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ABSTRACT

Human endogenous retrovirus type K (HERV-K) proviruses are scattered throughout the human genome, but as no infectious
HERV-K virus has been detected to date, the mechanism by which these viruses replicated and populated the genome remains
unresolved. Here, we provide evidence that, in addition to the RNA genomes that canonical retroviruses package, modern
HERV-K viruses can contain reverse-transcribed DNA (RT-DNA) genomes. Indeed, reverse transcription of genomic HERV-K
RNA into the DNA form is able to occur in three distinct times and locations: (i) in the virus-producing cell prior to viral release,
yielding a DNA-containing extracellular virus particle similar to the spumaviruses; (ii) within the extracellular virus particle
itself, transitioning from an RNA-containing particle to a DNA-containing particle; and (iii) after entry of the RNA-containing
virus into the target cell, similar to canonical retroviruses, such as murine leukemia virus and HIV. Moreover, using a resusci-
tated HERV-K virus construct, we show that both viruses with RNA genomes and viruses with DNA genomes are capable of in-
fecting target cells. This high level of genomic flexibility historically could have permitted these viruses to replicate in various
host cell environments, potentially assisting in their many integration events and resulting in their high prevalence in the human
genome. Moreover, the ability of modern HERV-K viruses to proceed through reverse transcription and package RT-DNA ge-
nomes suggests a higher level of replication competency than was previously understood, and it may be relevant in HERV-K-
associated human diseases.

IMPORTANCE

Retroviral elements comprise at least 8% of the human genome. Of all the endogenous retroviruses, HERV-K viruses are the
most intact and biologically active. While a modern infectious HERV-K has yet to be found, HERV-K activation has been associ-
ated with cancers, autoimmune diseases, and HIV-1 infection. Thus, determining how this virus family became such a prevalent
member of our genome and what it is capable of in its current form are of the utmost importance. Here, we provide evidence that
HERV-K viruses currently found in the human genome are able to proceed through reverse transcription and historically uti-
lized a life cycle with a surprising degree of genomic flexibility in which both RNA- and DNA-containing viruses were capable of
mediating infection.

The family Retroviridae constitutes a wide range of avian- and
mammalian-tropic viruses, including medically relevant vi-

ruses such as human immunodeficiency virus (HIV) and human
T-lymphotrophic virus (HTLV). Moreover, retroviral elements
constitute at least 8% of the human genome, representing more
than 4,000 proviruses (1–3). These viral sequences entered the
human genome via infection of germ line cells, followed by verti-
cal transmission into the greater population, over the course of
millions of years (2). Subsequent to entering the human genome,
most endogenous retroviruses (HERVs) acquired numerous mu-
tations, deletions, or truncations interrupting the open reading
frames (ORFs) of vital genes and rendering the resulting viruses
noninfectious. Despite this, some HERVs have been found to im-
pact basic human biology, including one HERV gene product that
is critical for the fusion events that form the syncytial layer of the
placenta during human reproduction (4–6). Furthermore,
HERVs also have been found to be activated in, and associated
with, several prevalent and severe human diseases, including
HIV-1 infection, autoimmune diseases, and multiple malignan-
cies (7–18).

Human endogenous retrovirus type K (HML-2) (referred to
here as HERV-K) is the most recent family of HERVs to gain
residence in the human genome, which occurred via infection

events as recently as the last 200,000 years (19–23). As such, many
of the known integrated HERV-K proviruses remain relatively
intact (20). Indeed, some of these viruses have maintained several
complete open reading frames and have been shown to produce
not only mRNA and viral proteins but also virus-like particles in
patients infected with HIV-1 and in patients with various malig-
nancies, including lymphoma (7, 8, 14, 24–30). While to date no
replication-competent HERV-K has been identified, it has long
been presumed that historically these viruses utilized a canonical
retrovirus life cycle, packaging an RNA genome that, upon entry
into a target cell, is reverse transcribed into DNA that then inte-
grates into the host genome (31). The recent resuscitation of rep-
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lication-competent versions of HERV-K derived from consensus
sequences of selected proviruses by two groups (termed HERV-
KCON and Phoenix) allows for an in-depth examination of the
HERV-K viral replication cycle for the first time (32, 33).

Retroviruses were named for their retrograde flow of genetic
information, using reverse transcription of a viral RNA genome
(vRNA) to eventually progress to an integrated DNA provirus.
The retroviral life cycle (e.g., that of HIV) begins with extracellular
progeny virions with a lipid envelope bearing attachment proteins
surrounding a protein capsid that encases the vRNA genome and
vital enzymes, such as reverse transcriptase (RT) and integrase
(34). Upon attachment and entry into a suitable target cell, the
vRNA is reverse transcribed by its own RT into a double-stranded
DNA copy (termed early reverse transcription) that then can be
integrated into the host genome, in turn utilizing the host cell
transcription and translation machinery to produce new progeny
virions containing vRNA (34, 35). Until recently, this general life
cycle was considered to be ubiquitous across all vertebrate retro-
viruses; however, further study has shown that retroviral replica-
tion does not always follow the canonical pattern. Indeed, it has
been recognized that partial DNA transcripts can be found asso-
ciated with HIV and simian immunodeficiency virus particles (36,
37). Further, spumaviruses, retroviruses which include human
and simian foamy viruses, have been found to produce progeny
virions that package both RNA and DNA genomes, most likely in
distinct particles (38–42). In the case of the viral DNA (vDNA)-
containing progeny viruses, reverse transcription of RNA was
shown to occur in the virus-producing cell, with the newly re-
verse-transcribed DNA (RT-DNA) being packaged into viral par-
ticles prior to budding and release (termed late reverse transcrip-
tion) (40, 41). Moreover, in vitro studies done by Yu et al. and
others found the spumavirus particles containing vDNA rather
than vRNA to be the source of infectivity (40, 43). This contrasts
with the vRNA-dominated mode of infection employed by all
other known retroviruses. Hepadnaviruses, such as hepatitis B
virus (HBV), while not classified as retroviruses, also use late re-
verse transcription in the producer cells to generate vDNA-con-
taining progeny virions (44, 45). However, a distinguishing char-
acteristic of the HBV life cycle is the partially double-stranded
circular DNA genome in the mature particles, which is thought to
arise from reverse transcription following encapsidation of the
pregenomic RNA within the viral core proteins while in the cyto-
plasm of the producer cells prior to budding (44, 45).

Here, we examine the viral life cycle of HERV-K, employing
teratocarcinoma cell lines known to produce HERV-K viral par-
ticles, plasma from lymphoma patients with quantifiable HERV-K
viral loads, and the resuscitated, infectious HERV-KCON. Our
findings suggest a mode of replication distinct from that of canon-
ical retroviruses, spumaviruses, or hepadnaviruses. HERV-K ap-
pears to be a genomically versatile virus containing either vRNA or
vDNA genomes within infectious particles. This versatility may
offer a replicative advantage and at least partially explain how
these viruses became such prevalent members of the current hu-
man genome. Further, this unexpected mode of replication must
now be considered when assessing the role of HERV-K in human
health and disease.

MATERIALS AND METHODS
Ethics statement. Plasma samples were acquired from non-HIV-infected
lymphoma patients with written informed consent and approval by the

Institutional Review Board of the University of Michigan Medical School
(IRBMED).

Cell lines and culture reagents. NCCIT cells were cultured in RPMI
1640 with 10% fetal bovine serum (FBS) and supplemented with penicil-
lin-streptomycin. Tera-1 cells were cultured in McCoy’s 5a modified me-
dium with 10% FBS and 1� penicillin-streptomycin. 293FT and BHK-21
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) with
10% FBS and 1� penicillin-streptomycin.

Patient samples. Non-HIV-infected lymphoma patient blood sam-
ples were collected in calcium EDTA tubes, spun at 2,000 � g for 15 min
to remove cellular debris, aliquoted, and stored at �80°C prior to use.

Viral load quantitation. NCCIT and Tera-1 supernatants, as well as
patient plasma samples, were cleared of cellular debris by centrifugation at
2,000 rpm for 15 min at 4°C. The samples then were filtered using a
Whatman 0.45-�m syringe filter. The clarified samples then were sub-
jected to DNase treatment using the DNA-free kit (Ambion) and the
included DNase inactivation reagent by following the manufacturer’s
protocol. Cleared and DNase-treated viral samples were lysed and the
nucleic acids purified using the Purelink viral RNA/DNA minikit (Invit-
rogen) by following the manufacturer’s protocol. The extracted viral nu-
cleic acids then were either used immediately or stored at �80°C in small
aliquots to prevent degradation. Where indicated (see Fig. S1B in the
supplemental material), DNase-free RNase (Roche) was added at a 1:10
dilution to extracted nucleic acids and incubated for 30 min at 37°C to
eliminate RNA. The HERV-K viral load was quantitated using the Bril-
liant III ultrafast SYBR green quantitative reverse transcription-PCR
(qRT-PCR) kit (Agilent) with or without the included reverse transcrip-
tase and using either HERV-K gag-specific primers (GagRTF, 5=-AGCAG
GTCAGGTGCCTGTAACATT-3=; GagRTR, 5=-TGGTGCCGTAGGATT
AAGTCTCCT-3=) or env-specific primers (env1RTF, 5=-GATGGTAACA
CCAGTCAC-3=; env1RTR, 5=-GGCAAGGTTTCCCTTTAG-3=; env2RTF, 5=-
AGACACCGCAATCGAGCACCGTTGA-3=; env2RTR, 5=-ATCAAGGCTG
CAAGCAGCATACTC-3=). The Applied Biosystems StepOnePlus real-
time PCR system was used to quantify viral load by the standard curve
method. Additionally, for viral load analyses involving HERV-KCON, mu-
rine leukemia virus (MLV), or HIV, a gfp-specific primer set was used
(gfpRTF, 5=-TGACCCTGAAGTTCATCTGC-3=; gfpRTR, 5=-GAAGTCG
TGCTGCTTCATGT-3=), and the analysis was done using a modified
��CT method.

UNG treatment of viral samples. Where indicated, uracil N-glycosy-
lase (UNG) treatment was done after the extraction of viral nucleic acids
but prior to qRT-PCR analysis. In these experiments, 1.5 �l of the UNG
enzyme (New England BioLabs) or ultrapure water (mock) was combined
with 1.5 �l of UNG buffer (New England BioLabs) and added to 15 �l of
the viral nucleic acid sample. This solution was incubated for 10 min at
37°C to allow UNG-directed cleavage of uracil-containing DNA and then
incubated for 10 min at 95°C to inactivate the enzyme. To further inacti-
vate the enzyme, 1.5 �l of UNG inhibitor (New England BioLabs) was
added to the reaction, and the solution was incubated for an additional 10
min at 37°C. The resulting samples then were analyzed by qRT-PCR as
described above. Confirmation of the specificity of the UNG activity was
made by examining the amplification of extracted cellular RNA templates
and manually prepared DNA templates containing dTTP alone or a mix-
ture of dTTP and dUTP.

HERV-K particle immunoprecipitation. HERV-K viral supernatants
from teratocarcinoma cell cultures and patient plasma samples were
cleared of cellular debris and DNase treated as described above. Virus
particles then were concentrated by ultracentrifugation at 25,000 rpm for
2 h at 4°C and resuspended in 500 �l of NH buffer (0.8% NaCl, 10 mM
HEPES, pH 7.4). Two hundred �l of the resulting viral suspensions was
incubated at 4°C with either mouse anti-HERV-K Env (Austral Biologi-
cals) or control mouse IgG2a antibody for 2 h with rocking. Forty �l of
protein A/G Plus agarose (Santa Cruz Biotechnology) was added to each
tube and incubated for an additional 2 h at 4°C with rocking. The agarose
beads were pelleted by centrifugation at 3,000 � g for 2 min and washed
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with 300 �l NH buffer three times. After washing, the beads were resus-
pended in a final volume of 200 �l NH buffer, which was split for nucleic
acid extraction and qRT-PCR, completed as describe above, or Western
blot analysis. Samples to be analyzed by Western blotting were pelleted
once more and then resuspended in 50 �l of Laemmli sample buffer with
dithiothreitol. The samples then were boiled for 5 min, subjected to SDS-
PAGE, and transferred to a polyvinylidene difluoride (PVDF) membrane.
The membrane-bound proteins were probed with rabbit anti-HERV-K
capsid (46) and a goat anti-rabbit horseradish peroxidase (HRP)-conju-
gated secondary antibody. Visualization of the proteins was achieved us-
ing SuperSignal West Pico chemiluminescent substrate (Thermo Scien-
tific) and autoradiography.

Differentiation of HERV-K vDNA species. Viral nucleic acids were
extracted from the viral particles within lymphoma patient plasma using
the Invitrogen Purelink viral RNA/DNA minikit and immunoprecipi-
tated as described above. These nucleic acids then were analyzed by long-
range PCR using the Expand long-range dNTPack (Roche Applied Sci-
ence) and the following primer sets: 1, envFor (5=-AAGTTCTACAATGA
ACCCATCGG-3=) and rRev (5=-GGGAACCAGCGTTCAGCATA-3=); 2,
envFor (5=-AAGTTCTACAATGAACCCATCGG-3=) and u5Rev (5=-CA
CCTGTGGGTGTTTCTCGT-3=); and 3, u3For (5=-TGGGCAATGGAAT
GTCTCGG-3=) and envRev (5=-TCCGATGGGTTCATTGTAGAACT-
3=). The same primer scheme also was used with the control full-length
HERV-KCON plasmid as the template for amplification. Amplified prod-
ucts were analyzed by agarose gel electrophoresis and visualized using
SybrSafe DNA gel stain (Invitrogen).

Recombinant virus production and infection. The HERV-KCON

construct encoding gfp in the place of its native env was kindly provided by
Paul Bieniasz. Production of infectious HERV-KCON was done essentially
as described previously (33). Briefly, plasmids encoding HERV-KCON-
GFP, HERV-K Gag-Pol, HERV-K Rec, and vesicular stomatitis virus G
protein (VSV-G) were transfected into 293FT cells (in the presence or
absence of 50 �M AZT) using the XtremeGene HD reagent (no.
06366236001). After 24 h, the transfection media was removed, cells were
washed at least five times with PBS in order to eliminate any residual
plasmid, and the media were replaced with serum-free DMEM. Forty-
eight h after initial transfection, viral supernatants were harvested,
cleared, and filtered as previously described. To remove any residual re-
verse transcriptase inhibitor (RTI), viral supernatants then were centri-
fuged in an Ambion ultracentrifuge with a 10,000 nominal molecular
weight limit (NMWL) filter, which allows the RTI to pass through the
filter while the virus remains in the top fraction. The viral fractions then
were resuspended in equal volumes of DMEM. These resuspended viral
samples were incubated with fresh 293FT cells that had been plated in a
24-well dish 24 h earlier in 5 �g/ml of Polybrene in the presence or ab-
sence of 50 �M AZT. The plate then was spun at 800 � g for 1 h at room
temperature, followed by incubation at 37°C. After 48 h, cells were
trypsinized, pelleted at 4,000 rpm in a tabletop microcentrifuge, washed
with PBS, and fixed with 2% paraformaldehyde. The fixed cells then were
analyzed for green fluorescent protein (GFP) expression by flow cytom-
etry. Similar strategies were used to produce recombinant MLV and HIV.

In-virion reverse transcriptase assay. NCCIT supernatants were har-
vested after 48 h of growth. The supernatants then were cleared, filtered,
and DNase treated as described above. The resulting cell-free sample then
was incubated at 37°C, with the exception of 400 �l that was kept for
immediate nucleic acid extraction as described above (time zero). After
the indicated lengths of time (up to 168 h), 400 �l of the cell-free sample
was removed and its viral nucleic acid extracted. Each extracted sample
was immediately stored at �80°C, including the final extraction, prior to
UNG treatment (where indicated) and viral load quantitation.

RESULTS
Teratocarcinoma cell lines produce HERV-K particles that con-
tain RT-DNA. In order to determine the genomic content of
HERV-K viral particles, we collected the supernatant from two

teratocarcinoma cell lines (NCCIT and Tera-1) that have previ-
ously been shown to produce HERV-K virus particles (26–28). To
prevent contamination by extraviral DNA (cellular genomic or
extraneous), the supernatants were cleared by centrifugation and
filtration to remove cellular debris and then treated with DNase
using a DNA-free kit with a bead-based inactivation reagent that
removes residual DNase prior to viral lysis. The effectiveness of
this DNase treatment to remove extraviral DNA without affecting
the viral genome protected within the viral particle was confirmed
by the addition of plasmid DNA to cellular supernatant prior to
DNase treatment (see Fig. S1A in the supplemental material). The
viral particles then were lysed, and their nucleic acids (both RNA
and DNA) were extracted from the cleared, DNase-treated cell
supernatants and subjected to quantitative PCR (qPCR; only am-
plifies products from DNA templates) or qRT-PCR (amplifies
products from both RNA and DNA templates) for HERV-K gag to
compare the quantity of DNA and RNA HERV-K genomes. Fig-
ure 1A shows representative experiments for NCCIT and Tera-1
viral supernatants (32% and 46% DNA, respectively). Of note,
while results similar to those shown in Fig. 1A were obtained in
multiple experiments, the percentage of DNA genomes varied
considerably between viral supernatants (from below 1% up to
80% of all nucleic acids), likely due to cell growth variations such
as cell cycle, cell density, and passage number. RNase treatment of
the extracted viral nucleic acids from NCCIT and Tera-1 super-
natants prior to quantitative analysis further verified the presence
of HERV-K DNA genomes (see Fig. S1B in the supplemental ma-
terial).

The most straightforward means by which HERV-K viruses
could contain DNA genomes is through reverse transcription
from HERV-K RNA while still in the virus-producing cells, as is
seen during spumavirus and hepadnavirus replication. To further
analyze the HERV-K viruses produced by these teratocarcinoma
cell lines, we took advantage of the fact that reverse transcriptase
occasionally incorporates uracil in the place of thymine within the
newly synthesized DNA (RT-DNA). The enzyme UNG specifi-
cally hydrolyzes uracil-glycosidic bonds in DNA but not RNA;
thus, it can be used to differentiate newly reverse transcribed DNA
from all other nucleic acids (47, 48). This strategy has been used
previously in one other report to suggest the possibility of DNA
genomes in a specific HERV-K (HERV-K102) (49), and the en-
zyme’s specificity was further confirmed in our hands (see Fig. S2
in the supplemental material). UNG treatment of extracted viral
nucleic acids from both NCCIT and Tera-1 supernatants resulted
in a decreased viral load compared to that of mock-treated sam-
ples analyzed by qRT-PCR for HERV-K gag (Fig. 1B) and env (see
Fig. S3 in the supplemental material), primer sets that are specific
for disparate ends of the HERV-K coding region. To confirm that
the UNG treatment eliminated the amplification of new reverse
transcripts, we analyzed the viral supernatants from NCCIT cul-
tured for 48 h in the presence or absence of an RTI (50 �M 3TC).
As expected, the treatment of these cells with an RTI eliminated
the population of HERV-K genomes that was sensitive to UNG
(Fig. 1C).

Finally, to further verify that the HERV-K genomes analyzed in
these experiments were in fact inside HERV-K particles, we devel-
oped a method to immunoprecipitate HERV-K particles using a
capture antibody specific to the mature HERV-K envelope protein
(Env) that studs the viral particle. Immunoprecipitation with
HERV-K Env antibody resulted in a 27.6-fold enrichment of
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HERV-K genomes over a control antibody, as analyzed by qRT-
PCR (Fig. 1Di). Furthermore, we verified the enrichment of
HERV-K particles by Western blotting using an HERV-K capsid-
specific antibody (Fig. 1Dii). UNG treatment of the viral nucleic
acids from HERV-K Env-immunoprecipitated samples recapitu-
lated our previous data, resulting in a significant decrease in viral
load compared to that of mock-treated samples (Fig. 1Diii). This
effect was reduced when the HERV-K-producing cells were cul-
tured in the presence of RTI. Together, these data suggest that a
significant portion of the HERV-K particles produced by terato-
carcinoma cells contain newly reverse transcribed DNA genomes.

Reverse transcription within extracellular HERV-K virions.
Although poorly understood, it has been previously reported that
low levels of reverse transcription may be able to occur within
extracellular retroviral particles (50–53). To test if this was true for
HERV-K, we once again utilized the HERV-K-producing terato-
carcinoma NCCIT cell line. NCCIT cells were allowed to grow and
produce HERV-K particles for a minimum of 48 h, at which point
the viral supernatants were harvested, cleared of cells and cellular
debris by centrifugation and filtration, and DNase treated as de-
scribed above (at the 0-h time point). The resulting cell-free viral
supernatants then were incubated in the culture medium at 37°C
for various lengths of time without the addition of any additional

deoxynucleoside triphosphates (dNTPs), polyamines, or deter-
gents that apparently are required for the in-virion reverse tran-
scription of other retroviruses (53, 54). Viral nucleic acids were
extracted and subjected to mock or UNG treatment and the viral
loads analyzed by qRT-PCR. Such experiments were conducted at
least five times, although with different time points being ana-
lyzed. Figure 2A shows the results of one such experiment. In this
experiment, there was an initial decrease in both total HERV-K
viral load and RT-DNA levels at the 24-h time point, most likely
due to viral instability and degradation. A similar decrease from
initial viral load was seen in all experiments, although the time at
which this was seen varied (6 to 48 h). However, as seen in Fig. 2A,
the total HERV-K viral load then increased over time, due almost
exclusively to an increase in HERV-K RT-DNA levels. The primer
set used for these experiments is specific for gag in the 5= end of the
HERV-K coding region, which is actually a downstream sequence
in the reverse transcription process, and suggests that, surpris-
ingly, the reverse transcription occurring within these virions
yields a nearly full-length product. A second experiment, shown in
Fig. 2B, displays RT-DNA levels using additional primers specific
to the env gene in the 3= end of the HERV-K coding region (one set
specific for type 1 HERV-K and one for type 2, the former of which
has a 292-bp deletion in the env region); thus, it is an earlier

FIG 1 HERV-K particles containing RT-DNA are produced by teratocarcinoma cells in tissue culture. (A) Supernatants from NCCIT and Tera-1 cells were
cleared of debris and contaminating DNA, concentrated, and subjected to qPCR or qRT-PCR for HERV-K gag. (i) HERV-K viral load in the supernatant from
one representative experiment for each cell type on a log scale. (ii) Percentages of HERV-K vRNA and vDNA assuming 100% RT efficiency from the same
experiments. (B) Supernatants from NCCIT or Tera-1 cells were prepared as described for panel A, either mock treated or UNG treated, and analyzed by
qRT-PCR for HERV-K gag. The bars shown represent the percentages of HERV-K gag copies normalized to values for mock treatment of the respective cells from
one representative experiment with Tera-1 cells and the averages from seven experiments with NCCIT cells. Statistical significance was determined by the Student
t test comparing mock- and UNG-treated samples (�, P � 0.01). (C) NCCIT cells were cultured in the presence or absence of a reverse transcriptase inhibitor
(3TC at 50 �M). The supernatant (Sup) was collected, cleared, concentrated, either mock or UNG treated, and then analyzed for HERV-K viral load as described
above. The data shown display the effect of UNG relative to the level of HERV-K gag copies in each specific treatment. (D, i) Concentrated (Conc.) NCCIT cell
supernatants were maintained or immunoprecipitated (IP) with a control IgG2A- or HERK-Env-specific capture antibody. The relative fold enrichment of
HERV-K genomes as measured by qRT-PCR for HERV-K gag with respect to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was calculated using the
��CT method. (ii) HERV-K particles from concentrated NCCIT supernatants were immunoprecipitated as described above and then probed by Western
blotting (WB) for HERV-K capsid protein. Equivalent volumes were loaded into the lanes for the immunoprecipitated samples. (iii) NCCIT cells were cultured
in the absence or presence of the reverse transcription inhibitor (RTI; 3TC at 50 �M), and HERV-K viral particles were immunoprecipitated as described above.
Viral load was analyzed by qRT-PCR for HERV-K gag, and the effect of UNG was normalized to values for mock treatment for each sample independently.
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marker of reverse transcription. These data recapitulate those
shown in Fig. 2A, further suggesting that some reverse transcrip-
tion is taking place in the HERV-K virion itself as well as in the
virus-producing cell.

HERV-K particles containing DNA genomes are present in
the plasma of lymphoma patients. To determine the physiologi-
cal relevance of our previous findings, the HERV-K genomic pro-
file of plasma samples from lymphoma patients was examined, as
previous work from our laboratory has demonstrated quantifiable
HERV-K viral loads in the plasma of these individuals (7). In Fig.
3A, the plasma from a representative lymphoma patient was ana-
lyzed for HERV-K RNA and DNA genomes as described above. In
this patient, approximately 38% of the total HERV-K genomes
were DNA genomes. Indeed, examining plasma samples from
multiple lymphoma patients presenting with significant viral
loads of HERV-K (greater than 104 particles/ml based on qRT-
PCR) with and without RT yielded a range of DNA genomes from

12% to 52% of the total HERV-K viral load (Fig. 3B). Further, an
additional DNase treatment of viral nucleic acids after lysis of the
viral particles decreased the viral load proportionately (Fig. 3C),
strongly suggesting that the vDNA is protected within an intact
viral particle and corroborating the data shown in Fig. S1 in the
supplemental material.

When a subset of the samples from the lymphoma patients
used for Fig. 3B were mock or UNG treated, as shown in Fig. 1B,
between 0% and 59% (mean value of 27%) of HERV-K genomes
were found to be UNG sensitive; thus, they were considered RT-
DNA (Fig. 3D). Moreover, a similar percentage of RT-DNA ge-
nomes was found when the plasma from four patients with diffuse
large B cell lymphoma (DLBCL) were pooled and immunopre-
cipitated with the HERV-K Env capture antibody, as described for
Fig. 1D (Fig. 3E). These data substantiate those found for the
teratocarcinoma cell lines and suggest that HERV-K replication is
able to minimally progress through first-strand synthesis by re-

FIG 2 Reverse transcription occurs within extracellular HERV-K virions. (A) Viral supernatants from NCCIT cells were collected, cleared, and DNase treated
as described for Fig. 1. The resulting cell-free viral suspensions then were incubated at 37°C for various times prior to extracting the viral nucleic acid, mock or
UNG treatment, and viral load analysis by qRT-PCR for HERV-K gag. The three lines represent the mock-treated sample (Total NA), the UNG-treated sample
(Non RT-DNA), and the difference between the two (RT-DNA). (B) In a similar but separate experiment, the HERV-K RT-DNA levels were examined over time
with three distinct primer sets (the gag product is from the 5= end of the HERV-K coding region, and the two env primer sets amplify products in the 3= end of
the HERV-K coding region). For each primer set, time zero is set at 100. Of note, at later time points (�168 h) the overall viral load was significantly diminished,
as would be expected with long-term exposure at 37°C due to general virus instability. A single representative experiment (of eight in total) is shown for both
panels A and B.

FIG 3 HERV-K vDNA is present in the plasma of patients with lymphoma. (A) Plasma from a single representative patient was treated with DNase and then
assayed for HERV-K genomes with gag-specific primers with or without reverse transcriptase (RT) as described for Fig. 2. (B) Multiple patients were assayed as
described for panel A, and the percentage of HERV-K vDNA genomes in the population was calculated by dividing the no-RT viral load by the RT viral load. (C)
Lymphoma patient plasma (distinct from those shown in panels A and B) was treated with DNase prior to the extraction of viral nucleic acids and then treated
with DNase again after viral lysis prior to assay by qRT-PCR. The data from one representative experiment are shown. (D) A subset of plasma from patients with
lymphoma was analyzed for their sensitivity to UNG treatment as described in the legend to Fig. 1. The percentage of HERV-K nucleic acids susceptible to UNG
(RT-DNA genomes) is shown for each patient. (E) Plasma from four patients with diffuse large B cell lymphoma (DLBCL) were pooled, and then HERV-K
particles were immunoprecipitated as described for Fig. 1. HERV-K nucleic acids were extracted and subjected to mock or UNG treatment prior to qRT-PCR for
HERV-K gag. The bar shown represents the percentage of HERV-K genomes susceptible to UNG (RT-DNA genomes) of total HERV-K genomes from a single
representative experiment.
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verse transcriptase prior to entry into a target cell, as is seen in the
spumavirus family.

dsDNA HERV-K genomes are present in the plasma of lym-
phoma patients. In order to confirm and extend our findings that
lymphoma patients produce HERV-K virions that contain RT-
DNA genomes, we designed a PCR primer scheme that would
allow us to take advantage of the stepwise process of reverse tran-
scription that progresses from vRNA through first-strand cDNA
to a complete double-stranded DNA (dsDNA) viral genome (lin-
ear, as is the case for most retroviruses, or circular, as is the case for
the hepadnaviruses) (31, 35). The three primer sets utilized, their
regions of specificity on the various potential species of HERV-K
genomes, and the expected sizes of their amplification products
are depicted in Fig. 4A. Figure 4B shows a DNA gel of the PCR
products using these primer sets with either HERV-K particles
immunoprecipitated from lymphoma patient plasma or control
HERV-KCON plasmid DNA as the template. Appropriately sized
bands for primer sets 1 to 3 were seen using the control plasmid,
with the expected absence of bands that would indicate a closed
circular dsDNA genome (2 long terminal repeat [2LTR] circles)
not found in this plasmid. Similar results were seen when the PCR
template was HERV-K particles immunoprecipitated from lym-
phoma patient plasma, suggesting the presence of linear dsDNA
genomes but not 2LTR circles. Sequence verification confirmed
these bands to be HERV-K. Notably, although not quantifiable in
the gel analysis used, the strength of the dsDNA band from the
patient plasma was markedly less than that seen with the HERV-
KCON template or with the primer set that would amplify all DNA
(cDNA as well as dsDNA), suggesting that only a portion of the
DNA genomes are fully dsDNA. Additionally, it is important to
note that while 2LTR circular HERV-K genomes have been de-
tected in cells infected with the HERV-KCON virus (and several
other infectious retroviruses) (55–58), we see no evidence of those
genomes being present in extracellular virions. However, the pos-
sibility of circular HERV-K genomes being packaged cannot be
fully dismissed from this experiment alone due to the innate bias
of PCR amplification for shorter amplicons, although cycling con-

ditions were optimized for the longer product expected if 2LTR
circles were present. Further, it is formally possible that recombi-
nation could occur that leads to circular HERV-K genomes with a
single LTR, which would not be differentiated from linear dsDNA
by this experiment. However, single LTR circles most likely would
be incapable of integration within downstream target cells, which
is expected to be required for productive retroviral infection (59).

HERV-K particles with RNA or RT-DNA genomes are capa-
ble of productive infection. To investigate the importance of our
finding of RT-DNA genomes in the historical replication cycle of
HERV-K, we utilized the resuscitated HERV-KCON construct. The
HERV-KCON sequence was generated as a consensus sequence
from several of the most intact HERV-K proviruses scattered
throughout the human genome, and its ability to infect human
tissue culture cells was reported previously (33). Following the
previously published methodology, we produced HERV-KCON

particles bearing VSV-G and encoding a GFP reporter in 293FT
cells (see Fig. S4 in the supplemental material) in the absence or
presence of RTI (50 �M AZT), which would prevent the late re-
verse transcription in the virus-producing cells as seen in the spu-
mavirus family. Viral supernatants then were cleared and filtered,
and residual RTI was removed by centrifugation in an Amicon
Ultra 10,000 NMWL filter unit. Similarly, we produced control
retroviral MLV and HIV, also bearing VSV-G and encoding a GFP
reporter (see Fig. S4). HERV-KCON, MLV, and HIV (produced in
mock- and RTI-treated cells) then were allowed to infect 293FT
cells in the absence or presence of RTI, which would prevent the
early reverse transcription in target cells used by canonical retro-
viruses. Figure 5A details the results of the experiments analyzing
HERV-KCON and MLV. While MLV infection decreased (by
99.7%) only when the RTI was present in the target cells (inhibit-
ing early reverse transcription), HERV-KCON infection was re-
duced by approximately 51% by RTI treatment of the virus-pro-
ducing cells (inhibiting late reverse transcription). HERV-KCON

infection was decreased by treatment of the target cells alone with
RTI as well, but not to the same extent as was MLV. Interestingly,
even with RTI present in both the virus-producing cells and the

FIG 4 HERV-K particles from pooled lymphoma patient plasma contain dsDNA genomes. (A) Three different primer sets were employed to take advantage of
differences in the viral genomes before, during, and after reverse transcription. Primer set 1 (env forward and R reverse) will amplify a 2.9-kb product in all forms
of HERV-K genomes and an additional 3.9-kb product in 2LTR dsDNA circles (1�). Primer set 2 (env forward and U5 reverse) will amplify a 3-kb product in
all species except vRNA and an additional 4-kb product in 2LTR circles (2�). Primer set 3 (U3 forward and env reverse) will amplify a 5.9-kb product in dsDNA
and 2LTR circles and an additional 6.9-kb product in 2LTR circles (3�; depicted on the 2LTR circular DNA by the dashed line). (B) RT-PCR (primer set 1) or
PCR (primer sets 2 and 3) was done with both pooled immunoprecipitated patient plasma (as described for Fig. 1D) and a control HERV-KCON plasmid (which
should yield all amplification products except for the 2LTR circular DNA form). The lanes shown are labeled with the primer set used, are from the same
experiment, and were run on the same gel. Solid arrows indicate a DNA band at the expected size in the indicated lane, while empty arrows indicate no band of
the predicted size, suggesting the absence of 2LTR circles in this experiment. Bands of interest were confirmed as HERV-K by sequence verification. Note that the
doublets seen in the patient serum samples with primer sets 1 and 2 represent HERV-K type 1 (smaller) and 2 (larger) genomes.
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target cells, a low level of HERV-KCON infectivity still remained.
While this could be due to incomplete inhibition of the HERV-K
reverse transcriptase, the fact that the MLV infection was so com-
pletely reduced by the same treatment suggests that extracellular
reverse transcription within the virions (as seen in Fig. 2) is re-
sponsible for this residual infectivity. Taken together, these data
suggest that while infection by canonical retroviruses, as seen here
with MLV and with a recombinant HIV construct (see Fig. S5 in
the supplemental material), is dependent solely on virions con-
taining vRNA genomes and early reverse transcription within the
target cell, HERV-K can utilize either vRNA genomes (by early
reverse transcription in the target cell) or vDNA genomes (made
by late reverse transcription in the virus-producing cell and po-
tentially extracellular, in-virion reverse transcription) to infect
cells.

To confirm that the mechanism by which the RTI treatment in
virus-producing cells was reducing infectivity was by inhibiting
the production of RT-DNA genomes, we analyzed the genomic
contents of the viral supernatants used in the infection experi-
ments. To do this, we employed qRT-PCR with a primer set spe-
cific for the gfp reporter sequence found in both HERV-KCON and
MLV and compared mock- to UNG-treated samples to determine
their fold expression of gfp above background levels. Figure 5B
shows the results of this analysis, where a ratio of 1 represents viral
genomes that are not sensitive to UNG treatment and contain no
RT-DNA, whereas a ratio of greater than 1 suggests the presence of
RT-DNA. While MLV produced in the presence or absence of RTI
did not have a ratio significantly different from 1 (suggesting little
to no RT-DNA), the untreated HERV-KCON viral supernatant’s
ratio was significantly higher than 1 (P � 0.001), confirming the
presence of RT-DNA genomes. As expected, the ratio of the

HERV-KCON genomes produced in RTI-treated cells was �1 and
was significantly less than that of the untreated HERV-KCON pop-
ulation (P � 0.001), suggesting the effective inhibition of reverse
transcriptase and a loss of RT-DNA-containing particles.

DISCUSSION

Traditionally, members of the family Retroviridae were thought to
replicate via a common pathway in which a virus particle contain-
ing two single-stranded RNA genomes and the reverse transcrip-
tase enzyme (in addition to other viral components) would enter
its target cell, its genome would undergo reverse transcription into
a dsDNA form that could integrate into the host genome, and then
it would utilize the host machinery to produce its viral compo-
nents to be assembled and released as extracellular viral progeny,
again containing RNA genomes (Fig. 6) (34, 35). However, a few
studies suggested that in certain specific situations (e.g., quiescent
target cells), a low level of infection can be derived from retroviral
particles with genomes reverse transcribed prior to entry into the
target cell (54, 60). Further, recent studies examining the replica-
tive mechanisms of spumaviruses showed that these retroviruses
actually are able to produce virions that contain DNA as well as
RNA genomes. Whether these genomes are in the same or distinct
particles still is unclear. Moreover, it was shown that the particles
containing DNA genomes produced through a late reverse tran-
scription event in the virus-producing cell are almost solely re-
sponsible for spumavirus infectivity (38–43). An additional vari-
ation on the theme of viral reverse transcription is seen in
hepadnaviruses, not members of the family Retroviridae, which
create circular dsDNA viral genomes that get packaged into prog-
eny virions (44, 45). The data presented in this study support a
fourth strategy of retroviral replication, which is utilized by

FIG 5 RT-DNA- and RNA-containing HERV-KCON particles both yield productive infection. HERV-KCON particles bearing VSV-G and encoding a GFP
reporter were produced in 293FT cells as described in reference 33. Recombinant MLV particles bearing VSV-G and encoding a GFP reporter were produced in
parallel. (A) Analysis of the effects of RTI on infection levels of HERV-K and MLV. Viruses were produced in cells in the presence or absence of a reverse
transcriptase inhibitor (AZT at 50 �M) for 48 h, and the supernatant was collected, cleared for debris by centrifugation, and filtered through a 0.45-�m Whatman
filter. 293FT cells in the presence or absence of reverse transcriptase inhibitor (AZT at 50 �M) were spinfected with the resulting cleared viral supernatants for
1 h at 800 � g and incubated at 37°C for an additional 36 h to allow infection to occur. The cells then were prepared for flow cytometry, and infection was assessed
by GFP reporter expression. Overall infection levels for HERV-KCON were low (100 to 1,000 IU/ml) but reproducible. The bars shown are the normalized
averages from three experiments. Statistical significance was determined by a Student t test comparing the various RTI treatments to no RTI (*, P � 0.01; **, P �
0.001). (B) Analysis of the genomic constituents of infectious virus particles. Viral preparations used for panel A were treated with DNase prior to extraction of
the viral nucleic acids and subjected to mock or UNG treatment prior to qRT-PCR with primers specific to the gfp reporter gene found in both recombinant
viruses. The ��CT method was used to determine the fold change of the gfp gene copy number above the no-template control for the mock- and UNG-treated
samples (representing the relative levels of the viral genomes). The bars shown represent the fold change from mock-treated samples divided by that from
UNG-treated samples. A value of 1 suggests that no RT-DNA-containing particles were present in the viral population (the quantity of viral genomes was the
same in mock- and UNG-treated samples), and a value significantly above 1 suggests the presence of RT-DNA genomes in the population (UNG treatment
reduced the number of viral genomes amplified). Significance was determined by the Student t test comparing the fold expression of the untreated and
RTI-treated virus-producing cells within each virus type (*, P � 0.001).
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HERV-K family members. The fundamental concept of this
HERV-K replication strategy is genomic flexibility. Our data sug-
gest that HERV-K viruses, in their current and ancestral forms, are
able to undergo reverse transcription of their genome at three
distinct times and locations: (i) upon entering a target cell, as in
canonical retroviruses; (ii) prior to release from the virus-produc-
ing cell, likely before or during viral packaging, as in spumavi-
ruses; and (iii) within the extracellular virus particles themselves
(Fig. 6). Distinct from the canonical retroviruses, spumaviruses,
or hepadnaviruses, HERV-K viruses, in their historical form, are
able to infect actively growing target cells using either RNA- or
DNA-containing virions. This represents a previously unobserved
level of life cycle versatility in the field of virology.

Previous research in the field of human endogenous retrovi-
ruses has been hampered by the presence of multiple copies of
highly similar proviruses integrated throughout the human ge-
nome. This makes tracking infection by sequence-based tech-
niques very challenging and, importantly, represents an over-
whelming source of potentially contaminating HERV DNA. We
have overcome these issues in several ways. All quantitative PCR-
based experiments were prepared within an AirClean 600 PCR
workstation. Furthermore, all samples (unless otherwise indi-
cated) were treated with DNase in a manner that differs in two
important ways from the methods used in many previous studies
(61). First, the DNase treatment was conducted directly on the
viral supernatants or patient plasma samples prior to viral lysis.
This timing is crucial for eliminating extraviral DNA contamina-
tion, while viral DNA genomes remain protected within the virus
particles themselves. Second, the DNase treatment was performed
using the DNA-free kit, which employs a bead-based inactivation
reagent that binds and removes any residual DNase after treat-
ment but prior to viral lysis. This prevents DNase carryover, which
then would be able to digest any viral DNA once the virus particles
were lysed during the nucleic acid extraction procedure. The effi-
cacy of this manner of DNase treatment is depicted in Fig. 3 (also
see Fig. S1 in the supplemental material). Moreover, the UNG-
and RTI-based studies provide additional confirmation that what
we are detecting in our PCR (and RT-PCR) studies is not contam-
inating genomic proviral DNA. We further confirmed that we
were detecting HERV-K DNA within bona fide HERV-K viral

particles through the development of an immunoprecipitation
protocol that utilized a capture antibody specific for the HERV-K
Env protein that studs viral particles. Formerly, detection of en-
dogenous retrovirus DNA in cell-free fluids was widely thought to
be exclusively the result of contaminating cellular DNA. Our stud-
ies, however, show that the need to differentiate contaminant
DNA and viral RT-DNA may be vital in studying the replication of
all endogenous retroviruses.

In this study, we found that HERV-K particles from teratocar-
cinoma cell lines, lymphoma patient plasma, and the reconsti-
tuted HERV-KCON all produced viral populations with both RNA
and DNA genomes. The percentage of viral genomes that were
DNA compared to RNA varied both within and among sample
types, most likely attributable to the cellular environment (cell
cycle, cellular age, growth conditions, etc.) in which the HERV-K
virions were being produced. Further study is required to deter-
mine the exact mechanisms on which this variation is dependent.
Moreover, our infection studies using HERV-KCON suggest that,
historically, HERV-K viruses could use either type of genomic
material to initiate replication in a target cell. The benefits of such
genomic flexibility for viral replication are manifold. For one, the
virus can undergo reverse transcription at any point when it en-
counters suitable conditions in which to do so. Thus, the virus
may be able to avoid host cell restriction factors that are present in
target cells but absent from the virus-producing cells or vice versa.
Additionally, while not examined in this study, the increased sta-
bility of DNA compared to RNA may have allowed virus particles
with DNA genomes to survive longer than their RNA counter-
parts, resulting in increased dissemination. Indeed, this genomic
flexibility may be one of the features that allowed HERV-K vi-
ruses, and possibly other HERV families, to populate the genome
at such a high multitude (at least 91 full-length HERV-K provi-
ruses in the current human genome and thousands of HERV-K
solo LTRs) (20). Further, our studies using samples from present-
day lymphoma patients that show the presence of HERV-K vi-
ruses with RT-DNA genomes suggest that these viruses are more
competent than previously expected, as they have the ability to at
least undergo reverse transcription if not yield productive infec-
tion in downstream target cells. Additional studies will be needed
to examine the importance of the genomic flexibility of HERV-K

FIG 6 Model for the viral life cycle of HERV-K compared to those of the canonical Retroviridae, Hepadnaviridae, and Spumaviridae. The three distinct replication
pathways used by retroviruses, hepadnaviruses, and spumaviruses are depicted. Reverse transcription of the vRNA (red) genome occurs early in the infection
process for canonical retroviruses and late during infection in hepadnaviruses and spumaviruses, so that the latter two virus families produce progeny virions
containing vDNA (blue) genomes. Of note, while the spumavirus particles with vDNA genomes are much more important for downstream infection, vRNA
genomes also can be packaged into viral particles. Alternatively, putative infectious HERV-K viruses can undergo reverse transcription either early or late in the
infection process (and potentially in extracellular virions).
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and its correlation with HERV-K-associated diseases, such as can-
cer, HIV infection, and autoimmune disease.
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