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Abstract

Endogenous retroviruses are cellular genes of retroviral origin captured by their host during

the course of evolution and represent around 8% of the human genome. Although most are

defective and transcriptionally silenced, some are still able to generate retroviral-like parti-

cles and proteins. Among these, the HERV-K(HML2) family is remarkable since its mem-

bers have amplified relatively recently and many of them still have full length coding genes.

Furthermore, they are induced in cancers, especially in melanoma, breast cancer and germ

cell tumours, where viral particles, as well as the envelope protein (Env), can be detected.

Here we show that HERV-K(HML2) Env per se has oncogenic properties. Its expression in

a non-tumourigenic human breast epithelial cell line induces epithelial to mesenchymal tran-

sition (EMT), often associated with tumour aggressiveness and metastasis. In our model,

this is typified by key modifications in a set of molecular markers, changes in cell morphol-

ogy and enhanced cell motility. Remarkably, microarrays performed in 293T cells reveal

that HERV-K(HML2) Env is a strong inducer of several transcription factors, namely ETV4,

ETV5 and EGR1, which are downstream effectors of the MAPK ERK1/2 and are associated

with cellular transformation. We demonstrate that HERV-K(HML2) Env effectively activates

the ERK1/2 pathway in our experimental setting and that this activation depends on the

Env cytoplasmic tail. In addition, this phenomenon is very specific, being absent with every

other retroviral Env tested, except for Jaagsiekte Sheep Retrovirus (JSRV) Env, which is

already known to have transforming properties in vivo. Though HERV-K Env is not directly

transforming by itself, the newly discovered properties of this protein may contribute to

oncogenesis.

Author summary

Nearly half the DNA of mammals consists of reitarated, selfish elements that can move

and amplify within the genome. With time, some of these elements are recruited by the
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host and the proteins they encode are used to fulfill physiological functions, whereas other

elements have conserved some of their pathological properties and contribute to the

development of diseases. The human HERV-K(HML2) elements originated from an

ancestral infection of the primate germline by an infectious retrovirus that has been main-

tained and amplified in the human lineage. It is associated with several pathologies in

modern humans, in particular cancer of the breast, germline and skin. We show that the

HERV-K(HML2) envelope protein is able to activate a major cellular signalling pathway

often involved in human cancers, and that its expression promotes a series of cellular

changes that are characteristic of cancer development. Altogether, this study indicates that

the expression of HERV-K(HML2) elements is not only a marker of cancer, but can also

directly participate to tumourigenesis via the newly discovered oncogenic properties car-

ried by the envelope protein.

Introduction

Retroviruses are responsible for a broad range of diseases in animals and humans, the most

common of which is the development of cancers. The mechanisms by which they contribute

to oncogenesis are diverse and include: (i) insertional mutagenesis, due to activation of cellular

proto-oncogenes by inserted proviruses, (ii) immunosuppression, by an immunosuppressive

domain conserved in most retroviral envelope proteins and (iii) direct oncogenic activity, with

some retroviruses encoding proteins with transforming activities leading to tumour formation.

For example JSRV causes the development of contagious lung tumours in sheep [1], and the

Env protein alone has been shown to be responsible for the formation of the tumours in vivo

[2]. It is also able to transform cell lines [3–8] and induce lung tumour formation in mice [9].

The transforming pathways involved are many, and depend on the direct action of Env itself,

as well as the Env-receptor interaction [1].

Endogenous retroviruses (ERVs) are the remnants of past retroviral infections, which have

been captured by the host during the course of evolution. They occupy around 8% of the

human genome and are similar to the proviral forms of integrated retroviruses from which

they derive. Whilst most ERVs are defective and have degenerated over time, others have

retained some or all of their open reading frames (ORFs) and can encode potentially patho-

genic viral proteins [10–13]. These elements are normally suppressed in healthy tissues but

expression has been reported in animal and human cancers [14–17]. The HERV-K (HML2)

family (hereafter shortened to HERV-K) is remarkable in that it has recently amplified in

humans and many of its ORFs are intact, making it the largest contributor of retroviral-derived

proteins in the genome [18]. Expression of the associated proteins and viral particles has been

detected in cell lines as well as in human cancers, including melanoma, breast and ovarian

cancers [19–22]. In addition, reports indicate that HERV-K expression is important for the

transformed phenotype of several cell lines. For example, in melanoma, downregulation of

HERV-K Env by siRNA decreases the tumorigenic potential of the A-375 cell line [23] and

HERV-K Env expression in the TVMA-12 cell line is necessary for the transition from a adher-

ent to a non-adherent phenotype [24]. In several breast cancer-derived cell lines, HERV-K

expression was also recently shown to be important for cell motility and growth, both in vitro

and in vivo [25].

In this study, we investigated whether HERV-K Env could have oncogenic properties and

be involved in the transformation process of the cells where it is expressed. We demonstrate

that its expression induces epithelial to mesenchymal transition (EMT), leading to an increase

HERV-K (HML2) Env possesses oncogenic properties
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in cell motility. We also show that HERV-K Env activates the ERK1/2 pathway and promotes

the expression of transcription factors involved in oncogenesis.

Results

HERV-K Env induces EMT in the MCF10A breast cell line

As HERV-K Env expression has been reported in several human cancers, including breast, we

investigated whether it could have a causal role in the transformation process. For this, we

used the non-transformed breast epithelial MCF10A cell line, widely used to study the process

of oncogenesis [26, 27]. Stable long-term expression of the HERV-K Env was obtained follow-

ing lentiviral transduction. A control population was generated using an empty vector. After

selection, transgene expression in the populations was measured by qRT-PCR using primers

located in a region common to both vectors, and were found to express similar levels of lenti-

viral transcripts. The HERV-K Env population alone was also found to express HERV-K Env

transcripts at high but still physiological level (S1 Fig), and as expected, we also detected

expression of Rec transcripts that are produced from the Env construct through internal splic-

ing [28, 29]. Interestingly, the HERV-K Env populations displayed an altered morphology (Fig

1A), changing size (Fig 1B) and becoming more elongated. They also lost their typical acinus

organisation, and are dispersed in the plate, a phenotype reminiscent of that observed on cells

treated with TGFß, a known inducer of EMT. EMT is a process during which cells change

their identity, and is important both in normal development and in epithelial cancer progres-

sion. It is characterized phenotypically by a loss of cell polarity and cell-cell adhesion, and at

the molecular level by a decrease of E-cadherin, an increase of N-cadherin and fibronectin, as

well as the induction of a few key transcription factors (mainly Snai1, Snai2, Zeb1, Zeb2) [30].

We quantified these markers in the different populations. As expected, TGFß-treated cells

showed an increase of the expression of the mesenchymal markers fibronectin and N-cad-

herin, as well as EMT-associated transcription factors Snai1&2 and to a lesser extent Zeb1 (Fig

1C). Interestingly, HERV-K Env, but not the control, also modified the expression of EMT-

associated genes, with a significant increase in the levels of fibronectin and N-cadherin, and a

decrease in E-cadherin. However, the most induced transcription factor was Zeb2, unlike in

TGFß treated cells. We also tested the different populations for changes in their motility prop-

erties using transwell assays. As shown in Fig 1D, the HERV-K Env expressing populations

displayed an increase in cell migration and invasion, similar to what is observed with TGFß-

treated cells (Fig 1E). Altogether the data obtained with the MCF10A cells indicate that

HERV-K Env possesses oncogenic properties, and modifies the cell physiology to induce a

process related to, but not identical to TGFß-induced EMT.

HERV-K Env induces the expression of transcription factors associated

with oncogenesis

To further characterise HERV-K Env effects on cell physiology, we used the embryonic kidney

293T cell line. We searched for genes whose expression is modified by HERV-K Env using a

non-biased transcriptomic approach. 293T cells were transfected in duplicates with a vector

expressing the HERV-K Env or a control plasmid, under conditions adjusted to minimise cell

toxicity due to the transfection (Fig 2A). Of note, the two expression vectors are identical

except for nt 6759 and 6762 that introduce premature stop codons in the control vector, lead-

ing to the production of a much shorter protein (102 aa instead of 699), in order to rule out

any effect due to the Env RNA per se. The transcriptomes were compared at 24 and 48 hours

post transfection using whole-genome microarrays. Genes with statistically significant changes

HERV-K (HML2) Env possesses oncogenic properties
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Fig 1. HERV-K envelope protein induces EMT in MCF10A human breast epithelial cell line. MCF10A cells were transduced

with either a control “empty” vector (EV) or a vector expressing HERV-K Env-Rec. (A) Fluorescence microscopy images of

MCF10A cell populations after selection with hygromycin compared to control wildtype cells (WT) and cells stimulated with 5ng/ml

TGFβ (TGFβ). Images were taken at 10x magnification after staining the cells with Cell Tracker Green. (B) Changes in cell

morphology were quantified by calculating the average cell size (area) of each population (a minimum of 1000 cells were counted

for each population). (C) The expression levels of EMT related transcripts were evaluated in the different MCF10A populations by

HERV-K (HML2) Env possesses oncogenic properties
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in expression (�2-fold) were further analysed. At 24 hours post-transfection, no significant

difference between the two conditions was observed, probably due to very low protein expres-

sion levels at this time point. At 48 hours, we found 86 genes with modified expression levels

(69 down-regulated, 17 up-regulated). After checking, the down-regulated genes proved to be

genes induced by the transfection itself. The expression level of these genes increased between

24h and 48h after transfection, but to a lower extent in the HERV-K Env cells than in the con-

trol, leading to a seemingly downregulation of these genes by HERV_K Env when only the 48h

expression data are taken into account. These genes were not investigated further.

Amongst the identified upregulated genes (Fig 2B), there was a strong excess of transcrip-

tion factors (7 out of 17, with five in the top six most upregulated genes). Interestingly, they

include EGR1, ETV4, ETV5 and FosB that have been associated with EMT and tumour aggres-

siveness in several cancers [31–35]. We confirmed the induction of the top five genes from the

list in the same samples by qRT-PCR (Fig 2B). We noted some variations in the measurements

between microarray and qRT-PCR data, but this is likely due to the specific sequences of the

primers/probes used in each technique. We also verified that the induction of transcription

factors was specific and not observed with another retroviral Env protein using an expression

vector for the Amphotropic Murine Leukemia Virus Env as a control in an independent series

of experiments. As shown in Fig 2C, qRT-PCR confirmed the increased expression of the four

transcription factors (EGR1, ZCCHC12, ETV4 and ETV5) by HERV-K Env.

HERV-K Env activates ERK1/2, like the oncogenic JSRV Env

We noticed that the majority of genes activated by HERV-K Env are involved in the ERK1/2

MAPK pathway (Fig 3A). Indeed, EGR1, ETV4 and ETV5 are direct targets of ERK1/2.

DUSP6, which we found induced at a lower level, is a secondary target involved in the negative

retro-control of the pathway. This strongly suggested that HERV-K Env is an inducer of the

ERK1/2 pathway. We tested this hypothesis by assessing the phosphorylation of ERK1/2 fol-

lowing transient transfection of 293T cells (Fig 3B). As shown, cells transfected with HERV-K

Env show a marked phosphorylation of ERK1/2, not seen with the controls, while total

amounts of ERK1/2 are similar with all plasmids.

To investigate the specificity of this activation, we transfected a panel of retroviral Envs,

encompassing several genera, in 293T cells and measured the expression of EGR1, ETV4 and

ETV5, as well as the phosphorylation of ERK1/2. As shown in Fig 4A & 4B, no other retroviral

Env was able to induce both ERK1/2 phosphorylation and transcription factor expression,

except JSRV Env. Interestingly, JSRV Env’s ability to activate ERK1/2 has been described in

other cellular models and has been linked to its strong oncogenic effect [36–38]. This similarity

suggests that HERV-K Env possesses oncogenic properties as well. Of note, the closely related

MMTV Env was unable to activate the ERK1/2 pathway, indicating that the ability to activate

the ERK1/2 pathway is not a general property of betaretroviral Envs. Finally, EGR1, but not

ETV4 and ETV5, was also induced by the deltaretroviral HTLV-1 Env, consistent with previ-

ous data reporting the transactivation of EGR1 promoter by the accessory protein Tax [39]

qRT-PCR. Genes of interest were normalized to the RPLO gene and expressed relative to WT cells. (D+E) The migration and

invasion capacities of the cells were assessed using transwell assays. The cells were allowed to migrate and invade (through a

layer of Matrigel) for 22 hours. DAPI staining was performed and cells that had migrated/invaded were observed under a

fluorescent microscope and counted. Migration and invasion of TGF stimulated cells and HERV-K Env expressing cells is

represented relative to WT and EV cells respectively. Error bars represent the standard deviation of at least 3 independently

generated cell populations with triplicate readings taken from each population. Significant differences between cell populations

were assessed using a one-tailed t test performed relative to WT cells (C+E) and EV cells (D); * = p<0.05; ** = p<0.01;

*** = p<0.001.

https://doi.org/10.1371/journal.ppat.1006451.g001
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Fig 2. HERV-K envelope protein induces expression of several transcription factors. (A) Scheme of the

experimental procedure. 293T cells were transfected with the indicated plasmids, in duplicate for each

condition. 24 and 48 hours post transfection, cells were harvested for RNA extraction. Gene expression

analysis was performed with the Agilent SurePrint G3 Human GE 8x60K Microarray. (B) Data from

microarrays were processed and normalized as described in the material and methods in order to assess

differentially expressed genes between control and HERV-K Env expressing samples. The genes listed here

were from the 48 hour time point and selected by the following criteria: fold-change�2 and a false detection

rate (FDR) <0.05. Expression levels of the top five genes were confirmed by qRT-PCR performed on the

same samples. The results after normalisation with RPLO gene are indicated in the right column. (C)

qRT-PCR was performed on total RNA extracted from Ampho Env (control) or HERV-K Env-Rec expressing

cells at 48 hours post-transfection. The amount of mRNA transcripts for the indicated transcription factors

(EGR1: Early Growth Response 1; ETV4 and ETV5: Ets variant 4/5) were normalised to the RPLO gene and

expressed relative to non-transfected 293T cells. Error bars represent the standard deviation of five

independent experiments. Significant differences in gene expression were assessed using a one-tailed t test

performed relative to the Ampho Env condition.

https://doi.org/10.1371/journal.ppat.1006451.g002
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Fig 3. HERV-K Env activates the ERK1/2 MAPK. (A) Overview of the ERK1/2 MAPK pathway (adapted

from [46]). A broad range of extracellular stimuli can activate the ERK1/2 pathway which starts with the

activation of Ras. Activated Ras in turn activates Raf, the first kinase in the pathway. Sequential

phosphorylation (shown by a +P) and activation of downstream kinases MEK1/2 subsequently activates

ERK1/2 which can then translocate to the cell nucleus where it phosphorylates early response targets

(including EGR1, ETV4 and ETV5). These targets act as transcriptional activators of several genes. Genes

HERV-K (HML2) Env possesses oncogenic properties
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which is also produced from the HTLV-1 Env expression vector. Accordingly, HTLV-1 Env

does not induce the phosphorylation of ERK1/2 (Fig 4A).

Due to the similarities with JSRV Env, we tested if expression of HERV-K Env was directly

transforming in a classical transformation assay using rat 208F cells. [40, 41] HERV-K Env was

unable to induce the formation of transformed foci in this assay, but an otherwise fully infec-

tious functional endogenous allele of JSRV (enJSRV-18) was also negative in this assay (Fig

4C). Furthermore, unlike HERV-K Env, the endogenous JSRV Env was also unable to activate

ERK1/2 or induce expression of the transcription factors (Fig 4D+4E). Functional expression

of all Env constructs was confirmed by assessing by their ability to produce infectious pseudo-

typed viral particles (Fig 4E).

Several present-day alleles of HERV-K Env induce signal transduction

All the experiments described above have been performed with a consensus HERV-K Env,

which theoretically corresponds to the protein in the progenitor virus responsible for the inser-

tion of all modern human-specific HERV-K proviruses [42]. In order to assess the relevance of

our observations in modern-day people, we tested the effect of six previously described natural

“alleles” of HERV-K Env present in humans on ERK1/2 activation (Fig 5A). Five out of these

six, namely K108, K109, K113, K115, K17833 show some transcription factor induction activ-

ity (Fig 5B). Among these, the three that correspond to the most functional HERV-K Env pro-

teins when tested for other classical virological properties (Fig 5C) also induce significant

ERK1/2 phosphorylation in our assay, suggesting that the ability of the endogenous Envs to

activate the signalling pathway is linked to the canonical properties of the infectious retrovirus.

Identification of the domains in HERV-K Env required to mediate signal

transduction

Two proteins are produced from the HERV-K Env-Rec plasmid: the envelope glycoprotein

and the accessory protein Rec. The latter consists of two exons and is completely contained

within the Env ORF. We wanted to ascertain which of these two proteins mediates the effects

seen earlier. We therefore used two previously described vectors [43]: one expressing only Rec,

and the other HERV-K Env without Rec (through silent point mutations targeting the splicing

sites) (Fig 6A). Expression of the Rec protein did not induce expression of the transcription

factors or phosphorylation of ERK1/2, whereas the Env alone was as efficient as the consensus

Env-Rec construct to activate signal transduction (Fig 6B & 6C).

We then set about mapping the domains in HERV-K Env required for ERK1/2 activation.

Like other retroviral Envs, it is processed by cellular proteases into two subunits, SU, expressed

at the cell surface, and TM, containing a single-pass transmembrane domain (Fig 6D).

Using previously described mutants [43] (see Fig 6D), we found that the soluble SU (mut 4)

completely lost the ability to induce the expression of the transcription factors and the phos-

phorylation of ERK1/2 (Fig 6E & 6F), indicating that the TM moiety of Env is required.

HERV-K Env deleted of its cytoplasmic tail (mut 1) showed some activity, but was markedly

decreased. The cytoplasmic tail is therefore important for the activation of the ERK1/2

identified in the microarray data presented in Fig 2B are highlighted in red. (B) Activation of ERK1/2 was

directly tested in 293T cells transfected with HERV-K Env-Rec (or indicated control proteins). Western Blots

were performed on cell lysates harvested 48 hours post transfection and membranes were probed for

phosphorylated ERK1/2, stripped and stained again for the total form of the kinases. (NT: non transfected).

Expression of both HERV-K and Ampho Envs was also confirmed.

https://doi.org/10.1371/journal.ppat.1006451.g003
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Fig 4. Oncogenic properties carried by different retroviral Envs. (A) Phosphorylation of ERK1/2 in 293T

cells expressing a panel of retroviral Envs was assayed as described in Fig 3B. Samples in left and right panels

were prepared and processed (migration, transfer, revelation) at the same time; therefore intensity of the

signals in both sets of panels can be compared directly. The Envs tested span three different retroviral genera

and are colour-coded according to group (red: betaretroviruses; blue: gammaretrovirus; purple:

deltaretrovirus). (B) The mRNA levels of the transcription factors EGR1, ETV4 and ETV5 following expression

of the indicated Envs were measured as described in Fig 2C. Error bars represent standard deviation of the

mean of three independent experiments. (C) The transforming activity of Ampho, HERV-K, JSRV and enJSRV

retroviral Env proteins was assessed in 208F cells. Briefly, cells were transiently transfected with expression

vectors for the 4 Env proteins and left to reach confluence. The number of transformed foci was counted after

3–4 weeks. The histogram represents the average number of foci obtained per 2x105 cells in 3 independent

experiments. (D) Phosphorylation of ERK1/2 in 293T cells expressing the 4 retroviral Envs mentioned above

was assessed as in Fig 3B. (E) The mRNA levels of transfection factors EGR1, ETV4 and ETV5 following

expression of the 4 Envs was tested as described in Fig 2C. (F) We ensured that all the expression vectors for

the Env proteins were functional by measuring the viral titres obtained with them when pseudotyping

heterologous retroviral particles. Ampho, RD114, GaLV, FelV and MMTV Envs were tested using a MLV core,

HERV-K, JSRV, enJSRV, IAP and HTLV1 Envs were tested with a HIV core. Viral titres were measured on

293T cells, except for FeLV pseudotypes (feline G355.5 cells) and MMTV pseudotypes (mouse NIH 3T3 cells).

Background infection levels (i.e. the titres obtained with no Env expression vector) were less than 100 whatever

the core/target cells combination.

https://doi.org/10.1371/journal.ppat.1006451.g004
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pathway, either directly or through modification of the intracellular localisation of HERV-K

Env, but other domains are also involved.

HERV-K Env and other cell signalling pathways

We also assayed HERV-K Env for potential effects on other cell signalling pathways. We first

tested for activation of NFκB, which is often implicated in transformation, using the degrada-

tion of IκBα as a sign of activation of the pathway. None of the Envs that we tested had any

effect on IκBα levels, unlike TNFα stimulation (Fig 7). HERV-K Env therefore does not mod-

ify cell physiology through the NFκB pathway. We then tested for p38 activation (Fig 7). As

previously reported, JSRV Env induces the phosphorylation of p38 [36]. The role of p38 activa-

tion in JSRV pathogenesis is not clear, but it has been shown to have an inhibitory effect on

ERK1/2 signalling. We found that HERV-K Env also activates p38, but our microarray data

indicates that ERK1/2 is the major signalling pathway activated by HERV-K Env. It is possible

that the activation of p38 by JSRV and HERV-K Envs is a mechanism to regulate the level of

ERK1/2 activation. Finally, we tested the PI3K/AKT pathway, previously shown to be impor-

tant for JSRV Env mediated transformation in several cellular models [6, 8, 40, 41, 44, 45].

Preliminary experiments showed that AKT is constitutively phosphorylated in 293T cells,

Fig 5. Test for ERK1/2 phosphorylation and expression of transcription factors induced by endogenous HERV-K Env

alleles. (A) Previously described endogenous alleles of HERV-K Env were tested for their ability to induce phosphorylation of

ERK1/2 by Western blot on 293T cell lysates following transient transfection. Expression of each HERV-K Env allele was also

assessed. We also checked that Ampho Env was properly expressed. (B) Expression levels of the transcription factors EGR1,

ETV4 and ETV5 induced by the endogenous alleles of HERV-K Env were measured as described in Fig 2C. Error bars represent

the standard deviation of the mean of four independent experiments. (C) Recapitulation of the functional properties of all HERV-K

Env-Rec variants which have been assessed [43, 61] (nd: not determined).

https://doi.org/10.1371/journal.ppat.1006451.g005
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Fig 6. Mapping of the domains involved in HERV-K Env-Rec activation of the ERK1/2 pathway and

induction of the transcription factors. (A) The HERV-K Env-Rec plasmid expresses two distinct proteins

via alternative splicing: the full-length RNA encodes Env, a glycoprotein that is cleaved into two subunits

during synthesis (surface subunit, SU, and transmembrane subunit, TM), while internal splicing sites (SD for

splice donor and SA for splice acceptor) lead to the production of the Rec accessory protein. Introducing silent

mutations in the splice sites generated an expression vector that expresses Env alone. (B) The different

HERV-K (HML2) Env possesses oncogenic properties
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constructs were assayed for their capacity to activate the MAPK ERK1/2 as described in Fig 3B. The

expression levels of Ampho Env, HERV-K Env and HERV-K Rec were also checked by Western blot. In the

case of Rec, we also performed qRT-PCR reactions on RNA samples to detect specifically the spliced Rec

transcripts. (C) Transcription factor expression following transfection of the constructs above was measured

as described in Fig 2C. Error bars represent the standard deviation of five independent experiments. (D)

Truncation mutants of HERV-K Env were generated to identify the region required for activation of the ERK1/2

pathway. The expected protein structure of each mutant is shown on the right. All modifications were

designed to change Env without altering the Rec ORF and keeping the global structure of the Env-Rec RNA.

The different domains of each construct are indicated: SP (signal peptide, yellow), SU (orange), TM (red).

Env-Rec mut1 corresponds to a C-terminal truncated version of the complete envelope protein. Env-Rec

mut4 is the soluble surface subunit. Expression of Ampho Env and the different HERV-K Env-Rec mutants

was measured together with their ability to induce phosphorylation of ERK1/2 by Western Blot (E) and

expression of the transcription factors was measured by qRT-PCR (F). Error bars represent the standard

deviation of the mean of eight independent experiments.

https://doi.org/10.1371/journal.ppat.1006451.g006

Fig 7. HERV-K Env activation of other signalling pathways. (Top panel) 293T cells were transfected by

the indicated plasmids as described in Fig 3B, or stimulated with TNFα (100 ng/μL for 10 and 20 minutes), a

positive control for activation of NFκB and p38 pathways. Lysates were tested by Western blot for

phosphorylated and total (after membrane stripping) forms of the kinases ERK1/2 and p38, or for IκBα (for

IκBα, tubulin was used as a control for homogenous loading). (Bottom panel) HeLa cells were transiently

transfected by the indicated plasmids. Cell lysates were harvested 48 hours post transfection and

phosphorylated and total (after membrane stripping) levels of AKT were assessed by western blotting.

https://doi.org/10.1371/journal.ppat.1006451.g007
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whatever the culture conditions. We therefore tested for AKT activation in HeLa cells. As

shown, HERV-K Env had no effect on the phosphorylation state of AKT, unlike JSRV Env

(Fig 7).

Mechanistic aspects of the activation of the MAP kinase pathway

mediated by HERV-K Env

Finally, using a series of inhibitors (Fig 8A), we characterised where HERV-K Env acts in the

ERK1/2 pathway. 293T cells were transfected as before, treated with each inhibitor individually

18h later and ERK1/2 phosphorylation and expression of the transcription factors were mea-

sured at 48h (Fig 8B). First, we used FTI-277 that targets H and K-Ras. As expected, this inhib-

itor efficiently suppressed the phosphorylation of ERK1/2, with a corresponding decrease in

transcription factor expression induced by the transfection of a constitutively active H-Ras

(Fig 8C & 8D). However, it did not affect the activation of ERK1/2 mediated by HERV-K Env

or JSRV Env. This suggests that either these Envs act downstream of Ras or that they activate

another form of Ras (e.g. N-Ras). In contrast, TAK632, a potent pan-Raf inhibitor, completely

abolished ERK1/2 signal transduction and transcription factor induction by both JSRV and

HERV-K Envs, indicating that the two glycoproteins act upstream of the kinase Raf. U0126, a

MEK1/2 inhibitor, also impaired the activation of ERK1/2 mediated by HERV-K and JSRV

Envs, as expected. Of note, unlike JSRV Env, the inhibition was only partial for HERV-K Env.

Discussion

In this paper, we report on the pro-oncogenic properties possessed by the Env protein of the

HERV-K family and investigate the mechanism of action. Using the MCF10A cell line, we

demonstrated that the stable expression of HERV-K Env, at a high but physiologically relevant

level (i.e. similar to the expression level naturally observed in some germ cell derived cell

lines), induces clear changes in the expression of EMT-associated genes towards a more mes-

enchymal phenotype, with the cell morphology altered accordingly. Remarkably, these

HERV-K Env-induced changes are accompanied by an increase in cell motility. The modifica-

tion of the attachment proteins we observed is similar to that obtained after treatment with

TGFß, but the transcription factors that are induced are different. A number of different tran-

scription factors have been associated with EMT, and this generic term in fact covers several

processes that can occur in different circumstances, either in normal development or in

the course of disease [30]. Previous studies had already hinted at oncogenic properties for

HERV-K Env, but it had only been shown that this Env protein can alter the phenotype of pre-

transformed, cancer-derived cell lines [23–25] whereas we demonstrate here that it can also

direct non-malignant cells in the path towards transformation. Given the change of the EMT

markers and cell motility observed, it is likely that HERV-K Env expression by a tumour or a

pre-tumour could also trigger further changes and favour metastasis.

Using microarrays in a different cell model, we identified a very limited number of genes

whose expression is induced following HERV-K Env transfection. We showed that the induc-

tion of these genes is due to activation of the ERK1/2 pathway in cells following HERV-K Env

expression. Most of the identified genes are transcription factors that have already been associ-

ated with transformation and cancer. In fact, the list of the induced genes is remarkably similar

to that observed in tumours with a mutated BRAF [46]. BRAF-activating mutations have been

reported in several tumours, but are particularly common in melanomas [47]. Specific inhibi-

tors of mutated BRAF have been developed and used to treat patients. They promote a dra-

matic improvement in patient health for up to 6 months until relapse, due to tumours

developing resistance to the treatment [48]. HERV-K Env expression in melanomas has been
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Fig 8. HERV-K Env activates the ERK1/2 MAPK pathway upstream of Raf. (A) The ERK1/2 pathway was

targeted by different chemical inhibitors: FTI-277 (a H/K-Ras inhibitor), TAK 632 (a pan Raf inhibitor), and U0126 (a

broadly-used antagonist of MEK1/2). (B) The experimental procedure is illustrated on the scheme. Briefly, 293T cells

were transfected with the indicated plasmids. Inhibitors (or vehicle control) were added when media was changed 18

hours post-transfection. Lysates and total RNA were harvested 48 hours post transfection. Activation of ERK1/2 (C)

and induction of transcription factor expression (D) were assayed as described previously (Figs 2C & 3B) in the

presence (+) or absence (-) of FTI-277, TAK 632 or U0126. Error bars represent the standard deviation of the mean

of five independent experiments.

https://doi.org/10.1371/journal.ppat.1006451.g008
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reported by several independent groups [19, 20, 49–52]. It is possible that HERV-K Env

expression is part of the mechanism used by the tumours to escape the treatment against

mutated BRAF by re-activating the ERK1/2 pathway. Interestingly, a study recently showed

that HERV-K expression in several breast cancer cell lines leads to an increase expression of

ERK1/2 [25], which indicates that HERV-K expression could increase ERK1/2 signalling by

several independent mechanisms.

The consensus HERV-K Env that we used to demonstrate ERK1/2 activation is more effi-

cient than present-day alleles for most canonical virological properties. However, when tested

under the same conditions, three out of the six previously characterised full-length “alleles” of

HERV-K Env activated ERK1/2 nearly as efficiently as the consensus, giving credence to a pos-

sible role of HERV-K proviruses in tumour development. Of interest, these active alleles have

been found to be spontaneously expressed in several human cell lines [52, 53]. In addition, the

effect of these alleles could be additive, especially when HERV-K proviruses are expressed due

to general LTR activation (eg the reported induction by MITF in melanoma [54]), instead of

locus-specific expression. Remarkably, no other retroviral Env protein that we tested activated

ERK1/2, except for JSRV Env which is known to be a strong oncogene. Furthermore, the onco-

genic activity of JSRV Env has been linked to ERK1/2 activation [36, 38], further supporting a

role for HERV-K Env in tumour development. The effects observed with JSRV Env are admit-

tedly stronger than those observed with HERV-K Env. However, it should be noted that the

JSRV Env used in this study is that encoded by the infectious strain of the virus. Like HERV-K

Env, the endogenous JSRV-18 Env was unable to transform 208F cells in our assays and no

transforming effect has ever been reported for any of the endogenous copies [1]. It is not sur-

prising that a gene showing such deleterious effects to the host should be lost very quickly fol-

lowing endogenisation. It is quite remarkable that the HERV-K family, which entered the

primate lineage more than 40 million years ago, could have conserved some oncogenic proper-

ties for so long, even if these properties are slightly subdued. Indeed we showed that a recent,

fully infectious endogenous JSRV Env protein has completely lost the ability to activate the

ERK1/2 pathway, unlike some HERV-K Env alleles. It is possible that the last amplification of

HERV-K elements in the human genomes is the product of a horizontal transmission of an

infectious virus that would have remained active in other primate species, instead of the re-

activation of previously dormant proviruses. It would be less unexpected for an exogenous,

infectious virus to conserve such oncogenic properties that could play an important role in its

propagation.

Finally, we used mutant forms of HERV-K Env to map the domains responsible for ERK1/

2 activation. We found that the TM subunit of Env is required, and that the cytoplasmic tail

plays an important role, although there is still some ERK1/2 activation when it is deleted.

Additionally, the 3 endogenous alleles of HERV-K Env-Rec that most strongly activate ERK1/

2 all possess an intact cytoplasmic tail (S2 Fig). However, the K115 allele possesses the same

sequence and is much less potent for ERK1/2 activation. It is therefore likely that several

domains of HERV-K Env cooperate for its oncogenic properties, as demonstrated for JSRV

Env for which both SU and TM are involved in the transformation process [55]. Concerning

JSRV Env, several intracellular interacting proteins expected to be involved in transformation

have been reported recently [56, 57]. In all cases, the reported interacting domain is the Env

cytoplasmic tail. Since JSRV and HERV-K Envs show no homology in this region (S3 Fig),

these proteins are unlikely to interact with HERV-K Env. Using motif prediction software, we

failed to identify any relevant motif in the sequence of the HERV-K Env cytoplasmic tail, and

cannot therefore propose a likely mechanism of action. In the future, the elucidation of the cel-

lular proteins interacting with the HERV-K Env cytoplasmic tail could lead to the development

of specific inhibitors able to block its oncogenic properties, and could be of therapeutic interest
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in tumours where HERV-K Env is expressed, providing alternative treatments to those cur-

rently available.

Materials and methods

Plasmids

HIV-1 derived particles were produced as described [43], using a modified CSGW [58]

expressing HERV-K Env or control proteins and the hygromycin resistance gene. pBabe-

H-RasG12V [59] was kindly gifted by A. Puisieux. All Env transient expression vectors are

CMV-driven. Plasmids for Ampho, IAPE, RD114, GaLV, FeLV and HERV-K Envs have been

described previously [60–64]. phCMV-JSRV Env was constructed by replacing the G protein

ORF in phCMV-VSV-G (GenBank accession no. AJ318514) with the JSRV Env ORF (plus the

3’ LTR) present in pCMV3JS21ΔGP [3] (a gift from M. Palmarini). The Env gene from the

enJSRV-18 provirus was similarly cloned by PCR on sheep genomic DNA using a forward

primer on the ATG and the reverse primer indicated in [65]. phCMV-MMTV Env contains

the MMTV Env ORF and the 3’ LTR from the pEnv vector [66] (a gift from S. Ross). The

HTLV-1 Env plasmid [67] was a gift from C. Pique. phCMV-HERV-K(HML2) Env-LP was

derived from phCMV-HERV-K(HML2) Env by changing aa 103 and 104 into stop codons.

pCMV-ß (Clontech) is an expression vector for beta-galactosidase. It was used as a control vec-

tor and designated “None” in the figures. It was also used to adjust total DNA content in trans-

fection experiments.

Cell culture, lentiviral vector production and generation of stable

populations

293T (ATCC CRL-3216), HeLa (ATCC CCL-2) and 208F (ECACC 85103116) cells were main-

tained at 37˚C, 8% CO2, in DMEM with 10% heat-inactivated FCS, 100u/mL penicillin and

100μg/mL streptomycin (PS). MCF10A cells (ATCC CRL-10317) were cultured at 37˚C, 10%

CO2, in DMEM:F12 medium supplemented with 5% horse serum, 5ng/mL EGF (Peprotech),

10μg/mL insulin (Sigma), 1ng/mL cholera toxin (Sigma), 100μg/mL hydrocortisone (Sigma)

and PS. Unless specified all reagents were from Life Technology. Lentiviral particles were pro-

duced as described [43] using JetPrime (PolyPlus Transfection). Cells were infected with viral

supernatants and selected with Hygromycin B (46u/mL, Calbiochem) 3 days later. The popula-

tions of resistant cells were thereafter maintained in selection media.

Signalling experiments

Cells in 12-well plates were transfected with 250ng total DNA (50 or 30ng of Env in 293T and

HeLa cells respectively, supplemented with pCMV-ß) using 1.25μL of Fugene6 (Promega).

Media were replaced 18 hours post transfection (without FCS for Hela cells to minimize back-

ground). When used, inhibitors were added during the medium change (FTI-277 (5μM,

Sigma), TAK-632 (5μM, Selleckchem), U0126 (5μM, Cell Signaling)). TNFα was used at

100ng/μL (R&D Systems). Cells were used for protein or RNA extraction 48 hours post trans-

fection. For Western blot analysis, cells were lysed in PBS, 1% NP40 or RIPA (Life Technology)

complemented with Halt protease and phosphatase inhibitor cocktail (ThermoScientific). Cell

lysates were then subjected to SDS-PAGE as described [43]. Proteins of interest were detected

using antibodies from Cell Signalling: p44/42 MAPK, phospho-p44/42 MAPK (Thr202/

Tyr204), p38 MAPK, phospho-p38 MAPK (Thr180/Tyr182), pan-Akt, phospho-Akt, IKBα or

Sigma (Tubulin). HERV-K(HML2) anti-Env antibody was previously described [61]. MLV

ampho Env protein was detected using a goat antiserum directed against Rauscher leukemia
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virus gp70 (from the National Cancer Institute, Frederick, MD). HERV-K Rec protein was

detected using a polyclonal rabbit antiserum given by R. Löwer. HRP-conjugated secondary

antibodies (GE Healthcare Or Dako) and ECL Plus Reagent (GE Healthcare) were used for

Western blots. Membrane stripping was done using ReBlot Plus Strong (Merck Millipore).

RNA isolation, qRT-PCR, gene expression profiling

Total RNA were extracted with the RNeasy extraction kit (Qiagen) and treated with DNase I

(Ambion). For microarray experiments, we compared duplicates of RNA from 293T trans-

fected with either HERV-K(HML2) Env or the control plasmid, HERV-K(HML2) Env-LP,

collected 24 and 48 hours post-transfection. Gene expression analysis was performed on Agi-

lent SurePrint G3 Human GE 8x60K Microarrays (Agilent Technologies, AMADID 39494).

Data were extracted using Feature Extraction software (v10.5.1.1; Agilent Technologies) and

normalized using an empirical Bayes method. Top-ranked genes were selected for an absolute

fold-change�2 using a False Detection Rate (FDR) <0.05.

DNase-treated RNAs were reverse-transcribed using the MLV reverse-transcriptase

(Applied Biosystems). qPCR was performed using the QuantiFast SYBR Green PCR kit (Qia-

gen) on the ABI PRISM 7000 system. Efficacy of the PCR reaction was checked for each primer

pair. Transcript levels were normalized to RPLO employing the ΔΔCt method.

Transwell migration and invasion assays

MCF10A cells were resuspended in DMEM:F12 media without serum or additional additives.

5x104 cells in 500μL were seeded into the top of each transwell (Corning, 24-well inserts, 8μm

pore), and 750μL of complete culture medium was added to the bottom of each well as a

chemoattractant.

The cells were incubated for 22 hours before non-migratory cells were removed and the

membrane fixed with methanol. Membranes were stained with DAPI and the migrated cells

counted. Invasion assays were performed similarly except transwells were precoated with 16μg

of Matrigel (Corning).

Quantification of cellular morphological changes

MCF10A cell populations were incubated in DMEM/F12 media supplemented with 5μM Cell-

Tracker Green (Invitrogen) for 30 minutes, and then cultured for an additional 60 minutes in

complete media before fixation in 4% PFA. Cells were imaged to assess changes in morphol-

ogy. Average cell size (area) was calculated by measuring the surface area covered by the cells

(green stain) relative to the number of cells.

Transformation assays

208F cells (seeded at 2x105 cells per 3.5 cm dish the day before) were transfected with 4μg

DNA using Fugene 6 (Promega). After 24h, they were reseeded in a 10 cm dish. When the cells

reached confluence, medium was replaced by DMEM complemented with PS, 5% FCS and

1μM dexamethasone. Medium was replaced weekly. After 3–4 weeks, cells were stained with

Leishmann to allow counting of transformed foci.

Supporting information

S1 Fig. The expression level of HERV-K Env transcripts in stably transduced MCF10A

cells was assessed by qRT-PCR and compared to the parental control as well as other cell

lines including some derived from germ cell tumors (NCCIT, 2102Ep) and melanomas
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(SKMel28, WM3526, WM3682).

(PDF)

S2 Fig. Clustal alignment of the HERV-K Env endogenous alleles compared to the consen-

sus protein. The leader peptide region is highlighted in grey, the furin cleavage site is in red

and the predicted transmembrane region is highlighted in yellow.

(PDF)

S3 Fig. Clustal alignment of betaretroviral Env proteins. The sequences of endogenous

HERV-K, JSRV (consensus and enJSRV-18 resp.) as well as infectious MMTV and JSRV

Envs are compared. Leader peptides are highlighted in grey, the furin cleavage sites are in red

and the predicted transmembrane regions are highlighted in yellow. The PI3K/Akt binding

motif (YXXM), only present in infectious JSRV and necessary for transformation [7, 68], is

highlighted in green.

(PDF)

Acknowledgments

We would like to thank A. Puisieux, M. Palmarini, C. Pique, S. Ross and R. Löwer for their gift
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28. Löwer R, Tönjes RR, Korbmacher C, Kurth R, Löwer J. Identification of a Rev-related protein by analy-

sis of spliced transcripts of the human endogenous retroviruses HTDV/HERV-K. Journal of Virology.

1995; 69:141–9. PMID: 7983704

29. Hohn O, Hanke K, Bannert N. HERV-K(HML-2), the Best Preserved Family of HERVs: Endogenization,

Expression, and Implications in Health and Disease. Front Oncol. 2013; 3(246):246.

30. Nieto MA, Huang RY-J, Jackson RA, Thiery JP. Emt: 2016. Cell. 2016; 166:21–45. https://doi.org/10.

1016/j.cell.2016.06.028 PMID: 27368099

31. Adamson ED, Mercola D. Egr1 transcription factor: multiple roles in prostate tumor cell growth and sur-

vival. Tumour biology. 2002; 23:93–102. PMID: 12065847

32. Colas E, Colas E, Muinelo-Romay L, Muinelo-Romay L, Alonso-Alconada L, Alonso-Alconada L, et al.

ETV5 cooperates with LPP as a sensor of extracellular signals and promotes EMT in endometrial carci-

nomas. Oncogene. 2012; 31:4778–88. https://doi.org/10.1038/onc.2011.632 PMID: 22266854

33. Oh S, Shin S, Janknecht R. ETV1, 4 and 5: An oncogenic subfamily of ETS transcription factors. Biochi-

mica et Biophysica Acta—Reviews on Cancer. 2012; 1826:1–12.

34. Pellecchia A, Pescucci C, De Lorenzo E, Luceri C, Passaro N, Sica M, et al. Overexpression of ETV4 is

oncogenic in prostate cells through promotion of both cell proliferation and epithelial to mesenchymal

transition. Oncogenesis. 2012; 1:e20. https://doi.org/10.1038/oncsis.2012.20 PMID: 23552736

35. Abal M. ETV5 transcription program links BDNF and promotion of EMT at invasive front of endometrial

carcinomas. Carcinogenesis. 2014; 35:2679–86. https://doi.org/10.1093/carcin/bgu198 PMID: 25233929

36. Maeda N, Fu W, Ortin A, de Las Heras M, Fan H. Roles of the Ras-MEK-mitogen-activated protein

kinase and phosphatidylinositol 3-kinase-Akt-mTOR pathways in Jaagsiekte sheep retrovirus-induced

transformation of rodent fibroblast and epithelial cell lines. Journal of Virology. 2005; 79:4440–50.

https://doi.org/10.1128/JVI.79.7.4440-4450.2005 PMID: 15767444

37. Hull S, Fan H. Mutational analysis of the cytoplasmic tail of jaagsiekte sheep retrovirus envelope pro-

tein. Journal of virology. 2006; 80:8069–80. https://doi.org/10.1128/JVI.00013-06 PMID: 16873263

38. De las Heras M, Ortı́n A, Benito A, Summers C, Ferrer LM, Sharp JM. In-situ Demonstration of Mitogen-

activated Protein Kinase Erk 1/2 Signalling Pathway in Contagious Respiratory Tumours of Sheep and

Goats. Journal of Comparative Pathology. 2006; 135:1–10. https://doi.org/10.1016/j.jcpa.2006.02.002

PMID: 16814801

39. Fujii M, Tsuchiya H, Chuhjo T, Akizawa T, Seiki M. Interaction of HTLV-1 Tax1 with p67SRF causes the

aberrant induction of cellular immediate early genes through CArG boxes. Genes and Development.

1992; 6:2066–76. PMID: 1427072

40. Chow YH, Alberti A, Mura M, Pretto C, Murcia P, Albritton LM, et al. Transformation of rodent fibroblasts

by the Jaagsiekte sheep retrovirus envelope is receptor independent and does not require the surface

domain. J Virol. 2003; 77(11):6341–50. https://doi.org/10.1128/JVI.77.11.6341-6350.2003 PMID:

12743291

41. Liu SL, Duh FM, Lerman MI, Miller AD. Role of virus receptor Hyal2 in oncogenic transformation of

rodent fibroblasts by sheep betaretrovirus env proteins. J Virol. 2003; 77(5):2850–8. https://doi.org/10.

1128/JVI.77.5.2850-2858.2003 PMID: 12584308

42. Dewannieux M, Harper F, Richaud A, Letzelter C, Ribet D, Pierron G, et al. Identification of an infectious

progenitor for the multiple-copy HERV-K human endogenous retroelements. Genome Res. 2006; 16

(12):1548–56. Epub 2006 Oct 31. https://doi.org/10.1101/gr.5565706 PMID: 17077319

43. Lemaitre C, Harper F, Pierron G, Heidmann T, Dewannieux M. The HERV-K human endogenous retro-

virus envelope protein antagonizes Tetherin antiviral activity. J Virol. 2014 Dec; 88(23):13626–37.

https://doi.org/10.1128/JVI.02234-14 PMID: 25210194

44. Palmarini M, Fan H. Retrovirus-induced ovine pulmonary adenocarcinoma, an animal model for lung

cancer. J Natl Cancer Inst. 2001; 93:1603–14. PMID: 11698564

45. Maeda N, Inoshima Y, Fruman DA, Brachmann SM, Fan H. Transformation of mouse fibroblasts by

Jaagsiekte sheep retrovirus envelope does not require phosphatidylinositol 3-kinase. J Virol. 2003; 77

(18):9951–9. https://doi.org/10.1128/JVI.77.18.9951-9959.2003 PMID: 12941905

HERV-K (HML2) Env possesses oncogenic properties

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006451 June 26, 2017 20 / 22

https://doi.org/10.1073/pnas.0308090100
http://www.ncbi.nlm.nih.gov/pubmed/14739340
https://doi.org/10.1158/0008-5472.CAN-08-3398
http://www.ncbi.nlm.nih.gov/pubmed/19258500
http://www.ncbi.nlm.nih.gov/pubmed/7983704
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1016/j.cell.2016.06.028
http://www.ncbi.nlm.nih.gov/pubmed/27368099
http://www.ncbi.nlm.nih.gov/pubmed/12065847
https://doi.org/10.1038/onc.2011.632
http://www.ncbi.nlm.nih.gov/pubmed/22266854
https://doi.org/10.1038/oncsis.2012.20
http://www.ncbi.nlm.nih.gov/pubmed/23552736
https://doi.org/10.1093/carcin/bgu198
http://www.ncbi.nlm.nih.gov/pubmed/25233929
https://doi.org/10.1128/JVI.79.7.4440-4450.2005
http://www.ncbi.nlm.nih.gov/pubmed/15767444
https://doi.org/10.1128/JVI.00013-06
http://www.ncbi.nlm.nih.gov/pubmed/16873263
https://doi.org/10.1016/j.jcpa.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16814801
http://www.ncbi.nlm.nih.gov/pubmed/1427072
https://doi.org/10.1128/JVI.77.11.6341-6350.2003
http://www.ncbi.nlm.nih.gov/pubmed/12743291
https://doi.org/10.1128/JVI.77.5.2850-2858.2003
https://doi.org/10.1128/JVI.77.5.2850-2858.2003
http://www.ncbi.nlm.nih.gov/pubmed/12584308
https://doi.org/10.1101/gr.5565706
http://www.ncbi.nlm.nih.gov/pubmed/17077319
https://doi.org/10.1128/JVI.02234-14
http://www.ncbi.nlm.nih.gov/pubmed/25210194
http://www.ncbi.nlm.nih.gov/pubmed/11698564
https://doi.org/10.1128/JVI.77.18.9951-9959.2003
http://www.ncbi.nlm.nih.gov/pubmed/12941905
https://doi.org/10.1371/journal.ppat.1006451


46. Pratilas CA, Taylor BS, Ye Q, Viale A, Sander C, Solit DB, et al. (V600E)BRAF is associated with dis-

abled feedback inhibition of RAF-MEK signaling and elevated transcriptional output of the pathway.

Proc Natl Acad Sci U S A. 2009; 106:4519–24. https://doi.org/10.1073/pnas.0900780106 PMID:

19251651

47. Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in cancer. Oncogene. 2007;

26:3279–90. https://doi.org/10.1038/sj.onc.1210421 PMID: 17496922

48. Maik-Rachline G, Seger R. The ERK cascade inhibitors: Towards overcoming resistance. Drug Resis-

tance Updates. 2016; 25:1–12. https://doi.org/10.1016/j.drup.2015.12.001 PMID: 27155372

49. Muster T, Waltenberger A, Grassauer A, Hirschl S, Caucig P, Romirer I, et al. An endogenous retrovirus

derived from human melanoma cells. Cancer Res. 2003; 63(24):8735–41. PMID: 14695188

50. Hahn S, Ugurel S, Hanschmann KM, Strobel H, Tondera C, Schadendorf D, et al. Serological response

to human endogenous retrovirus K in melanoma patients correlates with survival probability. AIDS Res

Hum Retroviruses. 2008 May; 24(5):717–23. https://doi.org/10.1089/aid.2007.0286 PMID: 18462078

51. Reiche J, Pauli G, Ellerbrok H. Differential expression of human endogenous retrovirus K transcripts in

primary human melanocytes and melanoma cell lines after UV irradiation. Melanoma research. 2010;

20:435–40. https://doi.org/10.1097/CMR.0b013e32833c1b5d PMID: 20539243

52. Schmitt K, Reichrath J, Roesch A, Meese E, Mayer J. Transcriptional profiling of human endogenous

retrovirus group HERV-K(HML-2) loci in melanoma. Genome Biology and Evolution. 2013; 5:307–28.

https://doi.org/10.1093/gbe/evt010 PMID: 23338945

53. Bhardwaj N, Montesio 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; 7:939–68. https://doi.org/10.

3390/v7030939 PMID: 25746218

54. Katoh I, Mirova A, Kurata S, Murakami Y, Horikawa K, Nakakuki N, et al. Activation of the long terminal

repeat of human endogenous retrovirus K by melanoma-specific transcription factor MITF-M. Neopla-

sia. 2011 Nov; 13(11):1081–92. PMID: 22131883

55. Liu S-L, Miller aD. Oncogenic transformation by the jaagsiekte sheep retrovirus envelope protein. Onco-

gene. 2007; 26:789–801. https://doi.org/10.1038/sj.onc.1209850 PMID: 16909114

56. Monot M, Erny A, Gineys B, Desloire S, Dolmazon C, Aublin-Gex A, et al. Early Steps of Jaagsiekte

Sheep Retrovirus-Mediated Cell Transformation Involve the Interaction between Env and the RALBP1

Cellular Protein. J Virol. 2015 Aug 15; 89(16):8462–73. https://doi.org/10.1128/JVI.00590-15 PMID:

26041289

57. Hsu T, Phung A, Choe K, Kim JW, Fan H. A role for a zinc finger protein (Zfp111) in transformation of

208F rat fibroblasts by Jaagsiekte Sheep Retrovirus envelope protein. J Virol. 2015 Aug 5; 5:01631–15.

58. Perro M, Tsang J, Xue S-a, Escors D, Cesco-Gaspere M, Pospori C, et al. Generation of multi-func-

tional antigen-specific human T-cells by lentiviral TCR gene transfer. Gene therapy. 2010; 17:721–32.

https://doi.org/10.1038/gt.2010.4 PMID: 20164855

59. Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A. Generation of breast cancer stem

cells through epithelial-mesenchymal transition. PLoS One. 2008 Aug 6; 3(8):e2888. https://doi.org/10.

1371/journal.pone.0002888 PMID: 18682804

60. Sandrin V, Muriaux D, Darlix JL, Cosset FL. Intracellular trafficking of Gag and Env proteins and their

interactions modulate pseudotyping of retroviruses. J Virol. 2004; 78(13):7153–64. https://doi.org/10.

1128/JVI.78.13.7153-7164.2004 PMID: 15194792

61. Dewannieux M, Blaise S, Heidmann T. Identification of a Functional Envelope Protein from the HERV-K

Family of Human Endogenous Retroviruses. J Virol. 2005 Dec; 79(24):15573–7. https://doi.org/10.

1128/JVI.79.24.15573-15577.2005 PMID: 16306628

62. Dewannieux M, Collins MK. Spontaneous heteromerization of gammaretrovirus envelope proteins: a

possible novel mechanism of retrovirus restriction. J Virol. 2008 Oct; 82(19):9789–94. https://doi.org/

10.1128/JVI.02696-07 PMID: 18667519

63. Ribet D, Harper F, Dupressoir A, Dewannieux M, Pierron G, Heidmann T. An infectious progenitor for

the murine IAP retrotransposon: emergence of an intracellular genetic parasite from an ancient retrovi-

rus. Genome Res. 2008; 18(4):597–609. Epub 2008 Feb 6. https://doi.org/10.1101/gr.073486.107

PMID: 18256233

64. Schlecht-Louf G, Mangeney M, El-Garch H, Lacombe V, Poulet H, Heidmann T. A targeted mutation

within the feline leukemia virus (FeLV) envelope protein immunosuppressive domain to improve a

canarypox virus-vectored FeLV vaccine. Journal of virology. 2014; 88:992–1001. https://doi.org/10.

1128/JVI.02234-13 PMID: 24198407

65. Arnaud F, Caporale M, Varela M, Biek R, Chessa B, Alberti A, et al. A paradigm for virus-host coevolu-

tion: Sequential counter-adaptations between endogenous and exogenous retroviruses. PLoS Patho-

gens. 2007; 3:1716–29.

HERV-K (HML2) Env possesses oncogenic properties

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006451 June 26, 2017 21 / 22

https://doi.org/10.1073/pnas.0900780106
http://www.ncbi.nlm.nih.gov/pubmed/19251651
https://doi.org/10.1038/sj.onc.1210421
http://www.ncbi.nlm.nih.gov/pubmed/17496922
https://doi.org/10.1016/j.drup.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/27155372
http://www.ncbi.nlm.nih.gov/pubmed/14695188
https://doi.org/10.1089/aid.2007.0286
http://www.ncbi.nlm.nih.gov/pubmed/18462078
https://doi.org/10.1097/CMR.0b013e32833c1b5d
http://www.ncbi.nlm.nih.gov/pubmed/20539243
https://doi.org/10.1093/gbe/evt010
http://www.ncbi.nlm.nih.gov/pubmed/23338945
https://doi.org/10.3390/v7030939
https://doi.org/10.3390/v7030939
http://www.ncbi.nlm.nih.gov/pubmed/25746218
http://www.ncbi.nlm.nih.gov/pubmed/22131883
https://doi.org/10.1038/sj.onc.1209850
http://www.ncbi.nlm.nih.gov/pubmed/16909114
https://doi.org/10.1128/JVI.00590-15
http://www.ncbi.nlm.nih.gov/pubmed/26041289
https://doi.org/10.1038/gt.2010.4
http://www.ncbi.nlm.nih.gov/pubmed/20164855
https://doi.org/10.1371/journal.pone.0002888
https://doi.org/10.1371/journal.pone.0002888
http://www.ncbi.nlm.nih.gov/pubmed/18682804
https://doi.org/10.1128/JVI.78.13.7153-7164.2004
https://doi.org/10.1128/JVI.78.13.7153-7164.2004
http://www.ncbi.nlm.nih.gov/pubmed/15194792
https://doi.org/10.1128/JVI.79.24.15573-15577.2005
https://doi.org/10.1128/JVI.79.24.15573-15577.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306628
https://doi.org/10.1128/JVI.02696-07
https://doi.org/10.1128/JVI.02696-07
http://www.ncbi.nlm.nih.gov/pubmed/18667519
https://doi.org/10.1101/gr.073486.107
http://www.ncbi.nlm.nih.gov/pubmed/18256233
https://doi.org/10.1128/JVI.02234-13
https://doi.org/10.1128/JVI.02234-13
http://www.ncbi.nlm.nih.gov/pubmed/24198407
https://doi.org/10.1371/journal.ppat.1006451


66. Golovkina TVTV, Dzuris J, Van Den Hoogen B, Jaffe ABAB, Wright PCPC, Cofer SMSM, et al. A novel

membrane protein is a mouse mammary tumor virus receptor. JVirol. 1998; 72:3066–71.

67. Delamarre L, Rosenberg AR, Pique C, Pham D, Dokhelar MC. A novel human T-leukemia virus type 1

cell-to-cell transmission assay permits definition of SU glycoprotein amino acids important for infectivity.

J Virol. 1997; 71(1):259–66. PMID: 8985345

68. Palmarini M, Maeda N, Murgia C, De-Fraja C, Hofacre A, Fan H. A phosphatidylinositol 3-kinase dock-

ing site in the cytoplasmic tail of the Jaagsiekte sheep retrovirus transmembrane protein is essential for

envelope-induced transformation of NIH 3T3 cells. J Virol. 2001; 75(22):11002–9.

HERV-K (HML2) Env possesses oncogenic properties

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006451 June 26, 2017 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/8985345
https://doi.org/10.1371/journal.ppat.1006451

