral lineage may have
contributed to the development of innate immune defenses to prevent further infection.
These defenses include the APOBEC family of proteins [95, 209], which are cytidine
deaminases that can mutate the nascent retroviral DNA during RT, and are present only
in one copy in rodents but expanded in primates [108]. Another factor, Trim5α, restricts
retroviral replication by binding CA, which is released into the cytoplasm after fusion
with host cellular membrane [210, 232]. Interestingly, some retroviral restriction factors
emerged from ERVs themselves. Two ERVs present in mice have evolved to become
restriction factors, known as Fv1 and Fv4. Fv1, derived from the gag region of a
spumavirus-like endogenous element in the mouse genome, restricts an unrelated MLV
by binding the CA lattice and halting nuclear import of the retroviral complex,
reminiscent of Trim5α restriction [12, 207]. Fv4, derived from a murine ERV env gene,
blocks receptors for exogenous MLV and prevents new infection in a manner akin to
super-infection resistance [175]. The phenomenon of receptor interference was first
observed with ALV susceptibility, where genetically dominant traits, discovered to be
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Env glycoproteins from proviruses, provided resistance to infection [187, 195]. In fact,
other mammals currently being infected by exogenous retroviruses use endogenized
elements to similar effect. In sheep, expression of Env derived from endogenous
Jaagsiekte sheep retrovirus (JSRV) binds receptors needed by exogenous JSRV to enter
cells, thus providing protection from lung cancer caused by JSRV infection [183].
Co-opting ERVs can provide an avenue for novel retroviral restriction mechanisms,
as explained above, but also for new physiological functions relevant to host evolution.
The most impressive examples of preserved HERV functionality are the use of syncytin-1
(HERV-W; on chromosomal band 7q21.2) and syncytin-2 (HERV-FRD; on chromosomal
band 6p24.1) in placentation, both of which are ancient human ERV env genes utilized
for the fusion of cytotrophoblasts to syncytiotrophoblasts due to their fusogenic
(syncytin-1, syncytin-2) and immunosuppressive properties (syncytin-2) [18, 163]. In a
noteworthy example of convergent evolution, the process of co-opting endogenous
retroviral Env for use in placentation has occurred independently in multiple lineages of
eutherian mammals [49, 65, 182].
In addition to ERV genes, ERV LTRs can be co-opted for uses beneficial to the host.
For example, a HERV element integrated upstream of the pancreatic amylase gene allows
for its expression in the salivary glands, a function that permits humans to digest starches
in the mouth [205]. In another example of LTR function, one-third of the sites bound by
the tumor-suppressor p53 in humans are ERV LTRs, the result of integrations from >40
mya [262]. Potentially, ERV LTRs with functional motifs can be used to expand gene
networks responsive to cell physiology, where the LTR motifs could allow for cellspecific gene expression or activation in response to cell stress. LTRs can also drive the
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expression of regulatory sequences like long intergenic non-coding RNAs (lincRNA)
[117]. In fact, 10% of human lincRNAs were found to be driven by an ERV LTR, and
75% of all lincRNAs contain sequence derived from a transposable element (TE),
implicating TEs (and specifically ERVs) in the evolution and diversification of lincRNAs
[117]. Impressively, in humans, hypomethylated HERV-H LTRs drive the expression of
important lincRNAs (like linc Regulator of Reprogramming (RoR) [140]) and recruit
pluripotency factors and transcriptional activators like OCT4 and p300 to the genome,
both crucial for maintenance or reprogramming of a pluripotent state [145, 176].

1.6 Epigenetic control of ERV expression
Although expression of some ERVs can be of benefit, uncontrolled expression of
retroviral gene products would not be expected to have beneficial effects for the host,
especially for newer, active integrations. Much knowledge on ERV control has been
derived from detailed studies in mice. The study of mouse embryonic stem cells led to the
discovery of a complex genomic surveillance system that causes transcriptional
repression of murine ERV elements through epigenetic regulation. In embryonic cells,
specific KRAB zinc finger (ZNF) proteins, capable of recognizing varied DNA motifs,
appear to be able to target the primer-binding sites of ERVs that utilize a proline tRNA to
prime RT, a group that includes coding competent MLVs as well as VL30 elements,
which do not contain intact ORFs [272]. KRAB-ZNF binding then recruits the corepressor scaffold protein KAP1 (also known as TRIM28) [198, 270], which is able to
recruit the histone methyltransferases SETDB1 [219] and ESET [158] that deposit
repressive histone 3 lysine 9 (H3K9) methlyation marks, and the heterochromatin protein
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HP1 [271], among others, to create a microenvironment of repression. In addition, yin
yang 1 (YY1) transcription factor binding sites present on ERV LTRs were shown to
serve as sites for KAP1/TRIM28 recruitment [214]. Deletion of the three major DNA
methyltransferases did not significantly affect embryonic ERV repression in mice, as
measured by reactivation of MLV and the env-less IAP and MusD elements, implying a
larger role of histone modification for ERV silencing during embryogenesis over DNA
modifications [158]. Interestingly, the number and age of the KRAB-ZNF/KAP1
surveillance system genes in mammals is associated with the rise in number of ERVs in
their genomes [67]. Outside of the KRAB-ZNF system, gene therapy experiments led to
the discovery that hypoacetylated histone 3 (H3) and bound histone 1 (H1) are associated
with silenced retroviral and lentiviral insertions in mouse embryonic stem cells; in these
experiments, DNA methylation had a role in transcriptional repression but was not
required [275].
CpG methylation of DNA can control ERV expression [277], as seen with increased
expression in differentiated tissues after treatment with the demethylating agent 5azacytosine [91, 99]. Methylation at cytosine residues occurs de novo with the enzymes
DNMT3a and DNMT3b, generally during embryogenesis, and the methylation marks
they deposit are maintained through the activity of DNMT1 in differentiated tissues
[199]. In contrast to embryonic cells, the deletion of KAP1/TRIM28 in a fibroblast cell
line did not increase ERV expression in mice, illustrating the importance of DNA
modification to control of ERV expression in differentiated tissues [198].
The relevance of these mechanisms to the control of human integrations is not
well documented and requires substantially more research. Contrary to the control of
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MLVs and other murine ERV elements, the activity of HERV LTRs in human placenta
appeared to be related to their DNA hypomethylation state and genomic context [193].
Recently, a complex of three proteins called the HUSH complex was shown to interact
with SETDB1 to deposit repressive H3K9 trimethylation marks to heterochromatic
regions of the human genome to maintain transcriptional repression in differentiated
cells, independent of KAP1/TRIM28 [243]. In vitro, the HUSH complex was reported to
repress HIV and MLV proviruses located in heterochromatin, suggesting that this
complex has potential to act on ERV integrations as well. In addition, in differentiated
human tissues, there appear to be large gene-poor regions (up to 5Mb) of heterochromatin
bounded by H3K9 dimethylation, deposited by the histone methyltransferase G9a, that
encompass ~30% of the genome, dependent on the tissue type [268]. These regions,
called large organized chromatin K9-modifications (LOCKs), could play a role in
modulating ERV expression. In general, however, there is a poor understanding of HERV
expression patterns in human tissues and how they are regulated. Due to the diversity of
HERVs, it is likely that the regulation of different HERV groups may differ based on
their potential for expression and positions in the genome. The relative contributions of
higher-level epigenetic control and DNA methylation in embryonic and differentiated
human tissues remain to be elucidated.

1.7 The HML-2 group of HERVs
Many HERV sequences have undergone extensive mutation after integration into the
genome; however, a few have maintained ORFs for viral proteins and have the ability to
form intact but noninfectious, viral particles [6, 23, 59, 144, 153]. One group of HERVs,
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named HERV-K (to reflect the use of lysine tRNA to prime reverse transcription),
includes many proviruses that have retained ORFs [144, 233]. This group is made up of
11 subgroups named to reflect their similarity to mouse mammary tumor virus (MMTV),
a betaretrovirus that exists in exogenous and endogenous forms and causes mammary
carcinoma in mice [6, 17, 107, 233]. The human HERV-K MMTV-like (HML)-2 group
began infecting the ancestral human germline ~30-35 million years ago, after the New
World and Old World monkey divergence [228]. Interestingly, the HML-2 group includes
proviruses that have most recently integrated into the genome and are evolutionarily
young compared to all other HERV sequences, with some having entered our genome
soon after the Human-Chimpanzee divergence and up to within the last few hundred
thousand years [10, 111].
Due to their recent infection of the germ line, HML-2 proviruses have unique
qualities when compared to other HERVs present in the genome. This is the only
subgroup to include human specific integration sites, where at least 11 are polymorphic
within the human population [7, 10, 102, 233, 253]. Furthermore, this subgroup
contributes >90 full- or near full-length proviral sequences to the human genome, many
of which contain an ORF for gag, pro, pol and/or env, genes essential for infectivity
[233], as well as over 950 solo LTR elements. Three types of HML-2 proviruses have
been categorized based on their LTR phylogenies and are referred to as LTR 5B, LTR 5A
and LTR Hs HML-2 proviruses [233]. LTR 5B proviruses are basal to both LTR 5A and
LTR Hs proviruses. Of interest, the LTR Hs proviruses include the recent, humanspecific HML-2 integrations [233]. The HML-2 LTR contains binding sites for
transcriptional factors that have been experimentally shown to stimulate its activity,
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Figure 1-2. Gag phylogeny of HML-2 proviruses displaying LTR subtypes.
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which includes the ubiquitous cellular factors Sp1, Sp3 and YY1, the immune associated
factors Nf-κB and NFAT, and hormone binding sequences for estrogen, progesterone and
androgen [154].
The relatively recent entry of HML-2 proviruses into the human genome and their
sequence preservation has led to speculation about whether any of these proviruses can
encode an infectious retrovirus. The provirus K113 (on chromosome 19p12) retains full
coding capacity for all retroviral genes; however, it was not found to be replication
competent in vitro [9]. Two groups have engineered recombinant HML-2 viruses based
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on the most recent common ancestor of the human-specific proviruses, as inferred by
phylogenetic analysis, that have been shown to be weakly infectious [60, 134]. Based on
these findings, recombination between as few as three HML-2 proviruses could lead to
the production of an infectious retrovirus [60]. Recombination is a frequent event in
reverse transcription and has been shown to occur in multiple animal models; recently,
the phenomenon was shown to have produced xenotropic MLV-related virus (XMRV)
[186], a mouse-derived gammaretrovirus alleged to be the causative agent of chronic
fatigue syndrome in humans, though these claims were unsubstantiated [141, 226]. The
recombinant HML-2 virus was restricted by APOBEC3F but not APOBEC3G or Trim5α
[134]; however, ancestral HML-2 integrations show signs of APOBEC3G mutation
[135].
Though unproven, it remains possible that an exogenous form of HML-2 is still
infecting the human germline, occurring at a low frequency within the population. In fact,
due to the low frequency of polymorphic integrations, some HML-2 insertions are not
annotated in the human genome builds [146, 233]. Multiple groups have discovered
HML-2 integrations that are unique to humans [156] and a few which may even be
unique to the Neandertal and Denisovan lineages [1, 155]. In support of their potential
pathogenicity to humans, one of the reconstituted HML-2 viruses was shown to have a
preference for integration into active transcriptional units [25]. In our genome, ERV
integrations are mostly present outside of active genes [159], a sign of the intense
negative selection against retaining integrations with pathogenic capacity. By this logic,
recent integrations have the greatest potential for disease.
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Figure 1-3. Integration of HML-2 viruses over evolutionary history.
(Adapted from [13])

Of interest, HML-2 proviruses can be categorized as type 1 or type 2 proviruses [6].
This distinction refers to a characteristic 292-bp deletion in the SU region of the env gene
of type 1 proviruses, which is associated with the production of a presumed alternative
accessory protein named Np9 [2], whereas type 2 proviruses that retain full env coding
sequence produce the accessory protein Rec [143]. Rec is functionally analogous to an
accessory protein encoded by HIV-1 called Rev [143, 152, 274]. Rec shuttles unspliced
or partially spliced HML-2 mRNA out of the nucleus into the cytoplasm by binding an
RNA secondary structure on the U3 region of the LTR, called the Rec response element
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(RcRE) [147, 148]. Conversely, Np9 has no known function in the HML-2 replication
cycle.
The two accessory proteins Rec and Np9 are unique to the HML-2 group of HERVs
and are not associated with a known step in human development or biology; moreover,
they are considered putative oncogenes [126, 203]. Rec, when expressed in a transgenic
mouse model, led to the disruption of germ cell development and caused changes similar
to carcinoma in situ, which are the precursor lesions of germ cell tumors [77]. Both Rec
and Np9 are reported to bind and disrupt function of the tumor suppressor promyelocytic
zinc finger protein (PLZF), though they target different regions, which normally acts as a
transcriptional repressor of the proto-oncogene c-myc [57, 119]. Additionally, Np9 was
reported to bind the E3-ubiquitin ligase called ligand of Numb protein X (LNX), which,
as its name implies, binds Numb, the negative regulator of the proliferative Notch
pathway [3]. This interaction is hypothesized to lead to undue proliferative signals,
though conclusive evidence of this was not observed. Though both rec and np9
expression are associated with proliferation and oncogenesis, transcripts from both of
these accessory genes have been reported in healthy tissues to no apparent effect [216].

1.8 HML-2 association with human disease
The similarity of HML-2 to MMTV and its capacity for mobilization has prompted
steady research into its pathogenic potential, especially in terms of carcinogenesis. In
placental, embryonic and malignant tissues, HML-2 expression as RNA, protein and even
intact but non-infectious particles has been reported [75, 92, 116]. Increased expression
could be due to decreased methylation of DNA, altered histone regulation or specific
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changes in signaling and transcription factor expression that take place (e.g. steroid
hormone expression in breast cancer) [98]. For example, hypomethylation and binding of
the transcription factor OCT4 appeared responsible for induction of HML-2 expression in
human pluripotent stem cells [92]. Pathogenic effects of HML-2 transcription and protein
expression in humans are unknown, though HML-2 expression appeared to protect
pluripotent cells from exogenous viral infection [92].
HML-2 was first linked to human disease with the discovery that an HML-2 provirus
encodes the human teratocarcinoma derived virus (HTDV) particles emanating from
germ cell tumors (GCT) and cell lines [27, 142]. These viral particles are not infectious
and indeed, their functional significance is unclear. In studies of GCT patients, reports of
HML-2 transcript, Env and Gag protein expression are abundant and antibody responses
against these antigens were observed to occur in 50-80% of patients [22, 208].
Remarkably, new types of spliced transcripts encoded by HML-2 were discovered in
these cells, the aforementioned accessory genes rec and np9 and a transcript of unknown
function named hel [143].
Similar to GCT, melanomas and breast cancers are also highly associated with HML2 expression. In melanoma, the retroviral proteins Gag, Env, RT, Rec and Np9 are
produced and approximately 16-22% of patients with melanoma develop an antibody
response against HML-2 Env and Gag [28, 94]; interestingly, the antibody response had a
negative correlation with patient survival [94]. Retroviral particles have also been
observed in melanoma cell lines, where particles from the 518A2 cell line were reported
to infect bovine MDBK cells [172]. However, an infectious virus has not been isolated
from these cells, and infection was not seen using particles produced from the SKMel28
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cell line [28]. An interesting quality of melanomas is that 85% of tumors express a
HERV-K protein, a short env ORF from the HML-6 provirus named HERV-K-MEL,
which can promote specific cytotoxic CD8+ T-cell immune responses [213]. HERV-KMEL was determined to be a marker of melanoma risk and expression is seen in a few
other tumor types [213]. Thus, expression of HERV proteins could potentially be targeted
by the immune system as tumor specific antigens, acting as biomarkers instead of (or in
addition to) playing a pathogenic role. Likewise, the idea of targeting HERV antigens in
tumors is being explored with the HERV-E derived HLA-A11 restricted CT-RCC-1
peptide for treatment of renal cell carcinoma [240].
Breast cancer cells from patients and cell lines similarly show high levels of HML-2
expression in the form of mRNA and protein. Retroviral particles bud from a breast
cancer cell line after treatment with estrogen and progesterone [68]. Protein expression
has been reported to stimulate both humoral and cytotoxic immune responses in patients
[265, 267]. Intriguingly, metastasis to lymph nodes was more likely to occur in tumors
expressing HML-2 Env in cancer cell implantation studies in mice [266]. Treatment of
breast cancer cell lines with HML-2 Env specific antibodies impede their proliferation
and induce apoptosis in vitro, as antibody treatment corresponded with overexpression of
the p53 pathway, associated with apoptosis and cell senescence [266]. Antibody
treatment also reduced the growth of xenografted tumors in mice in vivo [266]. The
applicability of this finding to human breast cancer and metastasis is still being
investigated. In theory, HML-2 Env has preserved both its fusogenicity needed for entry
into target cells as well as immunosuppressive activity though exposure of an
immunosuppressive domain (ISD) in the TM region [169, 203, 279], though the presence
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of an ISD on HML-2 Env has been contested [54]. Therefore, expression could contribute
to oncogenesis by fusing neighboring cells and causing genomic instability, or by
allowing for tumor immune evasion by expression of this surface glycoprotein. While
these properties are readily recognized in other retroviral Env, like syncytin-2, they are
not well established for all HML-2 proviruses with env ORF.

1.9 Association of HML-2 expression with HIV-1 infection
Recent reports indicate a relationship between HML-2 expression and HIV-1
infection, especially intriguing due to the possible dynamics of an exogenous retrovirus
influencing the expression of an endogenous retrovirus. Several studies have reported
high levels of HML-2 RNA (103 to 1010 copies/mL) in the blood of >95% of HIV-1
patients as compared to Hepatitis C infected and/or seronegative controls, which only
showed particle expression in 5-8% of subjects [42, 43, 45, 46]. HML-2 particles were
reported to co-fractionate with HIV-1 particles in density gradients, though electron
microscopy was not able to discern the detailed morphology of the particles [43, 46].
Interestingly, HIV-1 infected patients on suppressive highly active antiretroviral therapy
(HAART) exhibited lower HML-2 viral particle expression than those on a nonsuppressive regimen [42, 44], indicating a direct or indirect link between HIV-1 activity
and HML-2 expression. It is not clear if the reported decrease in HML-2 virion
expression is due to HAART administration, the lack of HIV-1 replication, the reduced
immune response to HIV-1 in those patients, or a combination of these.
There is limited information about which proviruses are expressed during HIV-1
infection. A recent investigation detected 15 type 1 and 18 type 2 HML-2 proviruses in
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the plasma of HIV-1 infected patients in addition to apparent recombinant HML-2
viruses, whose presence would support the conclusion of ongoing HML-2 replication
[46]. However, most recombinants in this study were detected using cloning of PCR
amplicons, which was not capable of distinguishing recombinants arising during virus
infection from artifactual recombination during PCR [46]. Potential recombinant HML-2
sequences were identified using single genome sequencing (SGS), a limiting dilution
PCR and gold standard for characterizing viral genomes, in one HIV-1 patient who
progressed to Hodgkin’s lymphoma, suggestive of recombination during replication, but
the central issue of HML-2 replication remains unresolved [46].
In addition to the investigation of HML-2 RNA in plasma, recent work has focused
on examining HML-2 expression in HIV-1 infected and uninfected cells. HML-2 RNA
and protein were expressed in cell culture models after HIV-1 infection or treatment with
cell-activating agents like PMA/Ionomycin, the mitogen PHA and cytokine IL-2 [45, 86,
259]. The HML-2 LTR contains multiple binding sites for transcription factors associated
with inflammation like NF-κB and NFAT, possibly explaining increased expression with
cell activation [154]. HML-2 expression in the persistently HIV-1 infected T cell line
KE37.1-IIIB was higher than its uninfected counterpart and appeared to predominantly
originate from a single provirus present on chromosomal band 1q22 [259]. However, the
use of activating agents CD3/CD28 and PMA/ionomycin on the Jurkat T cell line caused
broad activation of multiple HML-2 proviruses and not just 1q22 [259]. Upregulation of
HML-2 RNA has also been associated with the specific expression of the HIV-1
accessory proteins Tat and Vif in cell culture models, however the applicability of these
findings to in vivo infection and their native concentrations is tenuous [48, 86, 112].
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In primary cells from HIV-1 patients with advanced disease, HML-2 RNA was shown
to be upregulated in CD4+ and CD8+ T cells, potentially indicating that an indirect effect
of HIV-1 infection triggers HML-2 transcription as expression was not limited to only
CD4+ T cells [179]. In this study, however, there was a weak inverse correlation between
HML-2 RNA and an activated cell phenotype (CD38+HLA-DR+), contrary to the
previous reports showing a positive impact of cell activation on HML-2 expression [179].
Similarly, in a study using primary cells, lymphocytes exposed to 5-azacytidine and PHA
did not show an increase in HML-2 expression [58]. In CD3/CD28-activated uninfected
lymphocytes, RNASeq profiling using PacBio sequencing of HML-2 env amplicons
showed that >90% of HML-2 expression originated from three LTR Hs proviruses,
namely 3q12.3, 1q22 and 1q23.3 [26]. However, whether expression changes in HIV-1
infected individuals was not investigated. The cause(s) of HML-2 expression during HIV1 infection remain to be clarified along with the cell type(s) involved and specific loci
expressed.
The production of HML-2 proteins during HIV-1 infection may lead to specific
immune responses in some patients. Initial screens of HERV expression, including
HERV-K (HML-2), HERV-H and HERV-F, found that individuals infected with HIV-1
generate higher antibody titers to HERV peptides than non-infected individuals [132,
144, 164, 229], though this has been contested [85]. An anti-HML-2 Env TM antibody
isolated from an HIV-1 infected patient was shown to mediate killing of HIV-1 infected
cells through an antibody dependent cell-mediated cytotoxcity (ADCC) mechanism,
similar to a control anti-HIV antibody, though the efficiency of killing was dependent on
cell donor and HIV-1 strain [165]. On a related note, anti-HML-2 Env TM antibodies
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appeared more frequently in HIV-1 infected versus uninfected patients, however the
prevalence of anti-HML-2 Env SU antibodies remained unchanged [164]. The reason for
this observation remains to be clarified and the relationship between in vitro ADCC
activity to in vivo control of HIV-1 infection is undefined.
In addition to antibody responses, cytotoxic CD8+ T cell responses to HERV epitopes
were observed in HIV-1 infected patients but not uninfected controls [81]. In further
analyses, there was an inverse correlation between the HIV-1 plasma viral load and antiHERV CD8+ T cell responses in subjects, suggesting an association of HERV specific
responses with controlled HIV-1 viral loads [81, 242]. The anti-HERV CD8+ T cells
from HIV-infected individuals are capable of killing cells displaying HERV epitopes as
well as HIV and SIV infected cells, though this was extremely variable [81, 112]. This
finding indicates that if HERVs are expressed in HIV-1 infected cells they could mark the
cells for elimination. HERV peptides could represent unchanging epitopes displayed on
infected cells, presuming that HML-2 is not actively replicating and evolving in infected
patients. Interestingly, some natural controllers, individuals who can control their HIV-1
levels without HAART, maintain an anti-HERV response in chronic HIV-1 infection
when compared to control groups, including uninfected individuals and patients on
HAART (both suppressive and non-suppressive) [222]. Accordingly, an HIV vaccine trial
to induce immune responses to antigens from the HML-2 group was initiated [112].
Concerns about the efficacy of such a vaccine are relevant. The exact proviruses
expressed during infection are not known and significantly, it is unclear if they are
distinct from the proviruses expressed in different cell types within the body [72, 221]. In
trials in rhesus macaques, an adenovirus-based vaccine could induce T cell responses to
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HML-2 consensus Gag and Env and was found to be tolerable [204], however this
immune response was not protective against SIV infection [224]. Lack of protection
appeared to be due to the finding that SIV infection of rhesus macaque CD4+ T cells only
lowly induced HML-2 expression [224], however another reason may be that the HML-2
proviruses reported to be expressed in humans are not present in macaques. The
frequency of HIV-infected cells expressing HML-2 proteins is not yet established and the
HML-2 proteins expressed could originate from proviruses not expressed in all
individuals, making the success of such a vaccine dependent upon the frequency of the
provirus in the human population. Importantly, HML-2 expression is seen in other
diseases and physiological states that would preclude vaccine use.
The exact effects of HML-2 expression in HIV-1 pathogenesis remain to be
elucidated but these initial results suggest an inhibitory role for anti-HML-2 immunity in
HIV-1 pathogenesis, as well as a possible role for HIV-1 replication in the induction of
HML-2 expression. The evidence provided thus far consists of reports of HML-2 RNA,
protein and particle expression but does not ascribe a definitive role for HML-2 activity
in contributing to or preventing HIV-1 disease progression in humans.

1.10 HML-2 interactions in the HIV-1 infected cell
Based on in vitro studies, HML-2 expression during HIV-1 infection could affect
HIV-1 replication if expressed in infected cells, though it is not clear if it would enhance
or hinder HIV-1 pathogenesis. Integrase protein from the HML-2 provirus on
chromosomal band 5q33.3 was shown to complement a defective HIV-1 integrase but
virus infectivity was reduced to 3.7% of wild-type virus [256]. HML-2 protease
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expressed from the same provirus appeared to be resistant to the effects of HIV-1
protease inhibitors in vitro and was able to cleave HIV-1 MA-CA peptides at the correct
positions [251]. However, when tested in an in vitro system as a replacement for HIV-1
protease, it led to the production of non-infectious and improperly processed particles
[181]. In another example of interaction between these distantly related viruses, HIV Rev
[73], was reported to transport HML-2 genomic RNA out of the nucleus [274]. However,
even if this were to occur in vivo, HML-2 RNA was not shown to be selectively packaged
into HIV virions, likely due to HIV Gag not recognizing the packaging signal (ψ) on
HML-2 RNA [280].
A recent study noted that a defective Env protein from the type 1 HML-2 provirus on
chromosomal band 1q23.3 was able to pseudotype HIV virions in vitro [26]. If this
activity occurs in vivo, it could potentially reduce the infectivity of pseudotyped HIV
particles, as type 1 Env does not have an intact receptor-binding SU region. In contrast,
the HML-2 Env encoded by the proviruses on chromosomal bands 6q14.1 and 7p22.1
were shown to counteract the effects of the enveloped virus restriction factor Tetherin, a
protein which is incorporated into budding virions and tethers them to the cell surface
[136, 173]. Though HIV-1 encodes an accessory protein named Vpu that counteracts
Tetherin, expression of 6q14.1 and 7p22.1 Env could potentially allow for increased
HIV-1 virus release in the presence of expressed HML-2 Env and negatively effect
downstream innate immune signaling from Tetherin during HIV-1 infection [76]. In
addition, the intact Env proteins from these same proviruses were shown to pseudotype
SIV and HIV-1 virions, which could lead to changes in lentiviral tropism [59]. The
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identities of the proviruses expressed during infection will be vitally important in
determining their predicted effects on HIV-1 pathogenesis.
HML-2 Gag protein expressed from the sequence of a presumed HML-2 infectious
progenitor was reported to co-assemble with HIV-1 Gag [166]. Co-assembly appeared to
be dependent on the HML-2 NC domain, and reduced the release efficiency of HIV-1
virions [166]. A similarity between the extreme C-terminus of HML-2 CA and HIV-1
CA, a domain important for assembly of retroviral particles, has been noted previously
[97]. However, in vivo evidence of co-assembly of retroviruses from these two different
genera, namely HIV, a lentivirus, and HML-2, a betaretrovirus, has not been
demonstrated. Thus, based on in vitro evidence, HML-2 expression could result in either
enhanced or reduced levels of HIV-1 infection, likely dependent upon the complement of
HML-2 proviruses expressed.
There remains a rare possibility that HML-2 activation leads to the formation of a
replication competent virus. Recombination between the three proviruses located on
chromosomal bands 6q14.1 (gag-pro), 8p23.1a (pol) and 7p22.1 (env) led to the
production of a weakly infectious HML-2 virus in vitro [60]. Potentially, the virus would
be able to integrate into target cells at transcriptionally active areas [25] and lead to
cancer formation by established mechanisms, like insertional activation of a protooncogene [196]. HIV-infected patients show elevated rates of cancers, including
Hodgkin’s and non-Hodgkin’s lymphomas, and cancers of the liver, lung and cervix [93].
There are HIV-associated malignancies that have no known cause, which include EBVnegative Hodgkin’s disease and non-Hodgkin’s B cell and T-cell lymphomas [24, 212].
Over half of AIDS-related systemic lymphomas are both EBV and HHV-8 negative and
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the exact host parameters leading to genetic abnormalities and malignancy remain elusive
[24]. Potentially, there could be a role for HML-2 expression in the pathogenesis of
AIDS-associated cancers of unknown etiology.
An alternate method of HML-2 oncogenesis relates to the expression of retroviral
proteins. Similar to HTLV-1 tax, if expressed, HML-2 env, rec and np9 could contribute
to cancer progression. Env expression has been implicated due to its assumed fusogenic
and immunosuppressive activities [59, 169], while Rec and Np9 may play a role in initial
events that lead to misregulation of cellular proliferation [3, 57]. If a suspected oncogenic
HML-2 protein was encoded by an insertionally polymorphic provirus, its expression
could relate to cancer progression in a subset of people and be determined through
population studies. In this case and others, it is essential to determine the exact HML-2
proviral loci expressed in HIV-1 infection out of the many elements in our genome.

1.11 Potential mechanisms of HML-2 activation during HIV-1 infection
While association of HML-2 RNA, protein and particle expression with HIV
infection is increasing, the mechanism of proviral activation remains unclear. There are
multiple possibilities to explain how HML-2 proviruses are activated during infection,
mainly defined by their direct dependence on HIV infection of a cell or alternatively that
activation is an indirect result of infection and may occur in uninfected cells.
Cell specific events could occur during HIV-1 infection that would allow for HML-2
expression. Potentially, HML-2 expression is directly reliant on HIV, where the proteins
from HIV could promote transcription from HML-2 proviruses. The expression of HIV
accessory proteins Tat and Vif were implicated in the upregulation of HML-2 RNA and
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protein during in vitro HIV infection [48, 86, 112]. Neither Tat nor Vif has a defined
function that would allow for a divergent virus like HML-2 to be transcribed. Tat allows
for elongation of the nascent HIV transcript by binding a specific RNA structure on the
HIV genome, while Vif inactivates the interferon-induced restriction factor and cytidine
deaminase APOBEC3G [73, 160]. In terms of their association with HML-2 expression,
Tat was proposed to recruit NF-κB to the HML-2 LTR, while no new function or
explanation for Vif contribution was proposed beyond its role counteracting APOBEC3G
[48, 86]. The overexpression of these proteins in vitro most likely does not relate to in
vivo produced concentrations. Potentially, uncharacterized secondary functions exist for
these proteins or other proteins encoded by HIV could promote HML-2 activation,
though this remains to be seen.
Expression of HML-2 loci could be due to the position of HIV integration in the
genome. Potentially, the promoter activities of the HIV LTR could increase transcription
of HML-2 loci that are normally silenced by methylation and other epigenetic
mechanisms [150]. HML-2 elements retained in our genome have been selected for many
generations and are commonly located in transcriptionally silent regions, in opposite
orientation to nearby genes [159], whereas HIV preferentially integrates into transcribed
genes [218]. Therefore, this may be an unlikely mechanism due to lack of overlap in
integration sites. Indeed, if expression of HIV-1 protein or presence of HIV integration is
necessary, HML-2 transcription and protein expression would be limited to a subset of
productively infected cells. Furthermore, the magnitude of HML-2 expression from these
HIV-1 infected cells would be very high in order to detect such an event in mixed cell
populations or in plasma.
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Conversely, HML-2 expression may be due to an indirect mechanism and not directly
dependent upon HIV infection of a cell. Chronic immune activation is commonly seen
during HIV-1 infection, both on and off antiretroviral therapy [51]. Immune activation
could lead to the presence of transcription factors able to bind the HML-2 LTR [154], or
potentially cause epigenetic or methylation changes in host cells. This mechanism would
also support the reports of HML-2 RNA and protein expression seen in multiple
inflammatory disease states, as previously described. In HIV-1 infection, while most in
vitro experiments show HML-2 upregulation after treatment with stimulating agents, in
vivo correlations suggest that a high level of immune activation is correlated with a
decrease in HML-2 RNA expression [45, 86, 179]. HML-2 expression in multiple cell
types could be indicative of an indirect mechanism, or potentially a combination of direct
and indirect causes.
The possible reactivation of HML-2 proviruses following immune stimulus is
suggestive of both its potential use in extending gene networks reactive to specific signals
(potentially to immune-related transcription factors) or the use of retroviral genes to
block infection from circulating exogenous threats. However, it seems improbable that
HML-2 expression is important on its own, particularly given the relatively recent
introduction of some HML-2 proviruses to the human germ line. Rather, it is more likely
that the transcriptional patterns observed reflect those of the ancestral exogenous HML-2
retrovirus. Since exact HML-2 virus cell tropism is not yet determined [59, 60, 134],
HML-2 sensitivity to transcription factors relevant to immune activation could be
indicative of its ancestral replication environment. In the case of the much older
integrations, an understanding of the variety and ages of the elements responding to a
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particular stimulus, their preserved transcriptional motifs and preserved retroviral genes
will help clarify whether these elements are being expressed as a benefit to the host, as a
byproduct of host gene regulation or actually reflect their history as infectious viruses.

1.12 Rationale for Study
In this study, I proposed to identify the HML-2 proviruses expressed during HIV-1
infection, their distribution and level of expression, and the cell origin(s) of provirus
activation in HIV-1 infected individuals. In PBMCs from HIV-1 infected and uninfected
subjects, we explored whether HML-2 polymorphic loci were being expressed and
compared overall patterns of HML-2 expression between populations, as differences in
expression could indicate different disease outcomes based on inherited polymorphisms
or provirus expression patterns. In addition, we investigated the source of provirus
expression in PBMCs, which was essential to determine the probable mechanism of
activation in HIV-1 infection. If provirus expression relied on an HIV-1 specific
mechanism and were only expressed in infected cells, it would indicate that HML-2
expression is controlled by modulation of the host cell or is specific upregulated due to
the presence of HIV-1, whereas the alternative result of HML-2 expression in uninfected
cell types implies that HML-2 expression is a consequence of the host response to HIV-1
infection. Finally, this study established whether the expressed HML-2 sequences could
be due to replication competent viruses, potentially arising by recombination among
defective, but complementing proviruses, and critically assessed whether HIV-1 infection
provides an environment for HML-2 virion production. Thus, the data presented here
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provides greater detail about the phenomenon of HML-2 expression, its mechanism of
activation and potential role as a factor in disease progression.
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Chapter 2: Materials and Methods

The methods in this chapter were published previously in:
Bhardwaj N, Maldarelli F, Mellors J, Coffin JM. “HIV-1 infection leads to increased
transcription of human endogenous retrovirus HERV-K (HML-2) proviruses in vivo but
not to increased virion production.” J Virol. 2014;88(19):11108-20.
Bhardwaj N, Montesion M, Roy F, Coffin JM. “Differential expression of HERV-K
(HML-2) proviruses in cells and virions of the teratocarcinoma cell line Tera-1.” Viruses.
2015;7(3):939-68.

2.1 Clinical Samples
Plasma and peripheral blood mononuclear cell (PBMC) samples were obtained from
Tufts Medical Center (TMC), the NIH Clinical Center and University of Pittsburgh
(UPitt) under IRB approved protocols. All participants provided written informed
consent. Patients were recruited from TMC in 2012-2014 and confirmed to be off
antiretroviral medication, 18-65 years of age and free of confounding co-morbidities
reported to have increased HML-2 expression, including cancer, schizophrenia,
autoimmune disease or pregnancy. Blood samples from patients at TMC were drawn into
BD Vacutainer Cell Preparation tubes with sodium citrate (BD, Cat# 362760) to allow for
separation of plasma and PBMCs from the same blood draw. Samples were processed
within 2 hours of blood draw according to manufacturer’s instructions. Plasma was stored
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at -80°C in 1ml aliquots and PBMCs were frozen in 5% dimethyl sulfoxide (DMSO) in
fetal bovine serum at 5x106 cells/ml and stored in liquid nitrogen until analysis.
Participants at NIH were enrolled in clinical protocols (00-I-0110, 97-I-0082, 95-I0072) approved by the NIAID Institutional Review Board (FWA00005897) administered
at the NIH Clinical Center in Bethesda, Maryland. Participants at NIH provided written
consent for participation, genetic analysis, sample storage and sharing with collaborators
outside of intramural NIH. Two patients providing plasma samples were hepatitis C virus
positive and one patient providing PBMCs was herpes simplex virus positive.
Blood samples from UPitt were drawn into BD Vacutainer K2EDTA tubes (BD, Cat#
366643) with EDTA. Plasma was separated from whole blood by centrifugation at 400xg
followed by a second spin at 400xg, and was then stored at -80°C in 1.5ml aliquots.
PBMCs were isolated from remaining (plasma-free) blood by Ficoll-Hypaque density
gradient centrifugation. PBMC were frozen in 10% DMSO in fetal bovine serum at
5x106 cells/ml and stored in liquid nitrogen. Samples were shipped on dry ice and then
transferred to liquid nitrogen storage until analysis. Three non-viremic patients providing
PBMCs were hepatitis C virus positive.
All uninfected control samples used were drawn at the NIH Clinical Center or UPitt
from adult volunteers aged 18-65 with no known co-morbidities. Control plasma and
PBMC samples were stored as described above until thawed for analysis.

2.2 HML-2 env primer design
An HML-2 provirus alignment containing 91 sequences was downloaded from a
previous publication [233] and analyzed in BioEdit Sequence Alignment Editor (Ibis
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Biosciences, Carlsbad, CA). BioEdit was used to search for regions of high sequence
conservation for development of an HML-2 env specific quantitative PCR (qPCR) and to
determine which proviruses could be detected using the env specific qPCR based on
sequence identity to primers.

2.3 Cell culture
The human teratocarcinoma cell line Tera-1 (ATCC, Cat# HTB-105) was grown at
37°C with 5% CO2 in McCoy’s 5A media (Life Technologies, Cat# 16600-082),
supplemented with 15% FBS (Atlanta Biologicals, Cat# S11195) and 1% Pen-Strep (Life
Technologies, Cat# 15140-122). Passage-matched Tera-1 cells and Tera-1 supernatant
were collected from 100mm cell culture plates. Culture supernatant was spun down for 5
min at 1200 x g and 0.22µm filtered to remove cellular debris. 1mL of 0.25% TrypsinEDTA (Gibco, Cat# 25200-056) was added to the cell culture plate to remove cells and
incubated at 37°C until detached. Cells were removed from the plate, washed 1X with
5mL Phosphate-buffered saline (PBS; Gibco, Cat# 14190), and pelleted for 5 min at 1200
x g. Dry pellets of Tera-1 cells and filtered supernatant samples were frozen at -80°C
until the extraction procedures were performed.

2.4 RNA extraction from plasma and cell supernatant
RNA was extracted from HIV-infected patient plasma, control patient plasma and
Tera-1 supernatant according to a modified version of a previously published protocol
[161]. Plasma samples and filtered Tera-1 supernatants were thawed on ice the day of
analysis. Plasma samples had a pre-spin at 2500xg performed at room temperature for 15
41

min to pellet any cellular debris. 200-500µl of plasma was diluted with an equal volume
of Tris-buffered saline (TBS; Sigma, Cat# T5030) and 500uL of TBS was added to 1ml
of Tera-1 supernatant in 1.7ml Eppendorf tubes. Virions were pelleted from plasma or
supernatant at 21000xg for 1 hour at 4°C. For the Tera-1 virion RNA used for RNASeq
analysis, pelleted virions from 3ml of Tera-1 supernatant were combined prior to
downstream extraction.
The virion pellets were resuspended in 50µl of 5mM Tris-Hydrogen chloride (TrisHCl; Invitrogen, Cat# 15568-025) and treated with 20mg/ml Proteinase K (Ambion,
Cat#AM2548) for 30 min at 55°C. 200mL 6M guanidinium isothiocyanate (Sigma, Cat#
50983) and 10µl 20mg/ml glycogen (Roche, Cat# 10901393001) were added and
vortexed, and the mixture was incubated for 5 min at RT. 280µl 100% isopropanol was
added and the samples were centrifuged at 21000xg at 4°C for 35 min. The pellets were
washed with 500µl 70% ethanol, centrifuged at 21000xg at 4°C for 15 min, and all
ethanol removed through sequential spins and pipetting. The RNA pellets were air-dried
for 2 min and resuspended in buffer (965µl 5mM Tris-HCl, 25µl RNasin or RNaseOUT,
10µl 0.1M dithiothreitol (DTT)). Tera-1 virion RNA was treated with 1.5U of DNase
(Ambion, Turbo DNA-free kit, Cat# AM1907) for 45 minutes at 37°C and the enzyme
was inactivated using the kit components. Plasma RNA was left untreated or treated with
1U of DNase for 30 minutes at 37°C and inactivated according to kit instructions.
For the HIV Roche Taqman v2.0 assay performed at UPitt, plasma HIV RNA was
extracted using the automated COBAS AmpliPrep System v2.0 by Roche Molecular
Diagnostics.
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2.5 Nucleic acid extraction from cells
Unsorted patient PBMCs were removed from liquid nitrogen storage and heated in a
37°C water bath until almost thawed. Cells were resuspended in 10ml of Phosphatebuffered saline (PBS; Gibco, Cat# 14190) and centrifuged at 350xg for 5 min at 4°C. The
cell pellet was resuspended in 2ml PBS and 10-40µl was used to obtain viable cell counts
using trypan blue and a hemocytometer. 1-2 million cells were pelleted and used for
extraction. Dry pellets of 5-10 million Tera-1 cells were removed from -80°C storage and
thawed on ice. 1ml of TRIzol (Ambion, Cat# 15596-026) was added to the PBMC cell
pellets and 5ml of TRIzol was added to the Tera-1 cell pellets for lysis for 5 min at RT.
After lysis, the Tera-1 cell pellets were split into 5 samples for downstream extraction.
200µl chloroform was added to the TRIzol solution and mixed vigorously for 15 sec.
Samples were incubated at RT for 3 min and then centrifuged at 12000xg for 15min at
4°C. 400-500µl of the aqueous phase were transferred into a new Eppendorf tube and an
equal volume of 70% ethanol was added. RNA was extracted using a column purification
kit (Ambion, PureLink RNA Mini, Cat# 1218301A) and treated according to
manufacturer’s instructions. RNA was eluted into 60µl of 5mM Tris-HCl (Invitrogen,
Cat# 15568-025) and treated with 2U DNase for 1 hour at 37°C and the DNase
inactivated according to manufacturer’s instructions (Ambion, Turbo DNA-free kit, Cat#
AM1907).
Sorted PBMCs were collected in PBS (Gibco, Cat# 14190) and kept on ice in a
sorting tube (BD, Cat# 352063) until transferred out of the sorting facility. Cells were
pipetted into a new Eppendorf tube, centrifuged and the RNA was extracted from the cell
pellet according to manufacturer’s instructions (Qiagen, AllPrep RNA/DNA Mini, Cat#
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80204). The column was eluted with 40µl 5mM Tris-HCl (Invitrogen, Cat# 15568-025)
and the eluate was passed over the column twice to concentrate RNA. RNA was treated
with 2U DNase for 1 hour at 37°C and the DNase inactivated as above.
Nucleic acids (RNA and DNA) were extracted from PBMCs at UPitt following a
previously described protocol [37], with sonication during the lysis step and again after
resuspension of nucleic acids.

2.6 Reverse transcription and quantitative PCR
RNA was reverse transcribed using the HML-2 env reverse primer (sequence
provided below) for the plasma HML-2 virion analysis and Tera-1 cell and virion
analyses or with random hexamers (Invitrogen, Cat# N8080127) for the unsorted and
sorted cell expression analyses to detect HML-2 and GAPDH transcripts. All assays
included both RT positive (RT+) and RT negative (RT-) wells to detect the presence of
contaminating DNA in the RNA sample and water RT+ and RT- controls were also run
to detect reagent contamination. Reverse transcription reactions were set-up as
recommended by the manufacturer (Invitrogen, Superscript III First Strand Synthesis,
Cat# 18080-051) with the following cycling conditions: 50°C for 50 min, 85°C for 10
min, 4°C hold. cDNA was used for downstream qPCR reactions. Reverse transcription
for the HIV qPCR analysis was performed as described previously [161].
RNA standards were prepared for the HML-2 qPCR and GAPDH by cloning the
amplicon sequence into a vector with a T7 promoter (Invitrogen, pcDNA 3.1, Cat#
K4900-01 or equivalent) and performing in vitro transcription (Ambion, MEGAscript T7,
Cat# AM1334) to make copies of the qPCR amplicon. Standards for the HIV qPCR were
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either supplied by Dr. Mary Kearney (NCI-Frederick) or prepared off a vector through in
vitro transcription. IVT RNA was purified twice according to manufacturer’s instructions
(Ambion, MEGAclear, Cat# AM1908) and visualized on a denaturing gel to confirm the
size of the IVT product. Standard RNA of known quantity was used in each assay to
quantify the amount of RNA present in the test sample and was prepared in 10-fold serial
dilutions and reverse transcribed at the same time as the test samples.
cDNA produced using an HML-2 gene specific primer was detected using an HML-2
qPCR specific to the TM region of the env gene. Specificity of this qPCR for HML-2 env
was verified by melting curve analysis and sequencing of amplified products. The HML2 primers used were: HML-2 env For (5’ CTAACCATGTCCCAGTGATG 3’) and
HML-2 env Rev (5’ GGAGACAGACTCATGAGCTTAGAA 3’). The primers were used
at a final concentration of 300nM in a SYBR mastermix (Applied Biosystems, SYBR
Green PCR MM, Cat# 4309155). HML-2 qPCR cycling conditions: 95°C 10 min; 95°C
15 sec, 57°C 15 sec, 72°C 45 sec, 74°C 15 sec, Plate read (x45 cycles); Melt Curve 55°C
– 95°C. Each sample and water RT+ and RT- well was analyzed in triplicate using the
HML-2 qPCR. The GAPDH qPCR was performed as described for the HML-2 assay.
The GAPDH primers used are: GAPDH For (5’ GTCAGTGGTGGACCTGACCT 3’)
and GAPDH Rev (5’ TGCTGTAGCCAAATTCGTTG 3’). GAPDH cycling conditions:
95°C 10 min; 95°C 15 sec, 63.5°C 15 sec, 72°C 45 sec, 82°C 15 sec, Plate read (x45
cycles); Melt Curve 55°C – 95°C. HIV qPCR was performed as previously described
[161].
To screen HIV-infected and uninfected PBMC RNA for DNA contamination prior to
RNASeq analysis, samples were analyzed using a one-step quantitative PCR (Invitrogen,
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Cat# 11746-100), which used the same HML-2 env primers and HML-2 env standards as
described above. 2µl of DNase-treated RNA was used as input and run in triplicate or
duplicate. The primers were used at a final concentration of 300nM (For) or 600nM
(Rev) in the one-step mastermix. RT+ reactions were prepared using the supplied enzyme
mix containing both SuperScript III reverse transcriptase and Platinum Taq DNA
polymerase, while RT- reactions were prepared using only Platinum Taq DNA
polymerase. One-step cycling conditions: 50°C for 3 min; 95°C 5 min; 95°C 15 sec, 60°C
30 sec, Plate read (x45 cycles); 40°C 1 min; Melt Curve 55°C – 95°C.
For the Roche HIV Taqman assay performed at UPitt, plasma HIV RNA was reverse
transcribed and quantitated using the automated COBAS TaqMan System v2.0 by Roche
Molecular Diagnostics, which has a quantitation limit of 20 copies/ml. Cellular HIV
RNA and DNA were quantified using previously described protocols [36, 37]. For DNA
quantification, following estimation of total nucleic acid concentration by NanoDrop
1000 (Thermo Scientific), samples were diluted to a final concentration of <170 ng/µL to
prevent inhibition of qPCR. Eight replicates from each sample were assayed for total
HIV-1 DNA or RNA using published qPCR methods with normalization for cellular
input [36]. The 95% limit of detection (LOD) for the HIV-1 DNA or RNA was 5 copies
per qPCR reaction.

2.7 Quantitation of proviruses detected using HML-2 env primers
Human genomic DNA (Applied Biosystems TaqMan Human Control DNA, Cat#
4312660) was supplied at 10ng/µl. 2-fold serial dilutions of human DNA were performed
in 5mM Tris-HCl (Invitrogen, Cat# 15568-025). The standard assumption of 3pg DNA
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per haploid genome was used to estimate the number of genomes present in a known
quantity of DNA. 1.5µl of genomic DNA was loaded into the HML-2 qPCR in triplicate
as described. Plasmid DNA standards (Invitrogen, pcDNA 3.1, Cat# K4900-01)
containing the HML-2 env coding region from 7p22.1a (K108) were diluted to known
quantities and used as standards to estimate number of HML-2 DNA copies in the
different dilutions of human DNA. Three runs of this assay using the cycling conditions
described for the qPCR were performed at different dilutions and the results used to
estimate the number of HML-2 proviruses human DNA.

2.8 Detection of K111 proviruses using HML-2 env primers
The HML-2 env PCR was run using Platinum Taq HiFi reagent kit (Life
Technologies, Cat#11304-011), HML-2 env primers at 300nM and 50ng DNA from
human/rat hybrid cell lines containing only human chromosomes 14 (NA10479), 15
(NA11418), 16 (NA10567) and 19 (NA10449) obtained from the NIGMS Human/Rodent
Somatic Cell Hybrid Mapping panel (Coriell). Chromosomes 14 and 15 contain K111
HML-2 proviruses with an env sequence, whereas chromosomes 16 and 19 contain nonK111 proviruses with an env sequence. HML-2 PCR cycling conditions: 95°C 2 min;
95°C 15 sec, 57°C 15 sec, 72°C 45 sec x 40; 4°C hold. PCR products were analyzed
using 1.5% agarose gel electrophoresis and visualized with ethidium bromide and UV
illumination.

2.9 Flow cytometry
PBMCs collected from 10 HIV-infected patients and 8 uninfected patients were
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thawed in a 37°C water bath until icy and washed twice in buffer (PBS without Mg2+ or
Ca2+, 2mM EDTA, 0.1% BSA). Cells were resuspended in buffer and stained with
antibodies to CD3 (clone UCHT1), CD4 (clone RPA-T4), CD8 (clone RPA-T8), CD14
(clone MϕP9) and CD20 (clone 2H7). Antibodies and their isotype controls were
procured from BD Biosciences (San Jose, CA) and BioLegend (San Diego, CA).
Additionally, cells were stained with live/dead (L/D) stain (Molecular Probes, L/D
Fixable Aqua Dead Cell Stain kit, Cat# L34957 or Propidium Iodide) to allow for sorting
of live cells only, pre-incubated with an Fc receptor blocking solution to prevent nonspecific binding of antibodies (BioLegend, Human TruStain FcX, Cat# 422302) and
passed through a 40µM mesh strainer prior to sorting (BD, Cat# 352235) to minimize
clumping. Samples were sorted on a BD Influx (405nm, 488nm, 635nm) using the BD
Spigot software package. All cells were gated on absence of L/D stain and size (Pulse
width x FSC, FSC x SSC) to exclude clumped cells and debris. For each patient tested,
cells were sorted into lineages based on expression of the following markers: CD3+CD4+
(CD4+ T cells), CD3+CD8+ (CD8+ T cells), CD3-CD20+ (B cells), and CD3-CD14+
(Monocytes). Cells were sorted into PBS and kept on ice until RNA extraction. All flow
cytometry analysis post-sort was performed using Summit version 4.3 build 2445
(Beckman Coulter, Fullerton, CA).

2.10 RNASeq library preparation
RNASeq libraries were prepared by the Genomics group in the Tufts University Core
Facility. Illumina RNASeq libraries were prepared from Tera-1 cell RNA and human
PBMC RNA using the TruSeq Stranded Total RNA kit with Ribo-Zero Gold (Illumina,
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Cat# RS-122-2301), which removes ribosomal RNA from the test sample. ~1μg of
sample RNA was depleted of rRNA and resulting RNA was incubated at 65°C for 5 min
to avoid shearing (as recommended in alternate protocol), which should produce cDNA
fragments ranging from 130-350 bases in length due to random priming. This step was
followed by reverse transcription, end repair, an A-tailing reaction to add a single 3’ Aoverhang to the fragments and then ligation of barcoded sequencing adaptors with a Toverhang to bind these fragments. The library was amplified using adaptor-specific
primers for 10-15 cycles of PCR.
An Illumina RNASeq library was prepared from the Tera-1 virion RNA using the
NuGen Ovation v2 kit (NuGen, Part# 7102). This kit does not allow for strand-marking
(dUTP incorporation) during cDNA synthesis. It takes low input samples like virion
RNA, amplifies RNA and converts it to cDNA, which is then sheared using a targeted
sonicator (Covaris M-Series, M220). Virion cDNA was sheared to 200-600bp, as
determined using a BioAnalyzer. The Tera-1 virion library was prepared from the cDNA
using end repair, A-tailing, barcoded adaptor ligation and library amplification as
described above.
The Tera-1 cell and virion libraries were run together on the Illumina MiSeq
benchtop sequencer (Tera-1 cell library = 95% input; Tera-1 virion library = 5% input)
using the v3 kit that allows for paired-end (PE) reads up to 301 bases each in length
(Illumina, Cat# MS-102-3001). PBMC libraries were multiplexed with 4 samples per run,
using the same v3 kit. 26 million PE reads were generated for the Tera-1 cell library and
1.2 million PE reads for the Tera-1 virion library. On average, 5-7 million PE reads were
generated for each PBMC sample.
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2.11 Alignment of RNASeq reads
MiSeq reads from the PBMC, Tera-1 cell and Tera-1 virion libraries were trimmed to
remove Illumina adaptor sequences, low quality reads (with a quality “Q” score <25) and
reads shorter than 100 bases using the program Trimmomatic [21].
Trimmed paired-end reads from the libraries were aligned to the hg19 build of the
human genome and to an HML-2 reference genome, which is a FASTA file containing
the sequences of 93 2-LTR proviruses (4 are present only as solo LTRs in hg19, and 2 are
present as pre-integration sites in hg19) and 943 solo LTRs for the Tera-1 alignments, or
96 2-LTR proviruses (4 are present only as solo LTRs in hg19, and 5 are present as preintegration sites in hg19) and 975 solo LTRs for the PBMC alignments. Hg19 alignments
for the Tera-1 cell and PBMC reads were performed using the –fr-firststrand option
which allows for the strandedness of the read to be incorporated into the alignment data
(“Plus stranded”) or without this option (“Unstranded”). All Tera-1 virion alignments are
unstranded since the library preparation did not allow for strand marking.
All alignments were performed using TopHat v2.0.10, which used Bowtie v2.1.0 as
the underlying aligner [121, 129] and allowed for up to 2 mismatches to a mapping
location for unique or multi-mapped reads. Output .bam files from the alignment were
either (1) sorted and kept unfiltered (“Unfiltered”) which retains reads that align to
multiple targets as well as those that uniquely align to a single provirus or (2) sorted and
filtered for uniquely aligned reads (“Unique Only”) using SAMtools [137]. TopHat2
assigns uniquely aligned reads a mapping quality (MAPQ) score of 50 and these reads
can be selected for from the total alignment using the SAMtools view –q 50 command.
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The hg19 alignment indicates that aligned reads from the Tera-1 cell library had an
average insert size of 180 bases (range: 98-522) as compared to 200 bases (range: 100568) for the virion library and roughly 300 bases (range: 98->1000) for the PBMC
libraries, which was determined using Picard Tools (Broad Institute) and/or QualiMap
(Centro de Investigacion Principe Felipe, CIPF) for QC analysis of .bam files.
Alignments were visualized using the Integrative Genomics Viewer IGV v2.3.36
[249] and by using a custom track on the UCSC Genome Browser [120].

2.12 Differential expression analysis on RNASeq reads
For Tera-1 analysis, the Cufflinks module of Cufflinks v2.2.1 [194] was used to
generate estimates of transcript abundance normalized to the length of the expressed
gene, outputted as fragments per kilobase per million mapped reads (FPKM). Bam files
representing the results of stranded, unstranded, filtered and unfiltered alignments were
used as input. Hg19 transcript annotation files (GTF format) contained annotations for 87
HML-2 full proviruses, 4 proviruses present only as solo LTRs in hg19 and 947 solo
LTRs in addition to cellular transcripts. HML-2 genome GTF files contained annotations
for 93 included proviruses and 943 solo LTRs. Cufflinks was run using the standard
default parameters or with the Multi-read correct –u parameter (“Multi-read Correct”),
which assigns weighted FPKM values to loci with multi-mapping reads, based on an
algorithm described previously [170].
FPKM values for individual HML-2 elements were used to calculate total HML-2
expression or packaging in the cells or virion by adding up the FPKM values from all
HML-2 proviruses. From this number (“Total HML-2”), the percent abundance of each
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HML-2 provirus compared to the total value was calculated as (provirus FPKM)/(total
HML-2 provirus FPKM) x 100 to illustrate the relative contribution of individual
proviruses to total HML-2 expression or packaging in the cell or virion.
For PBMC analysis, the CuffDiff and CuffNorm modules of Cufflinks v2.2.1 [194]
were used to perform differential expression tests between the HIV-1 infected and
uninfected populations and to export normalized FPKM values of relative gene
expression, respectively. Bam files representing the results of stranded, unstranded,
filtered and unfiltered alignments were used as input. Hg19 transcript annotation files
used for expression analysis contained the annotations for HML-2 proviruses and solo
LTRs as previously described, but either included or excluded cellular transcript
annotations. HML-2 genome annotation files contained annotations for 96 HML-2
proviruses and 975 solo LTRs. As with Tera-1 RNASeq, total HML-2 expression was
calculated by adding the relative expression values (FPKM) of individual proviruses
together.

2.13 MiSeq in-silico simulation
Simulated MiSeq 250 base PE reads were generated from an HML-2 genome FASTA
of 93 HML-2 proviruses to 20X coverage using the next-generation sequencing simulator
program ART vVanillaIceCream-03-11-2014 [100]. Simulated reads were aligned back
to the HML-2 genome using TopHat2 and were either kept “Unfiltered” or filtered for
“Unique Only” alignment. FPKMs for each provirus were calculated using Cufflinks for
both sets of FPKM values. As all proviruses were equally represented in the simulation,
the average FPKM value for proviruses in the “Unfiltered” data set was used as the
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comparator for the “Unique Only” data set in order to assess which proviruses were
underrepresented after filtering.

2.14 Phylogenetic analysis
Neighbor-joining phylogenetic trees were created using MEGA6 [241]. Alignment of
proviral or LTR sequence was performed using MUSCLE, an alignment tool native to the
MEGA6 program. Neighbor-joining trees were constructed using the pairwise deletion
option so that all available sites were used for comparison. The bootstrap values for the
produced trees were the result of 1000 replicate tests. Distance was calculated using the
p-distance method and the branch lengths correspond to the number of base differences
per site.

2.15 LTR Cloning and luciferase assays for 5’ LTR activity
The experiments described below were performed by Meagan Montesion, a graduate
student in the Coffin lab, and supervised by Neeru Bhardwaj. The nucleotide sequences
of selected HML-2 proviruses expressed in Tera-1 cells were obtained using the UCSC
Table Browser [118]. Flanking primers to the 5’ LTR of each provirus with were
designed using Primer3 [255] and included restriction enzyme sites. These primers were
used to PCR the 5’ LTRs from Tera-1 genomic DNA using Taq DNA polymerase
(Invitrogen, Cat# 10342-020). 5’ LTRs were cloned in sense orientation into the
pGL4.17[luc2/Neo] firefly luciferase vector (Promega, Cat. #E6721) and were screened
for mutations prior to transfection.
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For transfection, 24-well plates were seeded with Tera-1 cells at 1×105 cells/well in
Opti-MEM reduced-serum media (Life Technologies, Cat# 31985-070). The pGL4-5’
LTR vector was co-transfected with the pRL-SV40 internal control expressing Renilla
luciferase (Promega, Cat# E2231) at a 30:1 ratio with Lipofectamine 2000 (Life
Technologies, Cat# 11668-019), used according to the manufacturer’s protocol.
Background signal was assessed using non-transfected Tera-1 cells. 48 hours later,
transfected cells were lysed and assayed using a dual-luciferase assay system (Promega,
Cat. #E1910). The BioTek Synergy HT plate reader detected luminescence as relative
light units (RLU) using Gen5 data analysis software (v2.03). Relative promoter activity
for each 5’ LTR was calculated after normalizing the firefly luciferase signal to the
control Renilla luciferase signal.

2.16 Statistical analysis and figure graphics
All statistical analyses were performed using GraphPad Prism software version 6
(San Diego, CA) or Cufflinks software package v2.2.1. The exact statistical tests used are
noted for each figure with p value < 0.05 to define statistical significance. qPCR data
were analyzed using the specified non-parametric tests due to the small sample size and
uncertainty about normal distribution in the population. Linear regression analyses using
qPCR data were also performed in Prism, with p values noted where applicable.
Parametric tests were performed on gene or provirus FPKM values generated from the
PBMC RNASeq data sets as the expression values were fit to a negative-binomial
distribution using CuffNorm. For analysis of “total HML-2” provirus expression, non-
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parametric tests were performed since this value represents total expression from all
HML-2 proviruses and is not expected to follow a normal distribution.
Graphics for scatter dot plots, pie charts and stacked bar graphs were generated using
Prism. Figures 1-1, 1-2 and 5-1 were created using Microsoft PowerPoint. Age estimates
used in Figure 4-2 and open reading frames for proviruses used in Figure 4-16 were
obtained from a previous publication [233] or by inputting sequence into the NCBI ORF
Finder [211]. Heatmaps were created using RStudio (RStudio: Integrated development
environment for R, version 0.98.1060). FPKM values used for the heatmap were lognormalized using Decostand in RStudio Vegan and plotted using the RStudio Pheatmap
module.
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Chapter 3: Characterization of HML-2 expression in HIV-infected individuals

The results in this chapter were published previously in:
Bhardwaj N, Maldarelli F, Mellors J, Coffin JM. “HIV-1 infection leads to increased
transcription of human endogenous retrovirus HERV-K (HML-2) proviruses in vivo but
not to increased virion production.” J Virol. 2014;88(19):11108-20.

3.1 Lack of detection of HML-2 viral particles in plasma
The HML-2 subgroup of HERV-K comprises >90 2-LTR proviruses per haploid
human genome [233], many of which have accumulated inactivating mutations or
deletions. To design a qPCR assay capable of detecting the majority of these proviruses,
an alignment of all known HML-2 elements published by previous members of the lab
was used and searched for regions of highest sequence conservation [233]. For primer
design, env was targeted since this region is present on genomic transcripts as well as on
singly spliced env transcripts. Also, in phylogenetic analysis, the sequence of HML-2 env
has been shown to allow for distinct clustering of HML-2 proviruses from other related
HML groups, thus targeting env should allow for specific PCR amplification of HML-2
proviruses [233].
A 119bp sequence located in the TM region of env was chosen as the target of our
qPCR assay due to its high sequence conservation among both type 1 and type 2 HML-2
proviruses, which differ by the absence of a 292-bp stretch of sequence in the SU region
of env [2, 143]. Based on primer sequence similarity to individual proviruses, an
estimated 67 proviruses out of the 91 included in the alignment should be detected using
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the env qPCR assay, including both recent and ancient integrations. The number of
proviruses detected experimentally, 51 copies per haploid genome (Fig 3-1 A), was
similar to, although slightly lower than, this prediction. Primer locations in other genomic
regions would detect a similar number of proviruses, since many of HML-2 proviruses
are missing substantial portions of their genome. The identity of the individual proviruses
detected using the env qPCR assay was not investigated in detail, though the env primers
were confirmed to detect K111 HML-2 proviruses, a subgroup of HML-2 proviruses
known to be highly repeated due to post-integration duplication and which are potentially
expressed at a high level during HIV-1 infection (Fig 3-1 B) [47]. RNA standards of
known quantity, based on the K108 (7p22.1a) env sequence, were created to quantitate
the copy number of HML-2 env RNA signal from cell and plasma specimens. Assay
performance between multiple runs of the standards showed high repeatability, high PCR
efficiency and a linear dynamic range of 107 down to 10 copies (Fig 3-1 C).
Prior reports [42-44, 46, 47] presented data in support of the idea that HML-2 virions
were released into the blood of HIV-1 infected patients. To see if we could confirm this
result, plasma was collected from two different clinical centers and tested for the
presence of HML-2 virions. De-identified plasma from HIV-1 infected patients (n=9) was
collected from the archives at the NIH Clinical Center. Additional patients (n=6) were
recruited in a clinical study ongoing at Tufts Medical Center specifically for HIV-1
infected patients naïve to therapy or off ART for >2 months. All samples tested were
from patients off ART at the time of collection to exclude any possible effect of ART on
HML-2 detection [42, 44]. Sample characteristics are detailed in Table 3-1.
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RNA was extracted from pelleted plasma and treated with recombinant DNase I to
degrade any contaminating genomic DNA that might have led to a false HML-2 RNA
signal in the env qPCR assay. DNase-treated RNA was reverse transcribed and analyzed
for virus expression using the HML-2 env qPCR or a modified HIV single copy assay
(SCA) [161]. A previously published report estimates that ~95% of patients infected with
HIV-1 have detectable HML-2 RNA in their plasma [43]; and, moreover, that extremely
high levels of HML-2 RNA are present in the plasma of those patients, ranging from 103
to 1010 copies per ml [42, 44, 46, 47]. Contrary to these reports, we could not detect
HML-2 RNA in the plasma of any HIV-1 infected patient tested (Fig 3-2 A). It is
possible that the DNase used contained contaminating RNases, or that the DNase was not
properly inactivated, leading to a reduction in HML-2 detection. Therefore, a comparison
between DNase-treated and untreated RNA was performed with and without reverse
transcriptase to determine if an HML-2 RNA signal could be measured in the absence of
DNase. However, even without DNase treatment, an HML-2 RNA signal was not
detected and the RT+ and RT- wells yielded equivalent copy values, suggestive of only
DNA template being present (Fig 3-2 A). In comparison, the use of DNase did not have a
significant effect on the detection of HIV RNA (Fig 3-2 C).
The cellular gene GAPDH could be detected when the untreated “RNA” was used at
a qPCR template but not when DNase-treated RNA was used, consistent with the
presence of a contaminating DNA template (Fig 3-2B). However, the strength of the
signal is much weaker for GAPDH as compared to the HML-2. In Fig 3-2 A, the HML-2
signal in estimated copies/mL was determined using an RNA standard. Based on control
experiments, the use of a DNA standard would show a 10-fold reduction in the estimated
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Figure 3-1. qPCR detection of HML-2 proviruses.
(A) The number of HML-2 proviruses detected per haploid genome using env qPCR was
quantified using dilutions of human genomic DNA at known concentration (using the
estimate of 6pg DNA/cell and 3pg DNA/haploid genome) and determining the copy
number of HML-2 DNA at these different dilutions using plasmid DNA standards
containing the 7p22.1a env sequence. Mean and standard deviation are plotted for each
dilution, where the mean is the average of replicate wells from 3 assays. (B) Detection of
K111 HML-2 proviruses was determined by running the HML-2 env PCR on human/rat
hybrid DNA containing only chromosomes 14, 15, 16 or 19. The K111 provirus named
K105 has sequence that is a perfect match for HML-2 env PCR primers. Chromosomes
14 and 15 contain K111 HML-2 proviruses with env sequence, as well as non-K111
HML-2 proviruses that lack amplifiable env sequence due to deletions. Chromosomes 16
and 19 contain only non-K111 HML-2 proviruses with amplifiable env sequence. (C)
RNA standard serial dilutions were reverse transcribed in duplicate and the cDNA was
assayed using the SYBR green env qPCR. Mean cycle threshold values (Ct, y-axis) and
95% CI are plotted for each dilution of the RNA standard (x-axis). Ct values are
compiled from multiple assays, where n=41 for 10-106 copies and n=26 for 107 copies.
The slope of the line is -3.311, correlating to a PCR efficiency of 100.46%.
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Table 3-1. HIV-1 infected patient characteristics for plasma and PBMCs analyzed in
Figures 3-2, 3-3, 3-4 and 3-6.
NIH Clinical Center and TMC*

Plasma = 15
n
%

PBMC = 19
n
%

Demographic Characteristics
Male
Caucasian
African-American
Hispanic
Asian Pacific-Islander

14
6
4
5
0

Age (years)

Median Range
42
25.1 – 48.0

Median Range
35.9
19.5 – 51.9

523
24.8
4.2

661
29
4.11

HIV Characteristics
CD4 Count
%CD4 Cells
RNA Viral Load
(log10 copies/mL)

93
40
27
33
0

220 – 1105
10.7 – 55.7
1.95 – 5.6

18
9
3
6
1

95
47
16
32
5

210 – 1105
9 – 55.7
1.95 – 5.55

Note: One viremic HIV-infected patient was off therapy during blood collection. All
other patients are treatment-naïve and viremic.
*TMC, Tufts Medical Center.
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copy number since the use of an RNA standard overestimates the abundance of DNA due
to the <100% efficiency of RT. In addition, our GAPDH primers detect 0.91 copies of
GAPDH per haploid genome, as compared to 51 copies of HML-2 per haploid genome
(which includes K111 and non-K111 HML-2 proviruses). Due to this difference in assay
sensitivity, we expect to see a 56-fold difference in signal between the HML-2 and
GAPDH qPCR. Thus, in total, we expect up to a 66-fold difference in estimated GAPDH
DNA/mL as compared to HML-2, explaining the small signal for GAPDH in comparison
to HML-2, but supporting the conclusion that the signal is derived from a DNA template.
Our failure to detect HML-2 RNA was not due to improper extraction from the
plasma samples, since HIV RNA was detected in the clinical specimens using the same
RNA preparations that were used for the HML-2 assay (Fig 3-2 C). Additionally, HIV
was detected with or without DNase treatment of viral RNA, although there was a ~4x
reduction in RNA levels after DNase treatment (Fig 3-2 C). In addition, the HML-2 RNA
extraction and detection procedures were validated by our successful detection of HML-2
RNA in supernatants from the teratocarcinoma cell line Tera-1, which is known to
produce HML-2 virions [16, 27, 142, 202]. In these experiments, differing amounts of
HML-2 virions were spiked into 300µl of HML-2 negative human plasma until the HML2 RNA signal was indistinguishable with qPCR background. Using this approach, the
functional limit of detection with our extraction and qPCR methods occurred when 50-80
copies of HML-2 RNA were present in the initial sample.
In case the extraction and detection of HML-2 virions failed for unknown reasons,
previously published extraction methods, which involved DNase treatment of plasma
followed by RNA extraction [46] or use of the commercially available Qiagen Viral RNA
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kit [42, 46], followed by detection using a published qPCR env primer set [46] were
performed on a subset of clinical samples. Similar to Fig 3-2 A, these alternative methods
did not lead to the detection of HML-2 RNA and showed equivalent signal in RT+ and
RT- wells. Thus, in the group of patients tested, we could find no evidence for HML-2
virions in plasma.
By contrast to the lack of HML-2 RNA detection in plasma, our experiments did
show a significant difference in the levels of HML-2 DNA in the plasma of HIV-1
infected patients as compared to controls (Mann-Whitney, *p=0.02, Fig 3-2 A). Based on
the estimated copies of HML-2 proviral DNA detected per haploid genome (Fig 3-1 A)
and the difference in signal intensity from HML-2 RNA versus DNA in the env qPCR
assay, the control plasma DNA level was calculated to be equivalent to ~11 lysed cells
per ml, whereas the DNA level from HIV-1 infected patients was about 2-fold higher
with an estimated ~23 lysed cells per ml of plasma (Fig 3-3 A). The source of the cell
DNA is unknown, but it could be related to immune surveillance and/or infected cell
killing during active HIV replication in the absence of ART. However, the level of HML2 DNA signal in the plasma was not strongly associated with HIV RNA levels, CD4+ T
cells/µl or % CD4 T cells in the HIV-infected patients (Fig 3-3 B-D).

3.2 Upregulation of HML-2 transcription in peripheral blood mononuclear cells
Although HML-2 virions were not detected in the plasma of the tested HIV-1 infected
or uninfected patients, it was possible that HML-2 was actively transcribed in PBMCs
[179]. As with the plasma samples, PBMCs were obtained from archived samples from
the NIH Clinical Center (n=13) and also from an ongoing clinical study at Tufts Medical
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Center (n=6), where all patients were verified to be off ART. Sample characteristics are
listed in Table 3-1. PBMCs were assessed for viability and 1-2 million cells were used for
total RNA extraction, followed by DNase treatment, reverse transcription and analysis for
total copy number using qPCR assays for env and the reference GAPDH transcripts.
PBMCs isolated from HIV-infected patients showed a significant upregulation in
HML-2 transcription relative to GAPDH, as compared to uninfected controls (MannWhitney, ***p<0.0001, Fig 3-4 A). The extent of HML-2 transcription was not
significantly associated with any of the tested HIV-1 disease markers, including plasma
HIV RNA levels, CD4+ T cells/µl or % CD4 T cells (Fig 3-4 B-D).
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Figure 3-2. Absence of HML-2 virions in plasma from HIV-1 infected patients.
(A) Plasma from viremic HIV-1 infected and uninfected patients was centrifuged at
21000xg to pellet virions. RNA extraction was followed by DNase treatment (+ DNase)
or no treatment (No DNase). RNA was reverse transcribed (RT+) along with no RT
controls (RT-). RT+ and RT- wells were analyzed in triplicate using the HML-2 env
qPCR. The dotted line represents the limit of detection (730 copies), and the geometric
mean is plotted for each group of samples (*p=0.02, Mann-Whitney). (B) RNA from
viremic HIV-1 infected and uninfected patients was reverse transcribed and copies of the
cellular gene GAPDH were detected in the cDNA using a GAPDH specific SYBR qPCR.
DNA standards to quantify GAPDH DNA were prepared from the GAPDH amplicon
cloned into a standard cloning vector. Each point represents the average of triplicate wells
from one individual. (C) The same RNA samples used for HML-2 detection were
analyzed using a modified HIV single copy qPCR. The dotted line represents the limit of
detection (200 copies) and the geometric mean is plotted for both HIV-1 infected patient
groups (p=0.06, Wilcoxon signed rank test).
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Figure 3-3. Presence of DNA in the plasma of HIV-1 infected patients.
(A) The amount of HML-2 DNA in plasma from healthy controls and HIV-1 infected
subjects was estimated for the RT- wells shown in Fig 3-2 A. A conversion factor
between RNA and DNA signal in the env qPCR was determined by running RNA and
DNA standards simultaneously. Cell number was calculated from the resulting DNA
copy number (102 copies HML-2 DNA/cell). Means are plotted for each group. (B-D)
The level of HML-2 plasma signal is plotted against the level of HIV-1 viremia (B), the
CD4+ T-cell count (C), and the % CD4+ T-cells (D). The p values for linear regression
are shown in the lower right hand corner of B-D. Refer to the figure legend shown for Fig
3-2.
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Figure 3-4. HML-2 RNA expression in PBMCs from HIV-1 infected patients.
(A) HML-2 RNA was quantitated in PBMCs collected from viremic HIV-1 infected
subjects as well as uninfected controls. Relative expression of HML-2 was assessed for
each sample in triplicate by comparing HML-2 copy number to the reference gene
GAPDH copy number. RT- controls are shown for all samples. The data are reported as
copies of HML-2 RNA per 100 copies of GAPDH RNA (***p<0.0001, Mann-Whitney).
Mean and standard deviation are plotted for each group. (B-D) The extent of HML-2
upregulation in PBMCs is plotted against (B) HIV plasma RNA, (C) CD4 T cells/uL, or
(D) %CD4 T cells. The p value for linear regression (B-D) is shown in the upper left
hand corner.
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3.3 Relationship of HML-2 expression to HIV-1 replication
To more directly test the correlation of HML-2 expression and HIV replication and
determine if HIV replication is necessary for the apparent upregulation of HML-2
transcription, a blinded study was performed to assess HML-2 RNA levels in PBMCs
from 15 HIV-1 patients on therapy, 10 without viremia (<75 copies of RNA/ml), and 5
with detectable viremia, as compared to uninfected controls (n=4) (Table 3-2). Of the 5
patients with viremia, 3 were off ART and 2 were on failing ART regimens (Table 3-3).
Compared to the uninfected controls, there was upregulation in HML-2 RNA in both
groups of patients on ART, but only to a significant level in the aviremic (MannWhitney, *p=0.02) and not the viremic patients (Mann-Whitney, p=0.29) (Fig 3-5 A).
The lack of statistical significance for viremic group could have been due to the smaller
sample size (n=5). When considering only the patients on therapy, whether viremic or
aviremic, the level of HML-2 upregulation seen in the treated HIV-1 infected patients
was similar in magnitude to untreated HIV-1 infected patients (Fig 3-4 A, Fig 3-5 B).
Thus, the use of antiretrovirals and level of HIV replication did not appear to have a
major effect on HML-2 RNA transcription (Fig 3-5 C-E). In addition, there was no
association of HML-2 RNA with HIV DNA levels (Fig 3-5 F).

3.4 Detection of HML-2 RNA in sorted PBMCs
We next investigated the cell source of the HML-2 RNA expression to begin to
elucidate the mechanism(s) governing HML-2 provirus activation in HIV infected
patients. Attempts to isolate HML-2 expressing cells using a commercially available
antibody to HERV-K Env were unsuccessful; therefore, PBMCs were sorted by cell type
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and then assayed for HML-2 RNA. Specifically, PBMCs isolated from patients described
in Table 1 were subjected to live cell sorting into the following PBMC cell subsets:
CD4+ T cells (CD3+CD4+), CD8+ T cells (CD3+CD8+), B cells (CD3-CD20+) and
monocytes (CD3-CD14+). HML-2 RNA levels were determined as described for total
PBMCs.
Consistent with the lack of correlation of HML-2 RNA levels with HIV replication,
sorted CD4+ T cells were not enriched for HML-2 RNA as compared to other cell
subsets (Fig 3-6 A). Interestingly, no cell type was significantly enriched for HML-2
RNA transcription; in fact, all PBMC subsets tested showed detectable HML-2
expression in both the HIV-1 infected and uninfected populations, although to different
extents (Fig 3-6 A-D). This result is consistent with previous assessments showing HML2 expression in blood cells [220, 221]. In all cell types, the HIV infected patients
exhibited a slightly greater level of HML-2 expression, with the greatest difference in
monocytes (Mann-Whitney, p=0.18, Fig 3-6 C). However, no significant correlation was
found between the percent live monocytes found in PBMCs compared to HML-2 RNA
upregulation in total PBMCs (p=0.56, Fig 3-6 G). Indeed, in no cell type did the
difference reach statistical significance, even though there was a significant difference
when unsorted PBMCs were analyzed (Fig 3-4 A).
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Table 3-2. HIV-1 infected patient characteristics for PBMCs analyzed in Figure 3-5.
UPitt*

Non-Viremic = 10
n
%

Viremic = 5
n
%

Demographic Characteristics
Male
Caucasian
African-American
Hispanic
Asian Pacific-Islander

7
3
7
0
0

70
30
70
0
0

5
0
4
1
0

Age (years)

Median
51.5

Range
25 – 58

Median Range
52
29 – 53

617
31.1
ND

416 – 1373
20.1 – 52.1
<-0.2 – 1.4

874
31.9
3.44

HIV Characteristics
CD4 Count
%CD4 Cells
iSCA** Viral Load
(log10 copies/mL)

100
0
80
20
0

244 – 1091
9.3 – 47.4
2.75 – 5.32

Note: All non-viremic patients were on therapy. Viremic patients were either treatmentnaïve, off-therapy, or on therapy at the time of blood collection. Refer to Table 3-3 for
treatment details.
* University of Pittsburgh Medical Center
** iSCA is a modified single copy assay (SCA), which detects a small region in the
integrase portion of HIV-1 RNA.
ND = not determined. Four patients were below the limit of detection for the iSCA assay.
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Table 3-3. Therapy regimens for patients analyzed in Figure 3-5.
Comorbidities

HIV
Plasma
RNA

none

< 0.6

none

< 0.6

Hepatitis C

< 0.7

none

< 0.6

none

3.8

none

0.6

Hepatitis C

2.5

Hepatitis C

1.9

none

25.7

none

4.3

none

866.7

Treatment naïve

none

17,341

Viremic

Elvitegravir/Cobicistat/
Emtricitabine/Tenofovir

none

2,774

Viremic

Treatment naïve

none

206,800

Viremic

Not on medication

none
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Patient Sex

Ethnicity

Status

Treatment

1

Male

Caucasian

NonViremic

2

Female

Caucasian

NonViremic

3

Female

4

Male

5

Male

6

Female

7

Male

8

Male

9

Male

African
American
African
American
African
American
African
American
African
American
African
American
African
American

NonViremic
NonViremic
NonViremic
NonViremic
NonViremic
NonViremic
NonViremic

10

Male

Caucasian

NonViremic

11

Male

African
American

Viremic

Raltegravir,
Abacavir/Lamivudine
Ritonavir,
Emtricitabine/Tenofovir,
Darunavir
Efavirenz/Emtricitabine/
Tenofovir
Efavirenz/Emtricitabine/
Tenofovir
Atazanavir, Ritonavir,
Emtricitabine/Tenofovir
Atazanavir, Ritonavir,
Emtricitabine/Tenofovir
Efavirenz,
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Figure 3-5. HML-2 RNA in PBMCs from HIV-1 infected patients on antiretroviral
therapy.
(A) HML-2 RNA was quantitated in PBMCs collected from HIV-1 infected subjects on
antiretroviral therapy without detectable viremia (HIV RNA <75 copies) on therapy
(open squares), from patients with viremia who were either on therapy (filled squares),
currently off therapy (half-filled squares), or naïve to therapy (filled triangles) and from
uninfected controls (open circles) as described in the legend. RT- wells were below the
limit of detection (data not shown). The data are reported as copies of HML-2 RNA per
100 copies of GAPDH RNA. (*p=0.02, Mann-Whitney). Mean and standard deviation
are plotted for each group. (B) Data from patients on therapy with or without associated
viremia are combined into one data set to show the effect of antiretroviral therapy on
HML-2 upregulation (C-F) The level of HML-2 RNA expression in PBMCs is plotted
against (C) HIV plasma RNA measured by TaqMan assay, (D) HIV plasma RNA
measured by iSCA assay, (E) cellular HIV RNA, or (F) cellular HIV DNA. The p value
for linear regression is shown in the upper left hand corner.
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Figure 3-6. HML-2 RNA expression in different cell types.
(A-D) PBMCs from viremic HIV-infected patients and healthy controls were stained with
antibodies specific to CD3, CD4, CD8, CD14 and CD20. Live cells that were
CD3+CD4+, CD3+CD8+, CD3-CD14+ and CD3-CD20+ were sorted for each patient
and analyzed for HML-2 RNA expression. (A) CD3+CD4+ T cells, (B) CD3+CD8+ T
cells, (C) CD3-CD14+ Monocytes, and (D) CD3-CD20+ B cells. The p values for MannWhitney t-tests are shown. (E-H) Correlation between the percent of cell subset (after
size and live/dead gating) to HML-2 upregulation in total unsorted PBMCs, including (E)
CD3+CD4+ T cells, (F) CD3+CD8+ T cells, (G) CD3-CD14+ Monocytes, and (H) CD3CD20+ B cells. The p values for linear regression are shown in the lower right hand
corner. Refer to the figure legend shown for Fig 3-4.
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Taken together, our results imply that HIV-1 infection does not result in the release of
a high amount of HML-2 virions in the plasma of patients represented in our cohort, as
measured by our assay, contrary to publications showing HML-2 RNA detection at 103
copies/mL and higher [42, 44, 46, 47]. Furthermore, it appears that increased HML-2
expression in HIV-infected patient PBMCs may not be directly reliant upon HIV-1
replication in an individual, exemplified by the lack of association with HIV RNA levels
and effect of antiretrovirals on HML-2 expression, and is instead due to an indirect effect
of HIV-1 infection. The identities of expressed HML-2 loci in HIV-1 infection remain to
be clarified, which will provide insight into pathogenic potential of HML-2 expression in
an individual.
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Chapter 4: Use of next-generation sequencing to assess HML-2 proviral expression

Some of the results in this chapter were published previously in:
Bhardwaj N, Montesion M, Roy F, Coffin JM. “Differential expression of HERV-K
(HML-2) proviruses in cells and virions of the teratocarcinoma cell line Tera-1.” Viruses.
2015;7(3):939-68.

4.1 Application of RNASeq to detect HML-2 proviruses
A potential hurdle to examining the effect of HML-2 expression on the human host is
determining which of the multiple HML-2 proviruses are active in different disease
states. PCR approaches can reliably detect HML-2 RNA transcripts, however may not be
able to discriminate among all the individually expressed HML-2 proviruses. In terms of
pathogenic potential and association with disease, the proviral source of HML-2
expression is likely important because of their varying sequence preservation and coding
potential [233]. In addition, due to their recent integration, accurate detection of many of
the evolutionarily young HML-2 integrations is challenging as they are remarkably
similar in sequence and finding unique regions to amplify may not be straightforward for
each provirus. Due to sequence similarity, PCR recombination may pose a threat to
accurate detection of individual proviruses if more than one is expressed at a time. Gold
standard PCR methods like single genome sequencing [184] can effectively circumvent
most issues, however amplified targets will be limited by the primer design of the assay
and the throughput of the method.
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RNASeq provides a high-throughput approach to determine the expression of
individual HML-2 loci in the context of cellular genes. Overall, RNASeq is an objective
method to approximate total cellular transcription. Total RNA, or just mRNA depending
upon the protocol, is converted into cDNA, which is then ligated with 5’ and 3’ adaptors
to allow for amplification of the cDNA sequences prior to deep sequencing and binding
of the cDNA to a sequencing flow cell. The resultant reads generated during deep
sequencing are either aligned to an appropriate reference genome or transcriptome, or if
neither is available, de novo assembled into contigs for identification. Importantly,
RNASeq does not require that sequences be previously annotated, as reads that do not
align to a known reference are still present in the population, which may be useful for the
identification of new, unannotated HML-2 integrations, if actively transcribed. In
addition, RNASeq can bypass PCR primer bias, important since older HML-2 proviruses
that show sequence divergence or lack portions of genomic sequence would still be
captured using RNASeq if expressed in a cell, but potentially missed using standard PCR
amplification.
RNASeq has been used to quantify expression of specific proviruses belonging to
older groups of HERVs, including HERV-H [206] and HERV-W [215], and more
recently has been applied to the HML-2 group [26, 87]. A predicted complication in
applying RNASeq to HML-2 transcription profiling is caused by the high sequence
similarity between recently integrated HML-2 proviruses. Reads originating from highly
similar or conserved areas could potentially align to multiple proviruses – these reads are
called “multi-reads.” The true placement of a multi-read is in question since it may be
misaligned to a similar sequence and provide false signal for a related provirus or solo
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LTR, leading to an inexact representation of provirus transcription. Therefore, to
circumvent this problem, only uniquely mapped reads were used for expression analysis,
with the reasoning that a truly expressed provirus will also produce reads with unique
sequence in addition to more conserved regions that will map to multiple proviruses.
The exclusion of multi-reads improves accuracy, but creates a reporting bias, in
which highly similar proviruses could be underrepresented due to a limited number of
uniquely aligned reads. To determine the effect of this approach on HML-2 expression
analysis, an in silico simulation of RNASeq expression analysis was performed. First,
RNASeq paired-end reads were simulated based off of the sequences of 93 HML-2
proviruses, generating equal coverage of each proviral sequence. The resultant reads were
then aligned back to the HML-2 provirus sequences and filtered to remove the multireads that matched more than one provirus. Only the remaining uniquely mapped reads
were used as input to calculate gene length normalized RNASeq expression values called
FPKM (fragments per kilobase per million mapped reads). The filtering step to remove
multi-reads could cause highly similar proviruses to have lower coverage than those with
unique sequence, which would be seen as lower FPKM values.
Based on this simulation, we found that, as expected, recently integrated proviruses
and duplications appeared to be underrepresented after filtering for unique reads. The
proviruses that were negatively affected by >15% (range: 17-86%) are shown on the
neighbor-joining phylogenetic tree in Fig 4-1, labeled to show the three main categories
of HML-2 proviruses, 5A, 5B, and Hs. All proviruses that appeared to be affected are
shown with a red asterisk in future figures to denote their potential underrepresentation.
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Figure 4-1. Phylogenetic tree of underrepresented proviruses in RNASeq.
A neighbor-joining tree of the underrepresented proviruses (*) identified in our
simulation was created using the full provirus sequence, with a total of 10240 positions
analyzed. The p-distance method was used to calculate distance and is reported in terms
of base differences per site. Bootstrap values are indicated as a percent of 1000 replicates.
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Many of the underrepresented loci include the most recent LTR Hs integrations,
which have accumulated fewer mutations since their last common ancestors than those
resident in the genome for longer periods of time. In addition, proviruses that are known
to have arisen by duplication post-integration, including the LTR Hs proviruses on
7p22.1, the LTR 5B proviruses on 1p36.21, Xq28 and Yq11.23, and the LTR 5A
proviruses on 8p23.1, are also represented in the RNASeq simulation less frequently than
expected, notably the Xq28a/b locus with a ~86% reduction. The LTR Hs provirus
6p22.1, which is not human specific, was also underrepresented in the simulation. Of
interest, the two LTR Hs proviruses 3q21.2 and 21q21.1 were shown to have been
hypermutated by APOBEC3G [135], accounting for the tight clustering and longer
branch length exhibited on the tree. Importantly, all proviruses were detected in the
simulation. Therefore, although the true abundance of affected proviruses may be
underrepresented, their expression will, nevertheless, be captured in the analysis.

4.2 HML-2 provirus expression in the teratocarcinoma cell line Tera-1
With the end goal of applying this RNASeq approach to profile HIV-infected patient
samples, this methodology was first validated on the teratocarcinoma cell line Tera-1.
Tera-1 cells express HML-2 RNA and protein and are capable of producing HML-2
virions, a phenomenon that has only been reliably identified in a few other cell types
[172, 227], though none have been found to be infectious [142]. The biology of this cell
line is largely unknown [139, 202], but it has been shown to primarily express HML-2
RNA originating from the provirus at chromosome 22q11.21 and other evolutionarily
young integrations [202], and its virions appear to be immature and lacking Env
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glycoprotein [16]. By using an RNASeq approach that calculates expression levels based
on uniquely aligned reads, we identified a number of distinct HML-2 proviral transcripts
expressed in Tera-1 cells, including both evolutionarily older and younger elements.
Two RNASeq libraries were prepared for analysis, with one constructed from Tera-1
cellular RNA and the other from Tera-1 virion RNA. RNASeq reads were clipped to
remove poor quality bases, adaptor sequences and reads shorter than 100 bases prior to
alignment using the program TopHat2 [121].
Expression of some polymorphic proviruses may not be captured by alignment to a
human reference genome because the proviruses may not present in the individual(s)
contributing genomic sequence or they were missed in genome assembly. Due to this
anticipated issue, reads were aligned to the hg19 build of the human genome as well as to
an HML-2 reference genome containing the sequences of 943 solo LTRs, 93 proviruses
and a prototype SINE-R element, a type of retrotransposon comprising HERV-K LTR
and env sequence [177]. Of the 93 proviruses included in the HML-2 reference genome, 4
are present as solo LTRs in hg19 and 2 are present as pre-integration sites. In the HML-2
reference genome, each element was listed as an independent sequence, thus functioning
as a catalogue of 1037 HML-2 “chromosomes” during alignment.
Around half of all reads (~47%) that aligned to HML-2 proviruses were multi-reads.
Data were either kept in full (referred to as “Unfiltered”) or filtered for uniquely aligned
reads (referred to as “Unique Only”). Both Unfiltered and Unique Only reads were used
to calculate FPKM in order to determine the effect of filtering on expression analysis. To
determine FPKM using the Unfiltered reads, the multi-reads present could be assigned
proportionally to multiple mapping locations based on the abundance estimations for
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each mapping location (e.g. the reads are assigned proportionally to the proviruses with
highest number of uniquely aligned reads over those with less, referred to as “Multi-read
correct”) or in a default manner where multi-reads are assigned to multiple mapping
locations uniformly (e.g. if a read maps to 5 locations, each location is assigned 20% of a
read). Thus, for FPKM calculation in the Unfiltered read population, both default and
Multi-read correct approaches were taken in order to determine relative expression.
Another parameter used in FPKM calculation is one that considers whether transcription
is occurring in the sense orientation for a particular locus. For the cell library, which was
stranded, this parameter was used to estimate abundance using transcripts with the
potential for translation into retroviral protein (referred to as “Plus stranded” if
performed, and “Unstranded” if not).
The highest expressed HML-2 loci detected in the hg19 alignment were corroborated
by the HML-2 alignment. For simplicity, all data presented will reflect the values derived
from the hg19 alignment. A comparison of analytical methodologies of the RNASeq data
is shown in a heatmap representation in Fig 4-2 A, with red shading marking the highest
expressed loci. All discussed proviruses are listed in Table 4-1 with their known aliases
and genomic position. In the Unstranded, Unfiltered analysis, many proviruses are noted
as expressed. However, in the Unique Only and Multi-read correct analyses, which
consider only uniquely aligned reads or reads probabilistically assigned to loci, a
dramatic drop off occurs in the FPKM of several of these “expressed” proviruses. Based
on this analysis, we only considered proviruses remaining after either Unique Only
filtering or Multi-read correction as being reliably expressed in Tera-1 cells and not
misaligned to closely related loci. For example, the provirus 8p23.1a (K115; chr8:
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7355397-7364859) is not present in Tera-1 cells [202]. Prior to filtering, this provirus
was incorrectly assigned 2.5% of all HML-2 reads; after filtering, its expression level
dropped to the background value of 0.07%. Of note, the Unique Only and Multi-read
correct analyses gave virtually identical results in terms of assigning FPKM to specific
proviruses for the Tera-1 data set (Fig 4-2 A). We also analyzed the effect of applying the
strandedness option to FPKM assignment, thus considering only reads aligned in the
sense orientation of the provirus. Unexpectedly, we found that a number of proviral loci
were negatively affected by this distinction. These proviruses are displayed on the
heatmap as becoming blue in the final column and include 7q34, 11q12.3 and 11q23.3.
Without considering the strandedness of the read, these proviruses would not have
been identified as products of antisense transcription, most likely due to neighboring
transcription units. Specifically, in the case of the 7q34 provirus, reads that align to this
locus appear to be the product of read-through transcription from the neighboring highly
transcribed gene SSBP1. For the 11q12.3 provirus, which resides in an intron of the gene
ASRGL1, aligned reads appear to be result of pre-mRNA present in the total RNA used
for library preparation. Finally, at the proviral locus on 11q23.3, aligned reads appear to
originate in a HERV-H element located just downstream of the proviral 3’ LTR, though
there did appear to be an increase in aligned reads throughout the provirus.
To depict how the Unique Only analysis affected provirus representation in Tera-1
cells, Fig 4-2 B shows how the estimated age of integration for expressed proviruses
changed between an Unfiltered, Plus stranded alignment and the Unique Only, Plus
stranded alignment. Recently integrated proviruses are still represented in analysis,
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however they are 2/3 less abundant, leading to a perceived overrepresentation of older
elements that carry more unique sequence.

Figure 4-2. RNASeq analysis of HML-2 expression in Tera-1 cells.
(A) RNASeq reads derived from Tera-1 cellular RNA were aligned to the hg19 build of
the human genome, using either a stranded (“Plus Stranded”) or unstranded
(“Unstranded”) alignment. Aligned reads were either kept in full (“Unfiltered”), or were
filtered based on mapping quality scores to only retain reads that uniquely aligned to one
map location (“Unique Only”). The fragments per kilobase per million mapped reads
(FPKM) values representing relative expression in Tera-1 cells were determined either
with a multi-read correction parameter (“Multi-read Correct”) that proportionally
allocates multi-reads to mapping locations, or without this parameter. FPKM values for
selected HML-2 proviruses and the cellular genes GAPDH and ACTB across the analyses
were log-normalized and used for heatmap generation to demonstrate the effects of the
different analyses on expression levels. Proviruses and gene loci are divided into four
groups according to their relative values following the different analyses: stable (Group
1); decrease after Unique Only (Group 2); decrease after Plus stranded alignment (Group
3); and decrease after Unique Only and Plus stranded analysis (Group 4). Log-normalized
FPKM is shown by the colors from high (red) to low (blue), as indicated in the chart to
the right. The (*) symbols refer to proviruses predicted to be underrepresented by 15% or
more based on the in silico simulation (B) The abundance of transcripts after the Plus
stranded, Unfiltered and the Plus Stranded, Unique Only analyses are plotted against
estimated times of integration to show the effect of the Unique Only analysis on recently
integrated proviruses. The 0-2 mya group includes human specific integrations with high
89

sequence similarity predicted to be underrepresented in the Unique Only RNASeq in
silico simulation. The relative abundance in Tera-1 cells was calculated for each provirus
based on (provirus FPKM)/(total HML-2 provirus FPKM) x 100. Elements without 5’ or
3’ LTRs were unsuitable for age estimation and are not included.
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Table 4-1. Names and locations for HML-2 proviruses discussed in Chapter 4.
Provirus

Alias

1p31.1a
1p36.21a
1p36.21b
1p36.21c
1q21.3
1q22
1q23.3
3q12.3
3q13.2
3q21.2
3q24
3q27.2
4p16.3a
5q33.3
6p22.1
6q14.1
6q25.1

K4, K116, ERV-K1
N/A
K(OLDAL023753), K6, K76
K6, K76
N/A
K102, K(C1b), K50a, ERVK-7
K110, K18, 1 (+) K(C1a), ERVK-18
K(II), ERVK-5
K106, K(C3), K68, ERVK-3
K(I), ERVK-4
ERVK-13
K50b, K117, 3 (-) ERVK-11
N/A
K107/K10, K(C5), ERVK-10
K(OLDAL121932), K69, K20
K109, K(C6), ERVK-9
N/A
K108L, K(HML.2-HOM), K(C7), ERVK6
K108R, ERVK-6
K(OLDAC004979), ERVK-15
K115, ERVK-8
K27
N/A
KOLD130352
K103, K(C10)
K(C11a), K33, ERVK-16
K(OLDAC004127)
K(C11c), K36, K118, ERVK-25
K(C11b), K37, ERVK-20
N/A
K(C12), K41, K119, ERVK-21
N/A
K42

7p22.1a
7p22.1b
7q34
8p23.1a
8p23.1b
8p23.1c
8p23.1d
10p12.1
10p14
11q12.3
11q22.1
11q23.3
12q13.2
12q14.1
12q24.11
12q24.33

Chromosomal
Location
(hg19)
chr1: 75842771-75849143
chr1: 12840260-12846364
chr1: 13458305-13467826
chr1: 13678850-13688242
chr1: 150605284-150608361
chr1: 155596457-155605636
chr1: 160660575-160669806
chr3: 101410737-101419859
chr3: 112743123-112752282
chr3: 125609302-125618416
chr3: 148281477-148285396
chr3: 185280336-185289515
chr4: 234989-239459
chr5: 156084717-156093896
chr6: 28650367-28660735
chr6: 78427019-78436083
chr6: 151180749-151183574
chr7: 4622057-4631528
chr7: 4630561-4640031
chr7: 141450926-141455903
chr8: 7355397-7364859
chr8: 8054700-8064221
chr8: 12073970-12083497
chr8: 12316492-12326007
chr10: 27182399-27183380
chr10: 6867109-6874635
chr11: 62135963-62150563
chr11: 101565794-101575259
chr11: 118591724-118600883
chr12: 55727215-55728183
chr12: 58721242-58730698
chr12: 111007843-111009325
chr12: 133667120-133673132
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14q11.2
16p13.3
19p12a

K(OLDAL136419), K71
K(OLDAC004034)
K52

19p12b

K113

19p12c

K51

19p12d

N/A

19q13.12a
19q13.12b
19q13.41
19q13.42
21q21.1
22q11.21
22q11.23
Xq28a
Xq28b
Yq11.23a
Yq11.23b

N/A
K(OLDAC012309), KOLD12309
N/A
LTR13
K60, ERVK-23
K101, K(C22), ERVK-24
K(OLDAP000345), KOLD345
K63
K63
N/A
N/A

chr14: 24480625-24484121
chr16: 2976160-2077661
chr19: 20387400-20397512
chr19: 21841536-21841542
(empty site)
chr19: 22757824-22764561
chr19: 22414379-22414382
(empty site)
chr19: 36063207-36067434
chr19: 37597549-37607066
chr19: 53248274-53252591
chr19: 53862348-53868044
chr21: 19933916-19941962
chr22: 18926187-18935307
chr22: 23879930-23890615
chrX: 153817163-153819562
chrX: 153836675-153844015
chrY: 26397837-26401035
chrY: 27561402-27564601
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Figure 4-3. HML-2 expression in Tera-1 cells and virions.
(A-B) RNASeq reads originating from Tera-1 cells were aligned to the hg19 build of the
human genome and analyzed using the Plus stranded, Unique Only analysis, except as
indicated. (E-F) RNASeq reads originating from Tera-1 virions were aligned to the hg19
build of the human genome and analyzed using the Unstranded, Unique Only analysis,
except as indicated, due to the input library not being stranded. (A, E) Relative transcript
expression values (FPKM) for cellular genes, total HML-2 and the most abundantly
expressed or packaged HML-2 transcripts are plotted for Tera-1 cells (A) and Tera-1
virions (E). (B, F) Abundance of transcripts for each provirus in Tera-1 cells (B) and
virions (F) is plotted according to (provirus FPKM)/(total HML-2 FPKM) x 100.
Proviruses with (*) were predicted to be underrepresented by the in silico analysis, as
used in Figure 4-1. (C) Open reading frames for gag, pro, pol and env were determined
for proviruses making up 96.8% of all HML-2 reads shown in Fig 4-3 B. The almost fulllength gag ORF from 22q11.23 was included in this analysis. If a provirus had the
potential to express full ORF(s), the abundance of the provirus in the cell was allocated to
each ORF, to represent the maximum probability of that ORF being expressed. Splicing
was not considered for this analysis. (D) Type 1/2 status was determined for HML-2
proviruses making up 96.8% of all HML-2 reads, listed in Fig 4-3 B. Unknown indicates
that the pol-env boundary region was not present in the provirus, preventing identification
of provirus type.
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4.3 Relationship between HML-2 provirus expression in cells and packaging into virions
in the Tera-1 cell line
Using the Plus stranded, Unique Only approach, HML-2 transcription in Tera-1 cells
was compared to the cellular genes GAPDH, ACTB and RAB5A (Fig 4-3 A). The Unique
Only analysis removed roughly half of all HML-2 reads present in the unfiltered
alignment, yet total expression of this group was still readily quantifiable, at ~1/200th the
level of the metabolic gene GAPDH and ~1/5th the level of the cytoskeletal gene ACTB
(β-actin). The top two expressed HML-2 proviruses, the LTR 5B provirus at 22q11.23
and the LTR Hs provirus at 22q11.21 (K101, Fig 4-3 A-B), were each detected at a level
comparable to that of the cellular gene RAB5A, which encodes a protein localized on
early endosomes, and together made up roughly half of all the HML-2 reads generated
from Tera-1 cells.
LTR Hs type proviruses were the most commonly expressed proviruses in Tera-1
cells (12 out of the top 14, Fig 4-3 B), and included 7 human specific integrations that
were likely to be underrepresented (indicated with red asterisks as in Fig 4-1 and
elsewhere). The tandem duplicated LTR Hs proviruses on chromosome 7p22.1 (K108)
[233] were considered together since they are nearly identical in sequence and reads
could have originated from either of them. Interestingly, two ancient LTR 5B proviruses,
on chromosomes 22q11.23 and 4p16.3a, were also expressed in the cells.
The ORFs for the genes gag, pro, pol and env vary among the HML-2 proviruses. To
assess the contribution of the identified proviruses to virion production, we calculated the
relative numbers of transcripts belonging to proviruses capable of potentially expressing
full-length gene products. We found that most (61%) expressed HML-2 sequence was
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capable of encoding gag, largely from the gag ORFs present on proviruses 22q11.23 and
22q11.21 (Fig 4-3 C). Of interest, the Gag protein encoded by 22q11.21 appears to be full
length (666 amino acids) but the Gag encoded by 22q11.23, which is a more ancient
provirus, is predicted to be truncated by 43 amino acids at the C-terminus. The pro (5%),
pol (5.5%) and env (4%) ORFs were much less well represented, and a significant
fraction (24.7%) of the expressed HML-2 sequence was derived from proviruses that lack
coding capability altogether (Fig 4-3 C). The provirus at 22q11.21 encodes pro but has an
early stop codon leading to a major C-terminal truncation (271AA instead of 334AA),
thus it was not counted towards the available pro ORF. The majority of HML-2
proviruses expressed were Type 1 (Fig 4-3 D), which is typified by a 292-bp deletion at
the pol-env boundary, resulting in a non-fusogenic Env, and encodes the accessory gene
np9 [2]. Type 2 proviruses, which made up ~30% of expressed HML-2 proviruses, retain
full sequence at the pol-env boundary and encode the accessory gene rec [143].
In reads generated from Tera-1 virions, HML-2 sequences were more frequently
represented compared to their detection in the cells, as expected, exhibiting >25-fold
increase in FPKM (Fig 4-3 E). Virions also appeared to non-specifically package the
highly expressed cellular mRNAs from GAPDH and ACTB, which were increased about
2-fold in FPKM from their levels in cells, but not RAB5A, which was not detected in the
virions (Fig 4-3 E).
The virion reads aligned primarily to the type 1 provirus on chromosome 22q11.21,
making up ~79% of all HML-2 reads (Fig 4-3 E-F). This observation is in agreement
with a previous publication assessing the origins of packaged HML-2 RNA from Tera-1
virions [202]. In virions, over 90% of packaged genomes originated from Env-defective
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Figure 4-4. HML-2 packaging shows preference for recently integrated proviruses.
(A) The abundance of proviruses expressed in the cell and packaged into virions was
calculated as described in Figure 4-3. These values were plotted side-by-side to show an
increased abundance (panel 1, left), decreased abundance (panel 2, middle) or similar
abundance (panel 3, right) for proviruses packaged in virions as compared to their
expression in the cell. LTR types of proviruses detected are indicated, with LTR Hs
(human specific) in green, LTR Hs (in humans and non-human primates) in red and LTR
5B in blue. Two proviruses (12q24.11 and 4p16.3a) that were not detected in virions
were plotted at 0.01% in panel 2. (B) The identities of the proviruses and the ratios of
their virion to cell abundance are shown. Proviruses with (*) were predicted to be
underrepresented by the in silico analysis (Figure 4-1).
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Type 1 proviruses, mainly due to the abundance of the 22q11.21 transcripts. The top 6
packaged transcripts are all members of the human specific LTR Hs group, a major
distinction from the proviruses expressed in Tera-1 cells, which included LTR Hs
proviruses that were not human specific as well as older LTR 5B proviruses (Fig 4-3 B).
HML-2 transcripts packaged in Tera-1 virions were more abundant, less abundant or
present in roughly equal proportion to their expression in cells (Fig 4-4 A), and this
pattern reflected the relative time of their integration. The transcripts with the highest
increase in abundance in virions were all derived from recently integrated human specific
LTR Hs proviruses (Fig 4-4 B), some of which were predicted to be underrepresented in
the analysis (Fig 4-1), noted with red asterisks as before, whereas those that decreased in
abundance mostly originated from either older LTR Hs or LTR 5B proviruses. For
example, transcripts from the LTR 5B provirus at 22q11.23 made up 25.3% of all cellular
HML-2 reads, but its abundance in the virions was 0.4%, a 63-fold decrease (Fig 4-4 B).
Transcripts from the LTR 5B provirus at chromosome 4p16.3a, expressed in cells at
about 1%, were not even detected in the virions. Other transcripts with large decreases,
on chromosomes 1q21.3, 3q12.3 and 19p12, were derived from older LTR Hs
integrations.

4.4 HML-2 proviruses are transcribed through a variety of mechanisms
To determine the relatedness of the expressed proviruses shown in Fig 4-3 B, the
relationship of their 5’ LTRs was visualized using a neighbor-joining tree [241] (Fig 4-5
A). As expected, the recently integrated (human-specific) LTR Hs proviruses clustered
very closely and for the most part could not be definitively assigned to branches due to
their similarity, as seen by the low bootstrap support values generated (Fig 4-5 A).
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However, the relationship of the older LTR Hs elements and LTR 5B elements could be
ascertained from the tree and was clearly distinct from the recent LTR Hs integrations.
The association of divergent LTR types with transcribed proviruses in the Tera-1 cells
implies either that the promoter elements of these distinct LTRs were all functional, or
that there are alternative ways (i.e. 5’ LTR independent) in which some of the older more
mutated proviruses were transcribed.
Visualization of HML-2 reads aligned to their map locations using the UCSC
Genome Browser [120] or the Integrative Genomics Viewer [249] can inform whether
transcription of a provirus is driven by its 5’ LTR. That is, 5’ LTR driven proviral
transcription should start within the provirus, whereas transcription caused by readthrough from a neighboring transcription unit results in reads aligning to the provirus as
well as flanking sequence intermediate to the transcriptional start and/or end.
Transcription driven from a neighboring element may also result in minus strand reads if
the provirus and element are in opposite transcriptional orientation, a phenomenon
relevant to LTR Hs proviruses 7q34, 11q12.3 and 11q23.3 (Fig 4-2 A and 4-5 A, solid
squares).
Transcription of the ancient LTR 5B proviruses 4p16.3a and 22q11.23 (Fig 4-5 A,
diamonds) appears to be driven by sequences other than the corresponding 5’ LTR.
Provirus 4p16.3a (FPKM = 1.19) resides in an intron for the expressed gene ZNF876P
(FPKM = 9.45). Reads align evenly to ZNF876P pre-mRNA intronic sequence, which
includes the provirus and surrounding sequence. This result implies that the provirus is
not being specifically transcribed; rather, it is preserved in an incompletely removed
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Figure 4-5. Transcription of HML-2 proviruses is driven by the native LTR or a
nearby element.
(A) Neighbor-joining tree of the 5’ LTR sequences of the HML-2 proviruses expressed in
Tera-1 cells. The p-distance method was used to calculate distance and bootstrap values
are indicated (1000 replicates). Proviruses with (*) were predicted to be underrepresented
by the in silico analysis, as in Figure 4-1. Solid squares indicate those proviruses
(11q23.3 and 11q12.3) with minus strand transcription driven by a neighboring element.
Solid diamonds indicate those proviruses (4p16.3a and 22q11.23) with plus strand
transcription driven by a neighboring element and not the proviral 5’ LTR. (B) A cartoon
of the top two expressed proviruses, both located on chromosome 22, and their method of
transcription. Provirus 22q11.21 (LTR Hs, FPKM=26.11) is located 2.1kb downstream
from the expressed gene PRODH (Proline Dehydrogenase (oxidase) 1, FPKM = 11.53)
but in the opposite transcriptional orientation. The 5’ LTR of 22q11.21 appears to drive
proviral transcription in Tera-1 cells. Provirus 22q11.23 (FPKM = 26.94) appears to be
transcribed solely through the use of an LTR Hs (FPKM = 0.31) located 551bp upstream
from the provirus. This transcript coincides with an annotated lincRNA [30].
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intron. Remarkably, visualization of the highly expressed LTR 5B 22q11.23 provirus
(FPKM = 26.94) revealed a fragmentary LTR Hs element (FPKM = 0.31) 551bp
upstream, which appeared to be the start site for some fraction of 22q11.23 proviral
transcription (Fig 4-5 B, Fig 4-6). Transcription appeared to start midway through the R
region of the upstream LTR Hs at position 826. Splicing of the transcript occurred at
position 1074 (gag leader) of the LTR Hs element into position 1018 (gag leader) of the
LTR 5B provirus and followed the GU-AG rule (Fig 4-5 B, Fig 4-6). Interestingly, this
spliced transcript has been annotated as a lincRNA (TCONS_l2_00017644), though its
function is unknown. Though the majority of reads align to the upstream LTR Hs
element, indicating transcriptional activity, there are also reads aligned to the 22q11.23
proviral 5’ LTR 5B, potentially indicating that its native promoter is active. The relative
contributions of each LTR to promoting transcription of the 22q11.23 provirus are not
immediately clear based on the alignment alone. Of note, the expression of the upstream
LTR Hs appeared to be artificially low since reads primarily aligned only to a small
region at the end of the element, affecting the FPKM calculation. The relationship of the
22q11.23 LTR Hs sequence to that of other expressed LTR Hs sequences is shown in Fig
4-5 (black arrow).
The read-through transcription that appears to be driving expression of the LTR 5B
proviruses can be contrasted with the clearly 5’ LTR driven transcription of the top
expressed LTR Hs provirus, 22q11.21 (FPKM = 26.1) (Fig 4-3 A-B, Fig 4-5 B, Fig 4-7).
This provirus is integrated 2.1kb downstream from the transcriptional start of the
expressed cellular gene PRODH (FPKM = 11.53). Their transcriptional orientations are
divergent (Fig 4-5 B, Fig 4-7), although their expression has been reported to be linked
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[234]. Due to the sequence similarity of this provirus with other recently integrated LTR
Hs proviruses, some internal and LTR regions do not show coverage after the Unique
Only filter is applied (Fig 4-7). The transcriptional start for this provirus appears to occur
around and after position 780 on the 5’ LTR, near or at the expected site on the U3-R
border at position 793. In support of the role of the 5’ LTR in driving proviral
transcription, there are only a few reads aligned to the flanking region upstream of the
provirus, indicating that upstream elements do not contribute to provirus transcription.
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Figure 4-6. UCSC genome browser view of reads aligned to provirus 22q11.23.
RNASeq reads from Tera-1 cells were aligned to the hg19 build of the human genome,
filtered for Unique Only reads and a BEDfile of the alignment was uploaded to the UCSC
genome browser as a custom track. A screenshot of the UCSC genome browser around
LTR 5B provirus 22q11.23 (chr22: 23879930-23890615) is shown. A cartoon is placed
above the UCSC Genome browser view to clearly indicate: (1) the LTR Hs element
driving transcription; (2) the 22q11.23 LTR 5B provirus; (3) the splice site observed
between the LTR Hs element and the provirus; and (4) the lincRNA annotated in the
genome that overlaps this locus. The black arrow indicates the start site and direction of
transcription observed in Tera-1 cells and the red arrow points to a region of the provirus
that was not covered after the Unique Only filtering. LTR sequence is shown in black and
the internal genomic sequence (gag-pro-pol-env) is shown in gray. The UCSC Genome
browser view shows the Repeat Masker annotations and also the lincRNA highly
expressed in the testes (lincRNA accession number: TCONS_l2_00017644). Of note, an
AluY element is inserted at the end of env in the 22q11.23 provirus and a MER11A
element inserted into its 3’ LTR appears to be the site of transcriptional termination. A
key depicting the symbols used for reads crossing splice junctions and reads that do not is
shown below the screenshot.
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Figure 4-7. UCSC genome browser view of reads aligned to provirus 22q11.21
before and after Unique Only filtering.
RNASeq reads from Tera-1 cells were aligned to the hg19 build of the human genome,
and were left Unfiltered (A) or filtered for Unique Only reads (B). BEDfiles of the
alignments were uploaded to the UCSC genome browser as custom tracks. Screenshots of
the UCSC genome browser around LTR Hs provirus 22q11.21 (chr22: 1892618718935307) are shown. A cartoon is placed above the UCSC Genome browser view to
indicate that expression of the 22q11.21 provirus is distinct from the nearby PRODH
gene. The black arrow indicates the start sites and direction of transcription for 22q11.21
and PRODH observed in Tera-1 cells. The red arrow points to a region of the provirus
that exhibited poor read coverage in the Unfiltered and Unique Only alignments. LTR
sequence is shown in black and the internal genomic sequence (gag-pro-pol-env) is
shown in gray. The UCSC Genome browser view shows the Repeat Masker annotations
and the transcript annotation for the gene PRODH. A key depicting the symbols used for
reads crossing splice junctions and reads that do not is shown below the screenshots.
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The experiments described below were performed by Meagan Montesion and supervised
by Neeru Bhardwaj.
Retroviral 5’ LTRs generally possess all promoter elements necessary to drive the
transcription of associated viral genes [109, 154, 200]. However, other factors in cells,
such as epigenetic effects and expression of nearby genes, may also affect their
transcription. To investigate the correlation of transcription and promoter activity, we
cloned 5’ LTRs from 7 expressed proviruses into luciferase constructs and assessed their
function following transfection of Tera-1 cells. The LTR Hs upstream of the 22q11.23
provirus was similarly assayed for activity to address its role in driving expression of the
ancient provirus in lieu of the proviral 5’ LTR 5B. The relative promoter activity for each
assayed LTR was calculated as relative light units (RLU) normalized to that of a cotransfected control containing the SV40 promoter. Figure 4-8 shows RLU values reported
relative to the most active promoter and FPKM values reported relative to the provirus
with highest expression, as determined by the Plus stranded, Unique Only alignment
detailed in Fig 4-3.
As shown in Fig 4-8, the 5’ LTRs from most expressed proviruses displayed
normalized promoter activities comparable to their associated FPKM. However, there is
no direct interpretation for comparing FPKM and promoter activity values, as FPKM
values represent relative transcript detection and RLU values represent the activity from
the promoter associated with the transcript. In comparing the relative FPKM and relative
RLU values, most provirus promoter activity varied less than 2.5-fold from the reported
FPKM values. A major exception to this pattern was seen with the 22q11.23 provirus,
whose LTR 5B was >500-fold less active relative to its FPKM, while the activity of the
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upstream LTR Hs appeared to correlate with the FPKM of the 22q11.23 provirus. This
result, taken together with the alignment data showing read-through transcription
between the 22q11.23 LTR Hs and the downstream LTR 5B provirus (Fig 4-6), is
consistent with the conclusion that the high expression of the 22q11.23 provirus in Tera-1
cells is due to the upstream LTR Hs, which is capable of high promoter activity in these
cells. Another provirus whose promoter activity did not correspond well with its FPKM
value was 3q13.2, which has predicted to be underrepresented in Fig 4-1. 3q13.2
displayed a 7-fold higher promoter activity level as compared to its FPKM, which may
indicate that this provirus was underrepresented in the RNASeq analysis or that its
position or regulation in the genome has a negative impact on 5’ LTR promoter activity.
The canonical HML-2 LTR transcription start site is believed to be located at position
793 (Fig 4-9) [74, 154]. However, the RNASeq alignment showed 22q11.23 LTR Hs
transcripts originating from further downstream, primarily at position 826 (Fig 4-6).
Potentially, this LTR Hs can use an alternative start site to initiate transcription. To
investigate this issue further, Tera-1 cells were transfected with a series of truncated LTR
Hs constructs containing varying promoter elements (Fig 4-9) and analyzed for activity as
described for Fig 4-8. We observed only small decreases in activity after truncating the 3’
end of the LTR to position 805, an unexpected result, considering the RNASeq alignment
data showing a TSS at 826 (Fig 4-6 and 4-9 B). No significant drop in activity was seen
until the LTR was truncated to position 740, resulting in removal of both a GC box and
the TATA box (Fig 4-9 A-B). In addition, truncations down to positions 522 and 460
ablated LTR activity almost entirely (Kruskal-Wallis, *p<0.05, **p<0.01, Fig 4-9 B).
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Figure 4-8. HML-2 promoter expression in Tera-1 cells.
Comparison of the relative transcript expression level (FPKM; black) for a provirus and
its corresponding relative luciferase expression level in Tera-1 cells transfected with a
vector containing a luciferase reporter gene downstream of the indicated proviral 5’ LTR.
FPKM values are plotted relative to the highest expressed provirus, 22q11.23, which was
set to 1 (left y-axis). RLU values are plotted relative to the most active HML-2 LTR, the
22q11.23 LTR Hs element, which was set to 1 (right y-axis). LTR activity is expressed as
relative light units (RLU; gray) normalized to a control construct with a Renilla luciferase
gene driven by an SV40 promoter. The relative promoter activities of the LTR Hs located
551bp upstream from the 22q11.23 provirus, the 5’ LTR 5B of the 22q11.23 provirus and
the 5’ LTR Hs of six other expressed proviruses in Tera-1 cells are shown. The
transfection experiments were performed by Meagan Montesion and supervised by Neeru
Bhardwaj.
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Figure 4-9. The effect of truncations on 5’ LTR promoter activity in Tera-1 cells.
(A) Schematic of the 22q11.23 LTR Hs, showing the U3, R and U5 regions. Predicted
transcriptional start sites are indicated with black arrows and nucleotide position. Colored
boxes indicate previously described promoter element motifs [74, 125, 154]. Lines below
the LTR diagram indicate the regions included in each truncated LTR construct, and
numbers to the right of each line indicate the nucleotide position at which the LTR was
truncated. GA, GA rich motif (nt 379-386, sequence GGGAAGGG); E, enhancer box (nt
465-476, sequence TTGCAGTTGAGA; nt 485-496, sequence AGGCATCTGTCT; nt
832-843, sequence CTCCATATGCTG); GC, GC rich motif nt 759-763, (sequence
CCCCC; nt 602-606, sequence GGCGG); TATA, TATA box (nt 790-797, sequence
AATAAATA); Inr, initiator element (nt 807-812, sequence CTCAGA). Cartoon is not
drawn to scale. (B) Relative promoter expression levels of truncated 22q11.23 LTR Hs
constructs in Tera-1 cells (Kruskal-Wallis, *p<0.05, **p<0.01). All luciferase
experiments were conducted in triplicate and are shown as mean ± standard deviation.
(C) Schematic of promoter motifs found in the 22q11.21 provirus 5’ LTR Hs, the
22q11.23 LTR Hs and 22q11.23 provirus 5’ LTR 5B. Crossed out boxes indicate
presence of a mutation in the motif as compared to the canonical sequence. These
experiments were performed by Meagan Montesion.
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Thus, the ability of the LTR Hs to promote transcription is largely dependent on GC box
and/or TATA box promoter elements in the luciferase assay and did not appear to mimic
the TSS exhibited in its native genomic location, although we have not yet directly
determined its site of transcriptional initiation.
The most active LTRs in the Tera-1 cells, namely the 5’ LTR Hs of the 22q11.21
provirus and the LTR Hs driving the 22q11.23 provirus, may have preserved promoter
elements that allowed for their activity, in comparison to less active, older LTRs, like the
22q11.23 proviral 5’ LTR 5B. Accordingly, canonical E box, GC box and TATA box
elements were found in the most active LTRs (Fig 4-9 C). Conversely, the mostly
inactive 22q11.23 LTR 5B displayed 1-3 nucleotide mutations for 5 out of the 8 promoter
elements on its 5’ LTR (Fig 4-9 C). Significantly, this LTR did not retain the canonical
GC box or TATA box sequences, which were shown to be important for HML-2 LTR
transcription in Fig 4-9 B. Thus, HML-2 LTR activity in Tera-1 cells appears to be in part
reliant on maintenance of canonical promoter motifs.

4.5 RNAseq HML-2 expression profiles of HIV-1 infected individuals
The application of RNASeq to defining HML-2 expression at the proviral level was
successful in both simulation and in implementation using the Tera-1 cell line [15]. Thus,
this methodology was applied to the HIV-infected patient population in order to
understand which HML-2 proviruses are overexpressed in HIV-1 infected individuals, a
result originally quantified using the HML-2 env qPCR that detects HML-2 proviruses in
bulk and cannot discriminate between differences in expression of individual loci (Fig 34A).
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In the HIV-1 infected population, HML-2 expression appears to occur in multiple
blood cell types and does not seem to be directly dependent upon HIV-1 replication, but
rather an indirect consequence of infection (Fig 3-4 through 3-6) [14]. There are limited
data on which proviruses are expressed during infection and whether the upregulated
HML-2 proviruses carry open reading frames. Potentially, expression of retroviral
proteins could have an effect on HIV-1 disease progression, or recombination between
individually defective HML-2 proviruses could create an infectious variant, a process that
occurs with endogenous retroviruses in other animals [230, 278].
In order to address these possibilities, HML-2 loci expressed during infection were
determined by performing RNASeq on PBMCs from 10 HIV-1 infected and 6 uninfected
individuals. These samples were taken from the HIV-1 population described in Table 3-1.
The libraries were constructed from whole (unsorted) PBMC RNA in order to capture
each patient’s HML-2 expression profile. This strategy was undertaken since HML-2
provirus expression was not determined to specifically originate from one cell type;
rather, it was detected in multiple cell types. Thus, for these samples, RNASeq was used
to probe complex cell populations to determine proviruses that could have a pathogenic
impact.
PBMC RNASeq libraries were prepared as described for Tera-1 cells with the
exception that PBMC RNA was left unsheared prior to reverse transcription for the
library preparation. By leaving the RNA unsheared, we maximized the size of the insert
to be sequenced, potentially reducing the amount of multi-reads due to the longer
sequence available for alignment. Alignment of reads to multiple closely related
proviruses was observed in the analysis of HML-2 proviruses expressed in the Tera-1 cell
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line. In practice, we achieved fragment sizes primarily ranging from 225-400 bases in
length using this approach, greater than the ~190 base fragments of the Tera-1 cell
library. RNASeq reads were trimmed to remove adaptor sequences and low quality bases.
In addition, any trimmed reads with a length less than 100 bases were removed.
The RNASeq reads were aligned to the hg19 build of the human genome and the
HML-2 reference genome, as with the Tera-1 alignments. These two sequence
alignments were performed per subject for two main reasons: (1) in order to corroborate
HML-2 provirus expression profiles; and most importantly, (2) to allow for the detection
of elements that are not annotated in the available reference human genome. After
alignment, reads were filtered to keep only uniquely aligned reads in order to offset any
misrepresentation of HML-2 proviruses as being expressed. Expression analysis was
performed using the program CuffDiff to determine differentially expressed genes
between samples as well as CuffNorm to output normalized FPKM values for all samples
tested, taking into consideration the strandedness of the read pairs.
In comparing the results of the two alignments, a discrepancy was discovered. All
major hits were corroborated between the hg19 and HML-2 reference alignments except
for the hg19 alignment detection of provirus 19q13.12a (shown in black/white checker
print in Figure 4-10; compare columns A = hg19 alignment and B = HML-2 genome
alignment). The read IDs for the reads aligning to the 19q13.12a genomic coordinates
were extracted from the hg19 alignment file from the individual with the highest
19q13.12a provirus expression. When these read IDs were searched for in the subject’s
corresponding HML-2 genome alignment file, the reads were not found, thus confirming
the lack of 19q13.12a detection in the HML-2 alignment and furthermore that these reads
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were not aligned to a different provirus. When the extracted reads were then analyzed in
BLAT to find their best genomic matches, a 100% match was found to be an RNA repeat
(LSU-rRNA_Hsa) on an unassembled genomic contig (chrUn_gl000220). This type of
repeat element is also inserted in the 19q13.12a provirus, at a 98.5% match. Thus, the
detection of provirus 19q13.12a in the hg19 alignment was due to a misalignment of
reads to a repeat element that happens to be present within the provirus. Though this
repeat is present in the provirus, it was not included in the HML-2 reference genome
since it is not of HML-2 origin. Since it does not represent true proviral expression, this
proviral hit was excluded from analysis (Figure 4-10, column C). After this correction,
the two alignments are now in agreement on expressed HML-2 loci.

118

Figure 4-10. Summary of alignment methods and their effects on HML-2 detection.
The proportion of individual HML-2 proviruses expressed in HIV-1 infected (n=10) and
uninfected individuals (n=6) was summarized across biological replicates for each
alignment condition. Average FPKM values calculated from uniquely aligned reads for
each provirus were converted into a percentage value of total expressed HML-2 FPKM
and plotted, as in Fig 4-3.
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As shown in Figure 4-11 and 4-12 A, when considering the strandedness of reads,
there is a marked drop off in HML-2 expression. In comparison, GAPDH expression was
not affected by this analysis (Fig 4-12 B). In our previous analysis with Tera-1 cells,
filtering for unique reads appeared to lower the number of reads aligned to HML-2
proviruses by ~47%, but removing antisense alignments affected only a minority
expressed proviruses (Fig 4-2 A). Conversely, in the PBMC analysis, ~35% of the
aligned HML-2 reads were in antisense orientation and filtering for uniquely aligned
reads had little effect on the level of measured HML-2 expression (Fig 4-11). The lower
amount of multi-reads reflects that many of the expressed proviruses in blood cells have
distinct sequence. However, expression is not driven by the proviral 5’ LTR that enables
sense transcription, as seen in the increased level of antisense transcripts. In contrast, in
Tera-1 cells, strong 5’ LTR activity drives sense transcription of newer, highly similar
integrations.
As shown in Figure 4-10 (compare columns C = Unstranded and D = Plus stranded),
not all proviruses were affected equally in the stranded analysis. The highest expressed
proviruses, 3q12.3 and 1q22, were not affected by the plus stranded alignment. However,
less highly expressed proviruses present in introns of expressed genes (in parentheses)
were reduced, including 19q13.12b (ZNF420), 14q11.2 (DHRS4L1), 12q24.33 (ZNF140),
1q23.3 (CD48) and 12q24.11 (PPTC7). These proviruses are inserted antisense to the
direction of transcription for the gene in which they are located. In addition, the intronic
sequences around the proviruses also show read alignment in the same transcriptional
orientation as the gene. These observations are consistent with the explanation that
transcript detection was a result of read-through transcription and this was detected due to
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pre-mRNA being included in the total RNASeq library preparation. Interestingly,
expression from provirus 1q23.3 was detected in a recent study using env amplicon
sequencing to investigate HML-2 expression in lymphocytes [26]. The authors suggest
that the defective 1q23.3 Env could pseudotype HIV particles and affect HIV
pathogenesis, however our results show that 1q23.3 is transcribed primarily in antisense
orientation and thus would not be translated into Env protein.
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Figure 4-11. Relative gene expression in PBMCs from HIV-1 infected and
uninfected individuals.
FPKM values for reference genes (GAPDH, PPIA and HPRT1), total HML-2 expression
using different alignments (HML-2 Unstranded and Unfiltered, HML-2 Unstranded and
Unique Only, and HML-2 Plus stranded and Unique only), the interferon regulated HIV
restriction factor gene APOBEC3G and the immune marker gene CD38 are shown for the
HIV-1 infected (n=10) and uninfected (n=6) populations tested. Unless indicated, FPKM
values are derived from plus stranded, unique alignments. Total HML-2 expression is
calculated as a sum of all expressed HML-2 proviral FPKM. Error bars reflect the
standard deviation between biological replicates. Statistical significance determined in
CuffDiff after controlling for multiple comparisons, **p = 0.004 and *p = 0.03.
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Figure 4-12. Effect of eliminating antisense reads on relative gene expression.
FPKM values for HIV-1 infected and uninfected individuals were plotted for each
condition using data from hg19 human genome alignments. (A) Total HML-2 FPKM
values were summed and plotted for each subject. (B) GAPDH FPKM values plotted for
each subject. The p value was calculated using a Mann-Whitney t-test.

125

126

Another difference that arose between the hg19 and HML-2 reference genome
alignments was that even though the same proviruses were being detected, a statistical
significance in total HML-2 expression between HIV-1 and uninfected populations was
only seen in the HML-2 genome alignment (Fig 4-13 A = HML-2 genome alignment,
***p = 0.0002; Fig 4-12 A for hg19, p = 0.17). A statistically significant difference in
HML-2 expression was demonstrated using an env-specific qPCR previously (Fig 3-4 A).
A potential reason for the greater sensitivity of the HML-2 genome alignment to pick up
a significant difference between the populations is that only HML-2 reads were
considered for comparison and library size normalization. As HML-2 expression is low
compared to other cellular genes, the library size normalization in the hg19 alignment is
driven by the mapping of reads to non-HML-2 genes and may obscure small differences.
As a proof of principle, when only HML-2 annotations are considered for gene
expression analysis and FPKM calculation in the hg19 alignment, a difference in
expression between the HIV-1 infected and uninfected populations is now apparent (Fig
4-13 B; **p = 0.003). While a trend towards higher HML-2 expression in the HIV
population was seen in the standard hg19 analysis (Fig 4-12 A, Plus stranded and Unique
only), for low expressed loci like HML-2 proviruses, using default standardizations may
impair data analysis and underestimate population differences.
Upon examining the individual proviruses expressed in the HIV-1 infected and
uninfected conditions, it is apparent that the majority of expressed proviruses are shared
and not unique to either condition (Fig 4-10, HIV – column D and Uninfected – column
D). However, the magnitude of expression between populations can differ (Fig 4-14).
The top two expressed proviruses in PBMCs in both populations are the LTR Hs
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proviruses 3q12.3 and 1q22. Both proviruses trend towards higher expression in HIV-1
infected individuals, with 1q22 significantly higher, assuming a 10% false discovery rate.
The expression of these proviruses are most likely driving the difference in total HML-2
expression between populations, as assessed by env qPCR and RNASeq. These two hits
corroborate the results from a recent study investigating the expression of HML-2 env
sequences in lymphocytes from HIV-negative patients [26]. 3q12.3 has an ORF for the
structural gene gag, whereas 1q22 does not fully encode any of the essential retroviral
genes gag, pro, pol or env. Notably, the truncated Env from 1q22 was able to be
expressed and properly localize to the cell membrane in culture but could not pseudotype
HIV or SIV virions [26].
Expression of proviruses at 3q12.3 and 1q22 could be enhanced due to their location
near active transcription units and appears to be the result of transcription originating in
upstream repetitive elements (Fig 4-15). 3q12.3 is located 5.2kb downstream of the
highly expressed gene RPL24 (HIV average FPKM = 1148, Uninfected average FPKM =
1789). Though transcription is in sense orientation, it does not appear that the 3q12.3 5’
LTR is driving its own transcription. In the alignment shown in Fig 4-15, transcription
originates in an upstream repetitive element, specifically a type of SINE element called
AluSx3 (chr3:101407448-101407756). Transcription continues downstream to include
the 3q12.3 proviral sequence and primarily terminates in the 3q12.3 3’ LTR. The second
highest expressed provirus, 1q22, is located between the genes MSTO1 (11.7kb upstream;
HIV average FPKM = 3.2, Uninfected average FPKM = 2.9) and YY1AP1 (23.6kb
downstream; HIV average FPKM = 24.8, Uninfected average FPKM = 28.9).
Interestingly, many of the reads aligning to the 1q22 5’ LTR are actually spliced reads
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Figure 4-13. HML-2 provirus expression is upregulated in HIV-1 infected
individuals.
Total FPKM values for HML-2 proviruses expressed in HIV-1 infected and uninfected
individuals were summed and plotted for each condition. (A) Total HML-2 FPKM values
were summed and plotted for each patient using data from the HML-2 genome alignment.
(B) Total HML-2 FPKM values were summed and plotted for each patient using data
from the hg19 alignment, with only HML-2 annotations analyzed for gene expression and
used for library size normalization. The p values were calculated using Mann-Whitney ttests.

129

130

Figure 4-14. The most highly expressed HML-2 proviruses in PBMCs.
FPKM values for the top expressed HML-2 proviruses in HIV-1 infected and uninfected
individuals were calculated based on the Plus stranded, Unique only alignment using the
hg19 reference (as in Fig 4-13 B). The p values were calculated using Student’s t-tests
with the Holm-Sidak post-test to correct for multiple testing. The p values remained
significant assuming a 10% false discovery rate.
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Figure 4-15. UCSC genome browser view of reads aligned to 3q12.3 and 1q22.
RNASeq reads generated from the PBMCs of an HIV-1 infected patient were aligned to
the hg19 build of the human genome, filtered for Unique Only reads and a BEDfile of the
alignment was uploaded to the UCSC genome browser as a custom track. Screenshots of
the UCSC genome browser around the LTR Hs proviruses (A) 3q12.3 (chr3:101410737101419859); and (B) 1q22 (chr1:155596457-155605636) are shown. A cartoon is placed
above the UCSC Genome browser views to clearly indicate the inferred start of
transcription for each provirus, namely in an AluSx3 element for 3q12.3 and an ERV
LTR12F for 1q22. The black arrow indicates the start site and direction of transcription
observed in PBMCs and a red outline surrounds the element where transcription
originates. HML-2 proviral LTR sequence is shown in black and the internal genomic
sequence (gag-pro-pol-env) is shown in gray. The UCSC Genome browser view shows
the annotations for repetitive elements, known transcripts (RPL24) and lincRNA
(lincRNA accession number: TCONS_l2_00002667, chr1:155596547-155618335). Of
note, short interspersed nuclear elements (SINEs), like AluSx3, are shown in light green
and HERV-W sequence is shown in purple. A key depicting the symbols used for reads
crossing splice junctions and reads that do not is shown below the screenshots.
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originating in an unrelated proviral LTR (ERV1, LTR12F; chr1:155607243-155607452),
as shown in Fig 4-15. This transcript of provirus 1q22 partially overlaps with an
annotated lincRNA found to be highly expressed in white blood cells and breast tissue
(TCONS_l2_00002667; chr1:155596547-155618335).
Compared to these two proviruses, the FPKM values for the other expressed
proviruses were much lower (Fig 4-16). All of the other detected proviruses are ancient
integrations, with estimated ages of over 2 million years, except for 8p23.1a which is a
human specific integration retaining all ORFs. Of interest, the LTR5B provirus 16p13.3
was only detected in HIV-infected population in the hg19 alignment. It is located in an
intron of the gene FLYWCH1, which was expressed at low but equal levels in HIV-1
infected and uninfected individuals (HIV average FPKM = 3.3, Uninfected average
FPKM = 3.5). However, it does not have any complete open reading frames and the
significance of its expression is unclear. It appears to be the outcome of read-through
transcription in an intron as there is not complete genome coverage.
In this study, the HIV-1 infected patients analyzed were all off therapy and exhibited
a wide range of plasma viral loads (median: 3.74 log10 copies/mL, range: 1.95-5.55 log10
copies/mL). HIV replication was not correlated with expression of 3q12.3 (p=0.41), 1q22
(p=0.21) or 16p13.3 (p=0.52). However, it was associated with the expression of the
activation marker CD38 in this patient group (Fig 4-11; ***p=0.0008, Spearman r =
0.90), known to be expressed on highly activated CD4+ and CD8+ T cells from HIV-1
infected individuals and serving as a positive control in this analysis [178].
The two most highly expressed proviruses, 3q12.3 and 1q22, are both fixed in the
human genome and are LTR Hs proviruses estimated to have integrated either 5.5-10 or
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<2 million years ago respectively [233]. As mentioned previously, 3q12.3, which is not
differentially expressed, retains a gag ORF but 1q22 does not encode intact essential
genes. However, the provirus 1q22 is a type 1 HML-2 provirus capable of encoding the
accessory protein Np9, which is the product of a double spliced transcript that may have
oncogenic effects in a cell [98]. In our alignments, spliced reads indicating expression of
np9 were not observed. Potentially, use of deeper sequencing on these libraries or
targeted qPCR for detection of 1q22 np9 transcripts would be able to capture whether
these are expressed in the HIV-1 population, and furthermore, if there is any association
with a certain cell type or HIV disease characteristic.
There does not appear to be high potential for complementation and recombination to
occur between expressed HML-2 proviruses. Though 3q12.3 encodes full-length Gag
protein, it was not differentially expressed between populations and virions were not
detectable in the plasma of HIV-1 infected patients. The human specific LTR Hs provirus
8p23.1a, which integrated at least 1.1 million years ago [110] and carries ORFs for gag,
pro, pol and env, was only very weakly detected in this analysis. However, it is not
infectious as-is and it is known that its encoded Env is non-fusogenic and cannot
pseudotype SIV [59]. The other proviruses with ORFs shown in Fig 4-16 are from older
integrations and have unknown functionality. These results are in stark contrast to our
study on Tera-1 cells, where the two most highly expressed proviruses both carried full or
nearly-full open reading frames for gag and produced viral like particles easily detectable
in the cell supernatant. In Figure 4-17, a comparison of HML-2 expression between
PBMCs and the teratocarcinoma cell line Tera-1 is shown. While 3 out of the top 4
HML-2 proviruses expressed in PBMCs are transcribed in Tera-1 cells, the HML-2
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profile of Tera-1 cells is vastly different, where these proviruses make up only a small
proportion of what is expressed.

Figure 4-16. Heatmap of HML-2 provirus expression across individuals.
RNASeq reads derived from HIV-1 infected and uninfected PBMC RNA were aligned to
the hg19 build of the human genome, using the Plus stranded, Unique only alignment.
FPKM values representing relative expression were determined for all expressed HML-2
proviruses and log-normalized for use in heatmap generation. Log-normalized FPKM is
shown from high (red) to low (blue) expression, as indicated in the key to the left. Intact
ORFs are displayed for each provirus on the right with red crosses.
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Figure 4-17. Comparison of HML-2 proviral expression patterns in PBMCs and the
teratocarcinoma cell line Tera-1.
The proportion of individual HML-2 proviruses expressed in PBMCs from HIV-negative
patients, PBMCs from HIV-1 infected patients and Tera-1 cells were summarized for
each cell type. The average FPKM for each provirus was converted into a percentage and
plotted according to (average provirus FPKM)/(average total HML-2 FPKM) x 100. The
three proviruses shown in the figure key are highly expressed in PBMCs, but are at a
lower prevalence in Tera-1 cells, a cell line known to produce HML-2 particles.
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Chapter 5: Discussion
Excerpts from this chapter were previously published in:
Bhardwaj N, Maldarelli F, Mellors J, Coffin JM. “HIV-1 infection leads to increased
transcription of human endogenous retrovirus HERV-K (HML-2) proviruses in vivo but
not to increased virion production.” J Virol. 2014;88(19):11108-20.
Bhardwaj N, Montesion M, Roy F, Coffin JM. “Differential expression of HERV-K
(HML-2) proviruses in cells and virions of the teratocarcinoma cell line Tera-1.” Viruses.
2015;7(3):939-68.

HML-2 expression in HIV-1 infected plasma and cells
HERV-K (HML-2) proviruses represent the most recently integrated proviruses in the
human genome, some of which maintain ORFs for retroviral genes [233]. Although not
expressed highly in most normal tissue, multiple studies have shown HML-2
transcription to be associated with several disease states, notably in cancers and HIV-1
infection [98, 203, 256]. Previous reports investigating HML-2 activity during HIV-1
infection have described detectable HML-2 virions in patient plasma, often at levels
higher than HIV [42-44, 46, 47], HML-2 RNA upregulation in patient CD4+ and CD8+ T
cells [179], and the presence of cytotoxic and humoral immune responses specific to
HML-2 antigens [81, 164, 165, 222, 242]. The observations of HML-2 RNA and protein
expression during HIV-1 infection have led to a proposal for development of a
vaccination strategy to eliminate HIV-1 infected cells, which may be targeted by their
ability to display HML-2 antigens [112, 204, 224]. However, the mechanisms governing
HML-2 expression are unclear and, given the large number of proviruses, likely to be
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very complex, and the cells expressing HML-2 RNA and protein are largely undefined.
An impediment to investigating their possible role in disease has been the incomplete
understanding of their expression patterns in human cells and, along the same lines, the
availability of only small sample sizes of analyzed tissues [72, 221]. In addition, the exact
proviral loci and the details of their regulation that may be important in a disease context
are not known.
In this study, we investigated HML-2 expression in a cohort of HIV-1 infected
patients to determine the cell source of HML-2 expression and the relationship of HML-2
expression to HIV disease status. Using a qPCR assay capable of detecting RNA from
more than half of the known HML-2 elements (Fig 3-1), we observed, contrary to
previous reports, that HML-2 virions were not detectable in patient plasma during
untreated HIV-1 infection (Fig 3-2). The discrepancy between this and previous results
was not due to differences in methodology, since our finding was confirmed using a
previously published extraction and detection method with a subset of the clinical
samples (data not shown). Similarly, a recent study using deep-sequencing techniques did
not uncover an increase in overall HERV RNA or HERV-K RNA (inclusive of HML-2)
sequences from the plasma of HIV-1 subtype B subjects as compared to uninfected
controls [138]. It is possible that virion production occurs below our limit of detection
using the env qPCR, as we did not achieve single copy sensitivity, but virion production
would still be orders of magnitude less than reported.
During this analysis, we found that HIV-1 infected patient plasma showed a
significant increase in extracellular DNA as compared to that from uninfected individuals
(Fig 3-2). Plasma DNA, specifically mitochondrial DNA, has been observed in HIV-1
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infected patients previously, though not at a level significantly different from controls
[130]. The finding of extracellular DNA in the plasma of HIV-1 patients could help
explain the discrepancies in our results from previous publications. If extracted plasma
RNA was not treated with DNase and adequate reverse transcriptase negative controls
were not run, our assay could have led to the erroneous detection of HML-2 RNA in
patient plasma (Fig 3-2). However, the signal would have derived solely from
extracellular DNA present in the plasma of HIV-1 patients and not from HML-2 RNA.
This artifact is possible because HML-2 proviruses are present at high copy number in
the human genome, with more than 90 proviruses per haploid genome [233].
Furthermore, levels of DNA in patient plasma could also be affected by sample handling:
if blood samples were not immediately processed, increasing amounts of DNA could be
present in patient plasma samples and provide more template for erroneous HML-2 RNA
detection. Finally, quantitation of contaminating genomic DNA with an RNA-based
standard could further inflate HML-2 signal due to the less than 100% efficiency of the
RT step used for the standard curve. Therefore, a combination of the above factors could
lead to the false detection of high levels of HML-2 RNA and possibly explain why
previous publications have reported detection of HML-2 RNA in HIV-1 patient plasma.
The same group that reported the presence of HML-2 virions in the plasma of HIV-1
patients has recently explored the idea that HML-2, unlike any other betaretrovirus, may
replicate using a packaged viral DNA genome instead of RNA [64]. This type of
replication cycle is known to occur in the spumavirinae sub-family of Retroviridae,
which is distantly related to betaretroviruses. Thus, our result of contaminating DNA in
the plasma of HIV-1 patients harboring HML-2 signal could be explained by this
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alternative hypothesis where virions package HML-2 DNA. Specifically, in the
teratocarcinoma cell lines Tera-1 and NCCIT, in lymphoma patients and with a
reconstituted HML-2 virus, HML-2 RNA was reported to undergo reverse transcription
in the cell prior to packaging in a virion, or while in the virion and prior to infection of a
new cell [64]. Furthermore, ~40% of all genomes packaged into virions were reported to
be DNA [64]. However, in their previous finding of HML-2 virions in HIV-1 infected
patients, these same authors did not note the presence of HML-2 DNA in the RTcontrols but rather reported them as free of signal [46], which is a direct contradiction to
their current stance. The relationship between these two reports by the same group
remains to be clarified and an independent lab should critically test the presence of
packaged HML-2 viral DNA in virions. If a betaretrovirus like HML-2 were to replicate
akin to a spumaretrovirus, it would likely represent an independent evolution of a
complex lifecycle known only to occur in a retrovirus with a drastically different genome
organization.
Extracellular dsDNA could potentially function as a damage-associated molecular
pattern if taken up by cells and detected by a dsDNA receptor in the endosome or cytosol,
leading to immune activation [185]. Signaling due to extracellular DNA could potentially
represent an additional pathway to chronic immune activation commonly seen in HIV-1
infected individuals [51]. In this study, association of plasma DNA with immune
activation markers was not assessed through flow cytometry, though the immune
activation marker CD38, present on activated T cells in HIV-1 infected individuals [178],
was upregulated in the same HIV-1 population as assessed by RNASeq (Fig 4-11).
Interestingly, the RNASeq screen showed that the cytosolic dsDNA sensors AIM2, IFI16
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and DDX60 were upregulated in the HIV-1 population over the uninfected population
(data not shown; p values corrected for multiple testing are p=0.001, p=0.03 and p=0.001
respectively). Detection of dsDNA by AIM2 triggers inflammasome assembly, which is a
protein complex that leads to post-translational processing of the pro-inflammatory proform cytokines IL-1β and IL-18 and induces pyroptosis, an inflammatory type of cell
death [185]. IFI16, which is an AIM2-like receptor, is thought to either activate the
inflammasome or lead to type 1 interferon upregulation through its downstream
interactions [185]. Previously, IFI16 was associated with pyroptosis of CD4+ T cells with
unproductive HIV-1 infection in the lymphoid compartment [167]. Both IFI16 and AIM2
were shown to bind DNA in a sequence-independent manner, potentially allowing for
sensing of host DNA in the cytoplasm by binding the sugar-phosphate backbone [180].
DDX60 appears to stimulate type 1 interferon signaling after DNA recognition and is
also capable of recognizing viral RNA in concert with the RNA sensor RIG-I [185].
There is the potential for these DNA sensing pathways to lead to increased immune
activation in cells; additionally, since sensing can also lead to cell death by pyroptosis,
their activation could contribute to the expulsion of DNA into the extracellular
compartment and drive DNA signaling in a positive feedback loop. The relative
contribution of extracellular DNA uptake to sensor activation is not apparent since HIV
replication alone can lead to engagement of a DNA sensing pathway, as seen with IFI16
[167], though HIV replication was not shown to strongly activate AIM2 signaling [35]. In
our correlation analysis, we found no significant correlation of HIV-1 replication, as
measured by plasma viral loads, with the relative transcript levels of any of the
aforementioned DNA sensors (data not shown). An additional study examining the levels
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of plasma DNA in patients on successful antiretroviral therapy could be informative, as
chronic activation is present, albeit at a lower level, in patients on long-term therapy and
is associated with decreased longevity, cardiovascular disease and metabolic syndrome
[189].
A significant upregulation in HML-2 RNA was assessed in PBMCs from HIV-1
infected patients in the absence or presence of antiretroviral therapy (***p<0.0001, Fig 34; *p=0.02, Fig 3-5). On average, the level of expression was about 2-fold higher than
that seen in uninfected controls, although some patients showed levels of HML-2
transcription equivalent to HIV-negative subjects. This result can mean that HML-2
upregulation is not a universal phenomenon, or perhaps that the cell source of expression
was not in high abundance in the patients with no measurable increase in transcription.
The initial analysis was performed using unsorted PBMCs (Fig 3-4), so cell subset
frequency could have had affected overall measured expression levels. To assess this
possibility, total PBMCs from HIV-infected and uninfected patients were sorted into
CD4+ and CD8+ T cells subsets, in addition to B cells and monocytes. These cell types
represent the main constituents of PBMCs, although smaller populations including
dendritic cells and NK cells could potentially represent sources of HML-2 expression.
When HML-2 RNA upregulation was assessed in sorted cells, we saw no significant
difference in expression in any subset from HIV patients as compared to controls (Fig 36), although each subset individually showed a small increase in patients compared to
controls, with the greatest difference in monocytes, a cell type that is not a target for HIV
infection in vivo [115]. The lack of enrichment in the CD4+ T cell population is
consistent with HML-2 RNA expression having no clear relationship to HIV replication
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(Fig 3-5), while the lack of enrichment in other cell populations could exemplify the
indirect mechanism regulating HML-2 expression in HIV-1 infected patients. The
differences in the magnitude of HML-2 transcription in cell subsets could be due to cellspecific transcription factors, methylation patterns or other epigenetic changes, which are
believed to control endogenous retrovirus expression in differentiated tissues [150, 154].
Based on these results, it appears that differential expression from multiple cell sources
may lead to the 2-fold difference in HML-2 expression in HIV-infected versus control
individuals.
It is important to point out that our results do not exclude the possibility of significant
upregulation of expression of HML-2 in HIV-infected cells. On average, less than 0.2%
of CD4+ T cells are infected with HIV during chronic infection [114], so even a 10-fold
upregulation of HML-2 RNA would only lead to a 2% increase in the total cell
population. To answer this question directly, it will be necessary to sort either HIV- or
HML-2-expressing cells from patient samples, which is a daunting task, or alternatively
address HML-2 upregulation in ex vivo HIV infection of primary CD4+ T cells.
In this study, no significant correlation was observed between HIV-1 disease markers,
including level of viremia, intracellular HIV RNA and DNA, and HML-2 expression in
patient PBMCs (Fig 3-4 and 3-5) and no enrichment was seen in HIV-1 target CD4+ T
cells, as previously mentioned (Fig 3-6). In addition, there was no effect of antiretroviral
therapy on HML-2 expression (Fig 3-5). The lack of effect of HIV replication or
antiretrovirals is interesting as they have been reported to have positive and negative
effects respectively on HML-2 virion production in HIV-1 infected patients [43, 44]. In
vitro, the accessory proteins Tat and Vif have been reported to positively influence HML-
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2 RNA and protein expression [48, 86, 112]. The difference between the in vitro and in
vivo results may be due to the higher levels of infection and therefore protein production
seen during in vitro infections, or potentially a non-canonical function the accessory
proteins assume under in vitro conditions.

HML-2 profiling of HIV-1 infected patient cells
As the env qPCR measures total HML-2 signal and does not distinguish among the
proviruses expressed, it is possible that individuals expressed distinct proviruses or that
the expression of only some HML-2 proviruses was associated with HIV disease. To
address these issues, we applied RNASeq analysis to capture the HML-2 transcription
profile of HIV-1 infected patients. Contrary to our expectations, we found that the
identities of expressed HML-2 proviruses in PBMCs were remarkably consistent between
HIV-1 infected and uninfected individuals (Fig 4-10, 4-16, 4-17).
The highest expressed proviruses in each case were the LTR Hs proviruses 3q12.3
and 1q22, followed by a combination of lesser-expressed elements. Both 3q12.3 and
1q22 are fixed in the genome, thus are present in all tested individuals [233]. This finding
corroborates a previous report showing expression of 3q12.3 and 1q22 in uninfected
peripheral blood lymphocytes [26] and extends it to the HIV-1 infected population. In our
study, we found that 1q22 was expressed significantly higher in HIV-1 infected
individuals, assuming a 10% false discovery rate (*p=0.03; Fig 4-14). Interestingly, the T
cell line model KE37.1-IIIB, which is chronically infected with HIV-1, showed higher
expression of the provirus 1q22 as compared to the uninfected cell line KE37.1; however,
it did not recapitulate expression of 3q12.3 [259]. This observation may imply that this
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cell line model cannot capture the complexity of HML-2 expression, or that T cells only
express a restricted set of HML-2 proviruses. However, our study and a previous study
[26] analyzed mixed cell populations so this difference remains untested, though it seems
likely that cell line expression differs from that of primary cells.
The fixed HML-2 LTR 5B provirus 16p13.3, which does not carry the canonical
retroviral ORFs, was only detected in the HIV-1 infected group using the hg19
alignment. However, 1 uninfected individual out of the 6 tested was detected as having
16p13.3 expression in their corresponding alignment to the HML-2 reference genome
(data not shown). Expression of 16p13.3 did not appear to be related to the expression
level of gene FLYWCH1, which contains the proviral insertion in an intron, as gene
expression was equivalent between populations (Fig 4-14). The enriched expression of
this provirus in HIV-1 infection was unique, as this pattern was not observed for any
other HML-2 proviruses detected. However, 16p13.3 did not show full genome coverage
in alignment, a finding that weakens the reliability of this measurement.
The only polymorphic provirus detected in the hg19 alignment was 8p23.1a, which is
capable of encoding all retroviral gene products but was detected only very weakly in this
analysis (Fig 4-16). The frequency of this provirus detected in our sample set was much
higher than anticipated, where 9/10 HIV-1 infected individuals and 3/6 uninfected
individuals exhibited expression of this provirus (Fig 4-16). However, there was not full
genome coverage and signal was limited to a few reads in gag in the alignments. In the
population, the 8p23.1a provirus is insertionally polymorphic and is expected to only be
present at a frequency of 35% in African-Americans, 39% in Hispanics and 6% in
Caucasians [110]. Based on ethnicities provided for our HIV-1 population, 100% of
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African-Americans (2/2), 75% of Hispanics (3/4) and 100% of Caucasians (4/4) carry
this provirus. Due to the very low detection of this provirus and insertion frequencies
inconsistent with published observations from large datasets, it appears that 8p23.1a
detection may be incorrect and a result of misalignment, potentially from the related
provirus 1q22 (Fig 4-1). The actual carriage of this provirus remains to be validated using
PCR analyses targeting the integration site in PBMCs from our HIV-1 infected and
uninfected populations. However, the likely inaccurate detection of 8p23.1a is consistent
with the fact that 3q12.3 and 1q22, the highest expressed proviruses, represent the
functional limit of provirus identification, as the other proviruses are too poorly
expressed and alignments too sparse to consider them definitively transcribed.
Our study did not confirm the finding that the provirus 1q23.3, which encodes a
defective Env protein, is highly expressed in lymphocytes [26]. In fact, the 1q23.3
provirus was only detected as transcribed in the antisense orientation (Fig 4-10), most
likely due to its presence in the intron of CD48, which is transcribed in the opposite
orientation as the provirus. This result contradicts the hypothesis that Env protein
generated from 1q23.3 transcription could be used to pseudotype HIV-1 and interfere
with replication, as was proposed [26]. Additionally, in the report cataloguing HML-2
expression from the HIV-1 infected cell line KE37.1-IIIB, the authors identified 7q34
expression after PCR and sequencing of HML-2 amplicons [259]; however, in our study,
this transcript was identified as a product of antisense transcription in lymphocytes as
well (Fig 4-10). In addition to 1q23.3 and 7q34, many proviruses were expressed in this
manner, where antisense proviral transcription was detected due to read-through
transcription or their presence in introns of expressed genes (Fig 4-10, 4-11). When only
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considering reads aligning to HML-2 proviruses in the sense orientation, the level of total
HML-2 expression was reduced by ~35% (Fig 4-11). The orientation of transcription
should be considered in order to accurately interpret the possible consequences of HML-2
expression in a cell.
Though they are transcribed in sense orientation, the theme of HML-2 provirus
expression from areas of transcriptional activity held true with 3q12.3, 1q22 and 16p13.3,
as each of these proviruses is located near or in genes expressed in both HIV-1 infected
and uninfected individuals (Fig 4-15, 5-1). It appears likely that the active transcriptional
environment supports the expression of these proviruses in PBMCs. Furthermore,
transcription does not appear to originate in the 5’ LTR, as would be anticipated in
provirus driven transcription. Rather, for the highest expressed proviruses, 3q12.3 and
1q22, both show transcription originating from different repeat elements, namely an Alu
element and a solo LTR from the ERV1 group of endogenous retroviruses (Fig 4-15).
Transcription originating in non-HML-2 elements in PBMCs is in direct contrast to what
is observed in Tera-1 cells, which exhibited robust HML-2 LTR activity driving
transcription of the highest expressed HML-2 proviruses.
Relating to 3q12.3 transcription, the region on chromosome 3 where it resides is
highly active, as it shows a high level of transcription of nearby gene RPL24 in both
types of PBMCs and deposition of H3K27 acetylation marks, associated with areas of
active transcription [263], based on publicly available ChIP-Seq ENCODE data (Multiple
cell lines, Broad Institute) [41]. The Alu sequence that appears to be driving its
transcription is of the expected length for this type of element (309 bp as compared to
~280 on average) but transcription starts towards the end of the Alu element, not the
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beginning where its RNA polymerase III promoters usually reside [56], indicating noncanonical transcription. Though it is notable that this provirus encodes an intact gag
ORF, 3q12.3 was not differentially expressed between HIV-1 infected and uninfected
populations (Fig 4-14). Furthermore, packaged HML-2 RNA was not detected in plasma
(Fig 3-2), implying that 3q12.3 Gag protein may not be able to produce virions that
package HML-2 RNA.
1q22 transcription is driven by a truncated LTR12F element located downstream
from the provirus and whose position in the genome is associated with H3K27
acetylation as well (GM12878 lymphoblastoid cell line, Broad Institute) [41]. Splicing
from this specific LTR12F element into the 1q22 HML-2 provirus was previously
annotated as lincRNA TCONS_12_00002667 [30], which partially coincides with the
transcript we detect as expressed in PBMCs. LincRNA TCONS_12_00002667 was noted
to be highly expressed in white blood cells, as well as in breast tissue [30]. The tissue
specificity of expression likely relates to transcriptional regulation of the LTR12F
element. The transcription factor CEBPB, reported to bind to the LTR12F sequence in an
ENCODE transcription factor data set (IMR90 lung fibroblast cells, Stanford) [41], was
not upregulated in HIV-1 infection, as determined in our RNASeq study. However, this
observation does not exclude its potential role in regulating expression of 1q22 from the
LTR12F in our HIV-1 patient population. CEBPB is regulated by post-translational
modifications and its gene targets are regulated at the proteomic level by its association
with other transcription factors [174].
The consequence of increased 1q22 expression in HIV-1 infected individuals may not
be significant to HIV-1 pathogenesis, as this provirus does not maintain ORFs for the

152

Figure 5-1. Observed patterns of HML-2 transcription in PBMCs and Tera-1 cells.
Cartoons are shown for different modes of HML-2 transcription, as observed with the
highest expressed HML-2 proviruses in PBMCs and Tera-1 cells, identified using
RNASeq. For each scenario, a representative provirus for the mode of transcription is
shown in parenthesis next to the description. In each cartoon, the HML-2 LTRs are
shown in blue, and the retroviral genes gag, pro, pol and env are shown as a single gray
block. (A) Transcription from the HML-2 proviral 5’ LTR, as would be anticipated in
provirus driven expression, is depicted. 22q11.21, expressed in Tera-1 cells, is noted as
an example, though the proximity of the 22q11.21 provirus to the expressed gene
PRODH is not shown. (B) Transcription from an HML-2 LTR outside of the provirus is
depicted, with 22q11.23, expressed in Tera-1 cells, given as an example. (C)
Transcription from a non-HML-2 repetitive element outside of the provirus is depicted,
with 3q12.3 and 1q22 given as examples. 3q12.3 transcription in PBMCs originates in an
upstream SINE element (AluSx3) while 1q22 transcription originates in an unrelated
ERV1 LTR12F element. The proximity of the 3q12.3 provirus to the expressed gene
RPL24 is not shown. (D) Read-through transcription from a neighboring gene is depicted,
with 16p13.3, primarily expressed in PBMCs from HIV-1 infected individuals, given as
an example. For many of the HML-2 proviruses expressed in antisense orientation in
PBMCs, the proviruses were integrated in introns, antisense to the direction of
transcription (e.g. 1q23.3 in the expressed gene CD48, among other examples).

153

A

Transcription from the HML-2 proviral 5’ LTR

22q11.21
5’ LTR

B

3’ LTR

Transcription from an HML-2 LTR outside of the provirus

22q11.23
5’ LTR

C

3’ LTR

Transcription from a non-HML-2 repetitive element outside of the provirus

3q12.3 and 1q22
5’ LTR

D

3’ LTR

Read-through transcription from a neighboring gene

16p13.3

Exon 1

5’ LTR

Exon 2

3’ LTR
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essential retroviral genes. Beyond essential retroviral genes, we did not observe spliced
transcripts relating to the expression of the np9, which is a putative accessory gene
unique to LTR Hs type 1 HML-2 proviruses like 1q22. Np9 has been postulated to have
functionality relating to oncogenesis [3, 90]. However, it was recently shown that np9
transcripts are present in both healthy and diseased tissues [29, 216]. Thus, the role of
Np9 in oncogenesis remains unclear and would be difficult to prove in the absence of
detailed prospective studies following individuals over time towards their progression to
malignancy. In addition, the function of the Np9 protein produced specifically by 1q22
would need to be tested to verify all previous observations relating to oncogenic activity,
as ORFs from different proviruses may not retain the same functionality due to
accumulated mutations.
Based on our earlier studies, the lack of HML-2 RNA detection in the plasma of HIV1 infected individuals (Fig 3-2) implies that 1q22 transcripts are not packaged into virions
at a high level. This observation could be due to the lack of a functional HML-2
packaging signal on the 1q22 transcript, which may be mutated or could have been
interrupted by splicing from the LTR12F element, which drives expression, into the end
of the 5’ LTR of 1q22 (Fig 4-15). Beyond defects in 1q22, mutations in 3q12.3 Gag,
which would presumably serve as the structural component for virion assembly, could
block recognition of 1q22 RNA as well.
16p13.3, which appeared to be expressed primarily in HIV-1 infected individuals,
resides in an intron for the gene FLYWCH1 and appears to be the result of read-through
transcription. This fragmentary provirus does not contain a 5’ LTR and there is sparse
genome coverage supporting its expression. The discovery that this provirus seems to be
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enriched for expression in the HIV-1 population could relate to the level of splicing
activity in the infected individuals. Contrary to this hypothesis, in our RNASeq data set
we did not find any significant changes in the levels of SRSF1 or the hnRNP gene family,
genes which participate in pre-mRNA splicing [63].
The mechanism of increased HML-2 transcription in cells remains an open issue;
however, neither the levels of HIV replication nor antiretroviral medication appear to
affect the level of HML-2 expression. Based on the RNASeq results, transcription of the
highly expressed proviruses 3q12.3 and 1q22 appeared to be related to the active
transcription occurring in other genes at their genomic locations, with 1q22 expression
potentially affected by the presence of the transcription factor CEBPB. CEBPB activity is
associated with response to activating stimuli like IFNγ and LPS in murine macrophages
[88], and potentially could be active in the body’s response to HIV-1 infection.
Immune activation in HIV-1 infection remains a possible indirect mechanism that
could lead to HML-2 expression. It is known that other endogenous retroviruses,
including porcine endogenous retroviruses (PERV), MLV and MMTV, exhibit increased
expression after treatment with mitogens or immune activating agents [89, 122, 168,
238]. Although we did not see a difference in HML-2 upregulation between patients on
or off antiretroviral therapy (Fig 3-4 and 3-5), which are patient populations with
different levels of immune activation [51], the difference in immune activation was not
specifically assessed in these patient groups. A previous study reported a negative
correlation between immune activation (CD38+HLA-DR+) in CD4+ and CD8+ T cells
from HIV-1 infected patients and HML-2 expression in vivo [179], though a positive
effect of stimulating agents like PMA/ionomycin, PHA and IL-2 has been reported in
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vitro [45, 86]. The effect of immune activation on HML-2 expression in monocytes has
not been tested. These points remain to be clarified with additional studies.

Relationship between qPCR and RNASeq studies on HML-2 expression
The difference in total HML-2 expression between HIV-1 infected and uninfected
individuals was ~1.4-fold as measured by RNASeq (Fig 4-13) and ~2-fold as measured
by qPCR (Fig 3-4). The expression of provirus 1q22 in HIV-1 infected individuals
appeared to be driving the overall difference in HML-2 expression between the
populations based on RNASeq (Fig 4-14). There was a significant correlation between
the total HML-2 expression values as measured by qPCR and RNASeq (**p=0.005,
Spearman r = 0.69) for HIV-1 infected (n=9) and uninfected individuals (n=6) included
in both studies. It is surprising that there is a correlation between these values because
qPCR using random cDNA priming cannot discern between the orientations of the
transcripts and only amplifies proviruses with the amplicon sequence, which in our case
was in env. This method contrasts with our RNASeq study, which only considered reads
uniquely aligned in the sense orientation to a provirus, and includes hits covering the
entirety of the proviral sequence. There was not a significant correlation between the
qPCR data and RNASeq data when considering all reads (i.e. “Unfiltered”) aligning to
any strand of the provirus (i.e. “Unstranded”).
Both of the highest expressed proviruses 3q12.3 and 1q22 contain env sequences that
match the primers used in qPCR analysis. In contrast, 16p13.3 does not contain the env
sequence and thus did not contribute to the qPCR signal. When considering 1q22 and
3q12.3 FPKM individually or added together, there was no significant correlation to total
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HML-2 expression as measured by qPCR. If a relationship was seen between the highest
expressed HML-2 proviral FPKM and the qPCR data, it could help explain the source of
the qPCR signal. The basis for the lack of correlation between 3q12.3 and 1q22 FPKM
values and the qPCR data is unclear.
Based on our qPCR results on sorted cell types (Fig 3-6), monocytes appeared to
trend toward higher HML-2 expression in HIV-1 infected individuals and could have
been the cell type expressing increased amounts of the 1q22 provirus. There were 4
individuals in common between the sorted cell HML-2 qPCR and RNASeq studies, and
while those with the highest monocyte HML-2 qPCR expression also had the highest
RNASeq 1q22 FPKM out of the group (p=0.08, Spearman r=1.0), the trend is not
significant and the sample size is too small to be considered conclusive. However, 1q22
expression levels should be tested using specific qPCR in sorted PBMCs to confirm, as it
is possible that different cell types are each expressing 1q22 at a higher level during HIV1 infection.

Concluding thoughts on HML-2 expression during HIV-1 infection
The results of this study confirmed the increased expression of HML-2 RNA in
PBMCs from HIV-1 infected patients; however, they did not support the claim that
HML-2 virions are present in blood. The presence of HML-2 virions, at any level, would
be highly interesting. Though no HML-2 provirus has been shown to be infectious in its
integrated form, studies on reconstituted HERV-K (HML-2) viruses suggest that lowlevel infectivity can be acquired by a few recombination events between different
proviruses [60, 134]. Studies should be performed with higher sensitivity to determine if
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virion production can occur and if it is correlated with HIV disease progression.
However, based on our RNASeq results profiling the HML-2 proviruses, it does not
appear likely that the complement of proviruses expressed would be capable of
supporting virion assembly (Fig 4-16). Another, less likely, possibility to explain the
difference between our findings and other reports is that HML-2 virion production occurs
in a patient population not captured in our study.
There are limited clinical data profiling the exact co-morbidities and ethnicities of
study subjects reported to show HML-2 virions in their plasma. Our patient population
included those of varied ethnic backgrounds, and most individuals lacked co-morbidities
associated with HIV, like Hepatitis C virus (HCV) or HTLV infection. The two patients
in our plasma sample cohort (Table 3-1) infected with HCV did not show virion
production (Fig 3-2). HTLV-1 Tax was associated with HERV-W transcription in one
study [250], and HERV-K to a minor degree, however HTLV-1 infection was not
associated with HML-2 specific immune responses, differing from HIV [113]. Infection
with various herpesviruses has been associated with an increase in HERV transcription
[127, 235, 239], although its impact on eliciting virions in vivo is unknown.
Our observations of HML-2 RNA expression in sorted PBMCs show that all the
major cell types in the blood express HML-2 and possibly protein, consistent with a
previous analysis using whole blood [221]. Based on these observations, it appears that
use of HML-2 expression as a way to target HIV infection carries a significant risk of offtarget effects. Our data suggest that HML-2 protein may be expressed in CD8+ T cells
and B cells. Thus, targeting HML-2 epitopes may affect these cells and weaken the
cytotoxic and humoral arms of an individual’s immune response to HIV-1 infection
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[261]. HML-2 expression has also been detected in embryonic stem cells, presenting an
additional cause for concern [75, 92].

Approach to HML-2 profiling in PBMCs and Tera-1 cells
Our approach to HML-2 profiling was to create paired-end total RNA Illumina MiSeq
libraries, with a maximum sequencing length of 301 bases per read. By using RNASeq
instead of single genome sequencing or PCR-cloning, as performed in other studies
[202], to characterize HML-2 transcription in PBMCs and the teratocarcinoma cell line
Tera-1, we were able to bypass the effects of PCR primer bias in provirus amplification
[202, 259], and thus achieve greater sensitivity in the breadth of proviruses identified as
both expressed in cells and packaged into virions. In addition, by performing a total
cellular RNA analysis, unlike other studies that focused on the deep sequencing of HML2 env amplicons [26], the context of provirus expression was understood. As reported, the
HML-2 transcription profiles of PBMCs and Tera-1 cells included both recent and older
proviruses as well as plus strand and minus strand transcription. Furthermore, in Tera-1
cells, we discovered that the transcription of the most highly expressed LTR 5B provirus
was in fact driven by an LTR Hs element upstream, while others appeared to be driven by
their native LTRs or neighboring transcription units, exemplifying how RNASeq captures
valuable contextual data about how HML-2 elements are expressed in specific cells.
Recently, two groups applied next-generation sequencing to address HML-2
expression in primary human lymphocytes [26, 87]. We consider our approach as
combining positive attributes from both methods. One study used PacBio sequencing of
HML-2 env amplicons generated from blood lymphocyte RNA donated from HIV-
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negative patients [26]. The PacBio sequencing platform offers fewer but longer read
lengths that would be superior to standard Illumina sequencing for HML-2 identification.
However, the lower error rate in Illumina sequencing may offer an advantage over
PacBio, and our methodology of performing total RNASeq bypasses the effects of
reverse transcription and PCR primer bias in amplicon sequencing, which may select for
only a subset of expressed HML-2 proviruses [26]. In comparison to the Illumina HiSeq
method used in a different study to determine the HML-2 expression profile of Tattreated blood lymphocytes from HIV-negative donors [87], our approach similarly only
considers uniquely mapped reads, but takes advantage of the 3x longer read lengths
available through the Illumina MiSeq platform, improving the unique identification of
HML-2 proviruses. Furthermore, in our libraries, by keeping the RNA unsheared or by
limiting fragmentation, we created a pool of longer library inserts, which allows for better
provirus identification, especially in combination with paired-end sequencing, alignment
and expression analysis as we performed, which gave up to 600 bases of coverage per
sequenced fragment. Lastly, in contrast to both previous methods, our RNASeq analysis
fits within the well-established TopHat-Cufflinks pipeline used in multiple fields for
transcriptome analysis, offering a streamlined approach to HML-2 expression profiling.
The high sequence similarity among the recently integrated HML-2 proviruses (Fig 41) was predicted to complicate RNASeq analysis. Reads generated from areas of high
sequence similarity can cause the phenomenon of “multi-reads,” where the read will map
to multiple locations in the reference genome. We did not see a large amount of multireads in our PBMC data sets (Fig 4-11), but, as a testament to the sequence similarity
between proviruses, we found close to 50% of all reads that mapped to HML-2
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proviruses were multi-reads in the Tera-1 cell RNASeq library, and ~60% in the Tera-1
virion RNASeq library (Fig 4-2). This observation speaks to the high number of recently
integrated HML-2 proviruses expressed in these samples; however, it causes substantial
confusion in terms of assigning the read to a specific locus. Accurate locus-specific
assignment is critical for understanding the biological relevance of HML-2 expression.
To circumvent this complication, we used a filter to consider only uniquely mapped reads
for the transcription profile. Although the RNASeq in-silico simulation (Fig 4-1) showed
that this approach underrepresented both human specific LTR Hs proviruses as well as
known duplicated proviruses in the genome, importantly, it is still able to capture their
expression, albeit at a lower level. As sequencing read lengths increase, the alignability of
reads from these highly related loci will correspondingly increase and the effects of a
conservative Unique Only alignment should not hamper detection of modestly expressed
loci. An approach to maximize the utility of data generated from Illumina MiSeq is to
custom prepare libraries so that the RNA input is not over sheared, which negatively
affects the insert size available for sequencing, and also to enrich the library for longer
inserts, which can be achieved using size selection during library preparation. These steps
would circumvent the favored sequencing of shorter molecules during the sequencing
reaction and give longer sequence for alignment in downstream analysis. In our PBMC
and Tera-1 analyses, we found that the relative transcript expression values (FPKM) of
the most highly transcribed proviruses did not appear to be greatly affected by this
Unique Only approach, although detection of less well transcribed proviruses was
reduced in the Tera-1 data set (Fig 4-2).
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LTR activity assays (as performed in Fig 4-8 and 4-9) were used to ascertain whether
cloned HML-2 LTRs could actively promote transcription, as well as whether the
genomic context of the LTR had an affect on its activity. In addition to these two reasons,
LTR activity assays were used to inform if the Unique Only approach did exclude
proviruses legitimately expressed at low levels in Tera-1 cells. In this analysis, 5’ LTRs
were cloned and assayed for LTR activity from three recently integrated and highly
similar proviruses (1p31.1a, 11q22.1 and 12q13.2, see Fig 4-1) that showed a decrease in
relative expression after Unique Only analysis (Fig 4-2) and were detected at lower than
0.5% of all HML-2 reads in the hg19 alignment. LTR activity was then compared back to
either the Unfiltered FPKM or the Unique Only FPKM generated for the locus. LTR
activities of the selected loci appear to relate to the Unique Only expression value,
supporting the idea that the unfiltered FPKM overestimated their expression, and
potentially extending the Unique Only analysis even for poorly expressed loci (data not
shown). However, even though the Unique FPKM and LTR activity values look similar,
the exact relationship of the proviral relative transcript expression value to its LTR
activity is not established and cannot be interpreted definitively.
Filtering out multi-reads can lead to gaps in read coverage for transcripts from closely
related proviruses. For the LTR Hs provirus at 22q11.21, almost full proviral coverage is
seen when reads are Unfiltered (Fig 4-7). However, after Unique Only selection,
coverage is clearly limited to several unique portions of the genome. Another way
coverage of a provirus can be interrupted is due to polymorphisms in the donor sequence
that are not present in the reference. For example, a region in the pol gene of provirus
22q11.21 does not have substantial read coverage in either the Unfiltered or Unique Only
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alignments (Fig 4-7, red arrow). Depending on the provirus, regions missing reads could
indicate that there are mutations in the donor sequence that cause reads to misalign to
other related proviruses, or potentially remain unaligned if too divergent. Through
sequence analysis of the 22q11.21 provirus, we established the presence of 4 SNPs over
~200 bases in pol that overlapped the gap in read coverage. If gaps in coverage for a
provirus in the unfiltered alignment are pervasive and do not correspond to the presence
of SNPs in the donor sequence, the validity of read assignments to it could be called into
question.
Another issue that arises in mapping HML-2 transcription is that not all known
integrations are annotated in the hg19 build of the human genome. As mentioned
previously, some HML-2 proviruses are insertionally polymorphic within the human
population, while others are found as solo LTRs in some individuals, and full-length
proviruses in others. To ensure that we captured all known proviruses, an HML-2
reference “genome” was assembled containing all known solo LTR and proviral
sequences. Thus, an alignment to the HML-2 reference genome was run in parallel to the
hg19 alignment to validate hits for both the PBMC and Tera-1 data sets. The expression
values generated in the HML-2 reference alignments generally corroborated the
proviruses found using hg19 for the PBMC data set, but differed in the detection of
provirus 19q13.12a (Fig 4-10). This discrepancy aided in the discovery that the
19q13.12a hit in the hg19 alignment was not an accurate placement (Fig 4-10). In the
Tera-1 cell alignment, a notable difference between the hg19 and HML-2 alignments was
that a provirus not present in hg19 and insertionally polymorphic in the human
population, referred to as 19p12d (empty site in hg19: 22414379-22414382), appeared to
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be expressed in Tera-1 cells at a low level, ~1.7% of all expressed HML-2 sequences
(data not shown). 19p12d is a type 1 provirus that by definition encodes a defective env,
and does not contain ORFs for the other essential retroviral genes. Curiously, 19p12d has
an unusually short 23bp 5’ LTR, which has been observed in HML-2 proviruses
previously [101]. These results corrected and enriched the RNASeq analysis and serve as
proof of principle for the utility of performing a concurrent analysis.

HML-2 expression in the teratocarcinoma cell line Tera-1
Our RNASeq methodology was applied to the teratocarcinoma cell line Tera-1 and to
the virions produced from this cell line in order to determine HML-2 expression and
packaging. In contrast to PBMCs, where transcription of many HML-2 proviruses was
driven by read-through transcription or unrelated repeat elements, transcription in Tera-1
cells mainly originated from 5’ proviral LTRs. Based on the LTR phylogeny of expressed
proviruses (Fig 4-5), the LTR Hs group of proviruses was much more highly represented
than the older LTR 5A and 5B groups in the Tera-1 cell transcriptome. Furthermore,
transfection assays using the various LTRs to drive expression of a luciferase reporter in
Tera-1 cells showed levels of activity consistent with their reported relative transcript
levels, at least for most of the LTR Hs proviruses (Fig 4-8).
An important outlier was the 5’ LTR 5B of the provirus at 22q11.23, which had
relatively low transcriptional activity compared to the LTR Hs located just upstream of
the provirus (Fig 4-5 and 4-6). Furthermore, the activity of the upstream LTR Hs
correlated with the transcription level of the 22q11.23 provirus (Fig 4-8). The lack of
transcriptional activity from the 22q11.23 proviral LTR 5B could be due to its lack of GC
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Table 5-1. Observed trends in expressed HML-2 proviruses in PBMCs and Tera-1
cells.	
  

and TATA boxes, since deletion experiments showed that the region containing these
elements was important for retaining transcriptional activity of the 22q11.23 LTR Hs in
Tera-1 cells (Fig 4-9), although the individual contributions of each was not discerned
from the assays. Potentially, the GC boxes are of greater importance as HML-2 LTRs are
thought to function independently of TATA box and initiator elements [154] and a
substantial loss in promoter activity was only seen when all GC boxes were removed
from truncation constructs (Fig 4-9). Our data agree with previous observations that the
ubiquitous transcription factors Sp1 and Sp3, which bind to GC boxes found in promoter
sequences, could play a large role in regulating HML-2 promoter activity [74, 154].
HML-2 LTR promoter activity is cell type-specific and depends on a number of
factors including epigenetics, transcription factor binding and proximity to other
expressed genes [109, 131, 200]. For example, the highly expressed 22q11.21 provirus is
situated very close to the expressed cellular gene PRODH (Fig 4-5 and 4-7), which may
give the LTR access to transcriptional machinery and affect its transcription, although the
reverse has also been proposed [234]. Similar LTR Hs elements (1p31.1a, 11q22.1 and
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12q13.2) that retain promoter motifs but are located in less actively transcribed regions
do not appear to be highly expressed in Tera-1 cells based on FPKM values.
Interestingly, these LTRs also do not show high promoter activity in our in vitro LTR
activity assay. This finding implies that even though these LTRs retain promoter motifs
like GC and TATA boxes, they are missing additional promoter elements that are present
on active LTRs that allow for their expression in Tera-1 cells. Along the same lines, the
22q11.21 5’ LTR Hs showed high activity in promoter assays in Tera-1 cells (Fig 4-8),
but very little activity in breast cancer cell lines (data not shown). It is likely that
expression results from a disease-state or tissue-specific factor acting on the LTR. Tissue
specific expression is exemplified by the LTR Hs driven transcription of the LTR 5B
provirus on 22q11.23, which coincides with a lincRNA of unknown function annotated in
hg19 [30] and whose expression is highest in prostate tissue, testes and ovaries, likely
reflecting the tissue-specific transcriptional regulation of the ancestral HML-2 virus.
Some teratocarcinoma cell lines, called embryonic carcinoma cells (ECCs), retain
pluripotency and are considered the malignant counterparts to embryonic stem cells
(ESCs) [191]. Tera-1 cells are nullipotent by nature, meaning that they are unable to
differentiate into any cell type, however they have been shown to retain the ability to
express ESC related transcription factors like OCT4 and NANOG [188]. Recently, the
activation of HERVs has been shown to occur in ESCs [145, 176, 206], including HML-2
proviruses [75, 92]. Here, we observed that many of the HML-2 proviruses reported as
expressed in ESCs are expressed in Tera-1 cells, despite their lack of pluripotency.
22q11.21, one of the top expressed proviruses in Tera-1, was also shown to be the highest
expressed HML-2 provirus in all ESCs and ECCs, in addition to 5q33.3 and 6q14.1 (Fig
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4-3) [75]. These proviruses were also among the most frequently packaged transcripts in
HML-2 virions produced by Tera-1 cells (Fig 4-3). Similarities in HML-2 expression
may be reliant upon the expression of common transcription factors that are able to bind
the HML-2 LTR, like OCT4 or NANOG. The importance of OCT4 to transcription from
the LTR Hs in ESCs has been shown previously [92]. We observed that OCT4 and
NANOG are highly expressed in Tera-1 cells and are not expressed in PBMCs, which
may partially explain the differences in HML-2 expression between these cell types
(OCT4 FPKM = 220.2; NANOG FPKM = 64.7). The 5’ proviral LTR of 22q11.21 and
the LTR Hs driving expression of the 22q11.23 provirus have a predicted OCT4 binding
site in the first 200nt of LTR sequence. A putative OCT4 binding site is not present on
the 22q11.23 proviral 5’ LTR, potentially indicating its importance to HML-2
transcription in this cell line, amongst other requirements.
It is interesting to speculate that the lincRNA expressed by the 22q11.23 upstream
LTR Hs, which encompasses the whole downstream LTR 5B proviral sequence (Fig 4-6),
plays a role during embryogenesis or contributes to maintenance of the pluripotent state.
Based on ENCODE RNASeq data, the 22q11.23 lincRNA is expressed in ESCs (H1hESC cell line, Cold Spring Harbor Laboratory) [41]. Our detection of 22q11.23 provirus
expression may not have been identified in previous studies of HML-2 expression in
ECCs or ESCs due to primer bias, as the sequence of this LTR 5B provirus is divergent
from that of the more recently integrated LTR Hs group targeted by most primer sets.
While expression of this provirus/lincRNA alone would not be expected to have an effect
on pluripotency, as made clear by the fact the nullipotent cell line Tera-1 expresses it, it
could have a role in interacting with factors that are expressed in ESCs that are not
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expressed in Tera-1. For example, in ESCs, lincRNAs driven by HERV-H LTRs were
shown to have a role as scaffolds for binding of activating transcriptional complexes that
regulate expression of nearby genes [145]. Also, the expression of a lincRNA necessary
for pluripotency, named lincRoR, is expressed in Tera-1 cells to no effect, thus supporting
the idea that the 22q11.23 lincRNA could have a role in pluripotency that is not
functionally apparent in Tera-1 cells (lincRoR FPKM = 7.79) [176].
Alternatively, it is notable that the 22q11.23 provirus, which is an ancient integration
estimated to be between 21-39 million years old (though this estimate may be inaccurate
due to proviral recombination) [233], retains partial coding capacity for Gag, truncated by
43AA on its C-terminus. The maintenance of this ORF could indicate a role for 22q11.23
beyond a lincRNA, as there is evidence that assumed lincRNAs can be actually translated
in the cell [105]. Viral particles of HML-2 origin were observed in blastocysts in a recent
paper [92]; however, these virions did not appear to be mature. Potentially, incorporation
of the truncated, ancient 22q11.23 Gag would prevent proper maturation of HML-2
particles produced during embryogenesis. The study of preserved ancient ORFs from
22q11.23 and other proviruses can lead to a greater understanding of their functionality in
human biology.
Based on the predicted ORFs for the expressed proviruses, the majority of the HML-2
transcripts in Tera-1 cells encode gag (61%), including full-length and truncated forms,
with pro (5%), pol ORF (5.5%) and env (4%) represented at much lower levels (Fig 4-3).
Based on preliminary analysis, the full-length 22q11.21 Gag has functional protease
cleavage sites, whereas in the truncated 22q11.23 Gag these sites are mutated [82].
Electron microscopy of Tera-1 virions shows immature particles budding from cells [16],
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however the relative contributions of ineffective Gag processing, co-packaging of fulllength and truncated Gag and/or lack of functional protease to this phenomenon were not
determined. In terms of morphology, Tera-1 virions infrequently show Env studding [16],
an observation consistent with our RNASeq data, which show only ~4% of HML-2
transcripts, originating from two expressed proviruses, to be capable of expressing Env
protein. In fact, western blotting for TM shows that Env protein in Tera-1 cells is not
detectable (data not shown). The Env protein produced from the 7p22.1 tandem
duplicated provirus which contributed 70% of the possible env transcripts, has been
shown to be functional, however Env encoded by the 6q14.1 locus is not [59].
Tera-1 virions have not been shown to be infectious [142]. The primary packaged
genome originating from the Type 1 provirus 22q11.21 has only an ORF for gag [202].
Although we did observe the packaging of other HML-2 genomes that could potentially
be co-packaged and lead to recombination, the defective nature of the particle structure is
likely to impede a proper infection cycle, thus preventing recombination and infectious
virus production. Interestingly, the genomes that are selected for packaging all originate
from LTR Hs proviruses that are human specific (Fig 4-3 and 4-4). In fact, genomes
derived from these proviruses are preferentially selected for packaging over other highly
expressed proviruses in Tera-1 cells (Fig 4-4). Potentially, only the recently integrated
proviruses retain a functional packaging signal on their genomes that allows for their
enrichment into Tera-1 virions. A packaging signal for HML-2 has not been reported;
however, if consistent with other retroviruses, it is likely be present in the 5’ untranslated
region upstream of the gag initiation codon [52], and perhaps extending into gag. A result
that helps elucidate necessary elements for packaging is the absence of transcripts of
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provirus 12q24.11 from virions, even though this recently integrated provirus is
expressed in Tera-1 cells (Fig 4-3). While 12q24.11 has gag leader sequence, the total
provirus only retains sequence from the start of the 5’ LTR into the first ~400 nucleotides
of gag. Potentially, sequence beyond the beginning of gag is necessary for the proper
structure of the HML-2 packaging signal. 12q24.11 also has 5 polymorphisms in its gag
leader in comparison to the highly packaged 22q11.21 provirus that might impair the
packaging motif. The roles of these differences remain to be tested. The observation that
highly expressed cellular RNAs appear to be nonspecifically packaged into HML-2
virions is consistent with other retroviruses [201].
The biological significance of HML-2 transcription in Tera-1 cells, and even more
remarkably, their virion production, is not clear. Likely, HML-2 expression in these cells
is purely a relic of LTR responsiveness to the transcriptional environment of the ancestral
virus. Thus, the production of virions in these cells is coincidental to the proviruses with
responsive LTR motifs. By analysis of HML-2 proviral transcription and selective
packaging into virions, we should be able to elucidate elements of HML-2 biology that
were relevant to their lifecycle as infectious retroviruses. Furthermore, in utilizing a high
throughput approach independent of most PCR limitations, we can assess the full scope
of HML-2 expression in the context of the cell. In the future, application of HML-2
profiling to additional healthy and diseased tissues will be of great use to help elucidate
the effect and utility of HML-2 expression in the human host.
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