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Norbert Bannert*, Henning Hofmann, Adriana Block and Oliver Hohn

HIV and Other Retroviruses, Robert Koch Institute, Berlin, Germany

Initial indications that retroviruses are connected to neoplastic transformation were
seen more than a century ago. This concept has also been tested for endogenized
retroviruses (ERVs) that are abundantly expressed in many transformed cells. In healthy
cells, ERV expression is commonly prevented by DNA methylation and other epigenetic
control mechanisms. ERVs are remnants of former exogenous forms that invaded the
germ line of the host and have since been vertically transmitted. Several examples
of ERV-induced genomic recombination events and dysregulation of cellular genes
that contribute to tumor formation have been well documented. Moreover, evidence is
accumulating that certain ERV proteins have oncogenic properties. In contrast to these
implications for supporting cancer induction, a recent string of papers has described
favorable outcomes of increasing human ERV (HERV) RNA and DNA abundance by
treatment of cancer cells with methyltransferase inhibitors. Analogous to an infecting
agent, the ERV-derived nucleic acids are sensed in the cytoplasm and activate innate
immune responses that drive the tumor cell into apoptosis. This “viral mimicry” induced
by epigenetic drugs might offer novel therapeutic approaches to help target cancer
cells that are normally difficult to treat using standard chemotherapy. In this review, we
discuss both the detrimental and the new beneficial role of HERV reactivation in terms
of its implications for cancer.

Keywords: human endogenous retrovirus (HERV), HERV, HERV-K, cancer, innate sensing, DNA-methylation, viral
mimicry

INTRODUCTION

Scattered throughout the genomes of all vertebrates are millions of footprints from past invasion
events by retroelements; i.e., fragments of genomic DNA that have been retrotranscribed from
RNA. Indeed, 43% of the human genome is made up of such elements and 8% of the genome
is comprised of retroviruses that infected human ancestors, entering cells of the germ line or
proliferating thereafter by retrotransposition (Katzourakis et al., 2005). This “retroviral self” can
be classified into more than 30 distinct HERV families (Bannert and Kurth, 2004). By now, all
of the known proviral sequences in the human germ line have suffered postinsertional mutations
and deletions and have lost the ability to produce replication competent viral particles. However,
around 100 of the germ line invaders belonging to the most recently active HERV-K(HML-2)
family are full-length (or nearly) (Figure 1A). Many of the most recently acquired elements are
polymorphic, leading to a diversity of haplotypes in the human population. HERV-K113, for
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FIGURE 1 | Genomic organization of HERV-K(HML-2) and proposed role of HERVs in tumorigenesis. (A) Schematic depiction of the HERV-K(HML-2) provirus.

(B) Presumed cancer promoting implications of HERVs at the DNA level. (i) Recombination event leading to an LTR-driven expression of exons of a potential
oncogene. (i) LTR-driven expression of a nearby proto-oncogene. Exons are shown in green and the cellular promotor in blue. (C) Potential cancer-promoting effects
by HERV-encoded proteins Env (i) and Rec/Np9 (ii). Aberrant signal transduction leading to transformation of the cell is indicated by a lightning sign. Binding of Rec
or Np9 to PLZF prevents PLZF from functionally inhibiting c-MYC. Interaction of Rec with TZFP or hSGT has been suggested to abrogate inhibition of the androgen
receptor by these two cellular proteins. Interaction of Np9 with LNX activates the LNX/Numb/Notch pathway.
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example, a well-studied non-infectious full-length provirus with
open reading frames, is present in only about 30% of Africans and
12% of individuals from other parts of the world. It is becoming
increasingly evident that differences in our personal “HERVome”
heritage can influence individual traits and susceptibility to
disease.

This is particularly obvious with regard to the impact of
retroviral promoters, splice sites and other regulatory elements
on the expression of proteins and non-coding RNAs. Retroviral
LTRs are bona fide promotors able to initiate transcription if
appropriate transcription factors are present in the nucleus and
their access to the LTR is not epigenetically restricted. Under
such conditions, mRNAs are produced that occasionally encode
functional viral proteins, and in the case of HERV-K(HML-2),
non-infectious viral particles are in fact released (Boller et al.,
1983). In differentiated healthy cells, however, LTR activity
is tightly repressed by epigenetic constraints such as DNA
methylation. In contrast, silencing in embryonic stem cells
depends primarily on the activity of histone methyltransferases
and other histone modifications (Rowe and Trono, 2011).
Transcription of retroviral LTRs plays a fundamental role in the
maintenance of pluripotency and induction of an antiviral state
in those cells (Grow et al., 2015). The physiological role of HERV
expression in embryonic stem cells is not the only known example
of domestication of these genomic parasites to serve the host,
i.e., “exaptation.” The best known examples in this regard are the

syncytin genes: HERV envelope proteins under positive selection
that play an important role in the physiology of the placenta in
mammals (Dupressoir et al., 2012; Lavialle et al., 2013).
Conversely, since the early days of HERV research, these
elements have been implicated in cellular transformation
processes associated to various types of cancer, although recent
studies suggest that expression of HERV-derived nucleic acids
may also have a beneficial impact in the fight against cancer.

Implications of HERVs in the Promotion

of Transformation
Investigation on human retroviruses and their involvement in
cancerogenesis started in the early 1970s with the search for
reverse transcriptase activity and virus particles in tumor cells
(Sarngadharan et al., 1972; Zhdanov et al., 1973). This search
was later extended to retroviral sequences derived from or related
to murine retroviruses in the human genome, as several murine
retroviruses are established transforming agents (Chumakov
et al., 1982; Repaske et al., 1983).

There is a plethora of publications reporting HERV activation
in various cancers: breast cancer (Wang-Johanning et al., 2001,
2003, 2008; Burmeister et al., 2004; Contreras-Galindo et al.,
2008; Golan et al., 2008; Zhou et al., 2016; Johanning et al., 2017),
lymphoma (Contreras-Galindo et al.,, 2008; Maliniemi et al.,
2013; Fava et al,, 2016), melanoma (Muster et al., 2003; Buscher
et al., 2005; Hirschl et al., 2007; Serafino et al., 2009; Reiche
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et al., 2010; Stengel et al., 2010; Huang et al., 2013; Singh et al,,
2013), ovarian cancers (Gotzinger et al., 1996; Wang-Johanning
et al., 2007; Iramaneerat et al., 2011; Heidmann et al., 2017), and
prostate cancers (Tomlins et al., 2007; Ishida et al., 2008; Goering
et al,, 2011; Agoni et al,, 2013; Goering et al., 2015). However,
to date, there is no conclusive picture emerging regarding the
role and impact of HERVSs as causative or promoting agents in
cancerogenesis, although some well-described examples of links
at the DNA and protein levels are known.

At the DNA Level

Non-allelic recombination of HERV sequences can lead to
deletions, duplications, and other chromosomal rearrangements
(Figure 1B). In some prostate cancer cases, a translocation
of the HERV-K_22q11.23 5-LTR-UTR sequence upstream of
the transcription factor ETS translocation variant 1 (ETV1)
has been described, which results in the enhanced expression
of the ETV1 oncogene promoting cancerogenesis (Tomlins
et al, 2007). LTRs can also act as alternative promotors
and dysregulate nearby proto-oncogenes, or growth-promoting
cellular genes (Figure 1B). For example, it was shown in B
cell-derived Hodgkin’s lymphoma cells that transcription of the
proto-oncogene colony-stimulating factor 1 receptor (CSF1R)
is driven by an aberrantly activated LTR promoter of the
THEI1B retrotransposon, an apparent member of the mammalian
LTR retrotransposons (MaLR) family (Lamprecht et al., 2010).
Moreover, in the same study, it could also be demonstrated that
the derepression of THE1B LTR in those Hodgkin’s lymphoma
cells is a consequence of the loss of transcriptional corepressor
CBFA2T3 expression, which leads to disturbed epigenetic control
(Lamprecht et al., 2010). A very recent review summarizes several
studies addressing the impact of HERV LTR on cellular genes,
among other effects (Kassiotis and Stoye, 2017).

At the Protein Level
Unlike HTLV-1 and the tax protein, HERVs do not possess a bona
fide oncogene. However, expression of some HERV Env proteins
may also be detrimental due to its ability to induce cell-cell
fusion and may contribute by this way or others to tumorigenesis
(Duelli and Lazebnik, 2003; Bjerregaard et al., 2006). In in vitro
experiments, an Env protein coded by the HERV-K(HML-2)
consensus sequences as well as by several HERV-K(HML-2)
elements can interact with a cellular signaling pathway often
involved in cancers (Lemaitre et al., 2017), suggesting a potential
pro-oncogenic role of these HERV Envs (Figure 1C). Another
potential effect of HERV Env expression might be the promotion
of tumor escape through immune modulation, mediated by the
immunosuppressive domain contained in the transmembrane
region (Mangeney et al., 2001, 2005; Kudo-Saito et al., 2014).
Moreover, the expression of the HERV-K(HML-2) accessory
proteins Rec and Np9 (Magin et al.,, 1999; Armbruester et al.,
2002) can be linked to tumorigenesis (Galli et al., 2005; Chen
et al., 2013; Schmitt et al,, 2013; Singh et al., 2013; Fischer
et al., 2014). Paradoxically, transcripts of rec and np9 from
different HERV-K(HML-2) loci appear to be present in various
normal human tissues (Schmitt et al., 2015). It is known that Rec
and Np9 both interact with the cellular promyelocytic leukemia

zinc-finger protein (PLZF) (Boese et al., 2000; Denne et al.,
2007), a transcriptional repressor of the c-MYC proto-oncogene.
Furthermore, Rec also binds to the testicular zinc-finger protein
(TZFP) (Kaufmann et al., 2010) and the human small glutamine-
rich tetratricopeptide repeat protein (hSGT) (Hanke et al., 2013),
both involved in androgen receptor repression (Figure 1C).
Rec-driven dysregulation of the androgen receptor signaling
may eventually result in tumor induction or promotion (Hanke
et al., 2013). In addition to PLZE, Np9 also binds the ligand
of Numb protein X (LNX) and is therefore interacting with
the Numb/Notch signaling cascade (Armbruester et al., 2004).
Dysregulation of this pathway has been linked to several cancers
(Roy et al., 2007; Downey et al., 2015).

HERV Expression as a Diagnostic Marker

for Tumors

The significantly elevated expression of various HERV elements
in cancer cells has spurred studies for their use as biomarkers
for malignant transformation, staging, and prognosis of cancers
(Harzmann et al., 1982; Hahn et al., 2008; Wallace et al., 2014;
Perot et al., 2015; Ma et al., 2016). One of the best candidates
for diagnostic purpose in this regard is the HERV-K(HML-2)
envelope protein in human breast cancer. Zhao et al. (2011)
demonstrated that this gene is expressed in the majority of breast
cancers from United States or Chinese women but generally
not expressed or at very low levels in normal breast tissue.
They subsequently showed that HERV-K(HML-2) antibodies and
mRNA are elevated in blood of patients at an early stage of
this cancer type, and further increase in patients who are at
risk of developing metastatis (Wang-Johanning et al., 2014).
Thus, screening for HERV-K(HML-2) expression seems to be
a promising additional option for early detection in women at
increased risk for breast cancer.

Antitumor Activity of HERVs

In many respects, an endogenous retrovirus is an intermediate
between a genuine virus and a regular human gene. This also
applies to the immune response directed against HERV-derived
nucleic acids and proteins.

Adaptive Immunity

Immunologic tolerance to HERV-derived proteins and peptides is
imperfect. This is presumably due to the tight epigenetic silencing
in the thymus and bone marrow that prevents normal deletion
of all reactive HERV-specific T and B lymphocytes, respectively.
Indeed, immunization of non-human primates with endogenous
retrovirus-derived antigens elicits robust polyfunctional T cell
responses and high antibody titers (Sacha et al., 2012; Sheppard
et al., 2014). In line with these findings, Boller et al. (1997) were
among the first to report transient HERV-K(HML-2)-specific
antibodies in the plasma of testicular cancer patients that became
rapidly undetectable following tumor surgery. Strong CTL
responses against epitopes of certain HERV proteins, considered
to be another class of tumor-specific antigens, have been found
in patients with various types of cancers (Schiavetti et al., 2002;
Mullins and Linnebacher, 2012; Rycaj et al., 2015). Although
evidence for tumor regression by the action of HERV-specific
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CTLs exists, the general impact of these antigens on the adaptive
antitumoral defense remains largely unclear (Huang et al., 1996;
Takahashi et al., 2008). This also holds true for the potential use of
tumor-specific HERV-based therapeutic vaccines against various
types of cancers.

Innate Immunity

The nucleic acids derived from endogenous retroviruses in the
cytoplasm and other cellular compartments do not escape a
response from the innate immune system. Although there are
marked differences between the innate immunity of humans
and mice, similar principles might act during the control of
ERV reactivation and innate sensing. In an elegant study in
a mouse model, Yu et al. (2012) have shown that Toll-Like
Receptors (TLRs) 3, 7, and 9 are essential for the control of
ERVs at least in mice. Mice lacking these receptors develop
late-onset leukemia by insertional mutagenesis of reactivated
replicating ERVs (Yu et al., 2012). A key factor for the production
of anti-ERV antibodies was further attributed to TLR7 thereby
linking innate and adaptive immunity (Figure 2). Similar to
TLR-knockout mice, those with inactivating mutations in the
maintenance gene DNA methyltransferase 1 (DNMT1) develop
tumors induced by reactivation of replication-competent ERV's
(Howard et al., 2008). Significant DNA hypomethylation and
ERV activation can also be achieved by treatment with DNA
methyltransferase inhibitors (DNMTis), such as 5-azacytidine
(Aza) and 5-aza-2'-deoxycytidine (Dac) (Stengel et al., 2010),

both of which are approved by the FDA for the treatment
of myelodysplastic syndromes (Kaminskas et al., 2005). These
inhibitors were initially thought to epigenetically reactivate
silenced tumor suppressor genes in malignant cells and render
these cells therefore more prone to apoptosis, but it is also
recognized that DNMTis induce immune responses against
cancer cells. Chiappinelli et al. (2015) and Roulois et al. (2015)
demonstrated a link between DNMTi-induced activation of
HERV expression and innate sensing of transcribed viral RNAs
and activation of innate immunity signaling pathways leading
to an inhibition of tumor cell growth. These results represent
a paradigm shift in our comprehension of the antitumor
activity of demethylating agents. The authors demonstrated
that DNMTis induce HERV-derived dsRNAs that are sensed
primarily by TLR3 (localized at the endosomal membrane)
and by the cytosolic CARD-domain family protein MDAS5, a
known pattern recognition receptor. Following dsRNA binding,
the CARD domain of MDAS interacts with the mitochondrial
antiviral signaling protein MAVS located on mitochondrial
membranes. This leads to the activation of NF-kB and the
phosphorylation and nuclear import of IRF7 resulting in a
profound interferon (IFN) response (Figure 2). TLR3 binding
to dsRNAs of endogenous origin also leads to both IRF and
NF-kB activation. In these experiments, Aza treatment also
induced partial demethylation of the IRF7 gene and increased its
expression. Due to the slow response toward DNMTi treatment,
the type I IEN response and thereby IFN release and activation
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FIGURE 2 | Antitumor activity mediated by innate sensing of HERV RNA and DNA. Treatment of cancer cells with DNMTis results in demethylation of the LTR
promotors and HERV transcription. Viral nucleic acids in the cytoplasm and other cellular compartments (viral mimicry) are sensed by TLRs and other innate sensors
including MDAS. Upon activation these pattern recognition receptors initiate signal transduction pathways that result in production of type | and IIl IFNs and
pro-inflammatory cytokines further leading to promotion of an adaptive immune response (e.g., anti-HERV antibodies).
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of numerous IFN Stimulated Genes (ISGs) are delayed and
peak about 1 week after treatment (Chiappinelli et al., 2015).
Interestingly, while in the ovarian cancer cell model, the
outcome of a low dose Aza treatment was dominated by
an IFN I response (Chiappinelli et al, 2015; Stone et al,
2017), in colorectal cancer cells, activated IFN III genes were
more preponderant (Roulois et al., 2015). The latter group
also demonstrated that cancer initiating cells, defined by
their ability to self-renew and difficult to reach by standard
chemotherapy, were importantly targeted by treatment. The
overall outcome of the innate immune response was a
suppression of tumor cell proliferation and enhanced apoptosis.
Moreover, Aza administration sensitized murine melanoma
cells to anti-CTLA-4 treatment and high expression of ISGs
correlated with a sustained clinical response to anti-CTLA-
4. A treatment combining DNMTis and immune checkpoint
inhibitors (e.g., anti-CTLA-4) is therefore regarded as extremely
promising. Supplementation with vitamin C was also suggested
to increase the effect of the DNMTis and was shown to
be effective (Liu et al., 2016). Vitamin C promotes DNA
demethylation through increased activity of the three so-called
“Ten-Eleven Translocation (TET)” enzymes, which convert 5-
methylcytosine to 5-hydroxymethylcytosine (Tahiliani et al.,
2009).

The induction of immune responses by unleashing ERV
expression from epigenetic restrictions has been termed “viral
mimicry;” ie., a cellular response similar to those seen after
infection with an exogenous virus (Figure 2). Results from
these studies using Aza treatment have been corroborated by
others in different settings (Nicholas et al., 2017). In one of
these studies, a 3D culture system of intestinal mice tumors was
used to demonstrate that DNMT knockdown by Aza treatment
significantly reduced cell proliferation in tumor organoids (Saito
et al,, 2016). More recently, the anticancer agent, RRx-001, a
dinitroazetidine derivate that is currently tested in phase II
clinical trials, has also been shown to elicit an IFN response
through epigenetic induction of viral mimicry. The remarkable
safety profile of this immunomodulatory anticancer agent makes
it a leading candidate for future clinical applications (Zhao et al,,
2017).

Although reactivated endogenous elements have been roughly
categorized at the family level, the actual chromosomal loci
remained unknown. The identification of these loci might help
to better understand epigenetic changes and cancer-specific
differences. In this context, it might also explain the surprisingly
frequent occurrence of bidirectional transcription in many ERV's
which appears to be the underlying reason for the strong
activation of MDAS5, as this innate sensor requires extended
dsRNA structures for efficient activation (Mu et al., 2016).

There are many additional options for the enhancement and
advancement of an ERV-mediated epigenetic cancer therapy.

REFERENCES

Agoni, L., Guha, C., and Lenz, J. (2013). Detection of human endogenous retrovirus
K (HERV-K) transcripts in human prostate cancer cell lines. Front. Oncol. 3:180.
doi: 10.3389/fonc.2013.00180

One approach might be the inhibition of dsRNA or DNA
degradation in cancer cells by blocking the activity of the
respective nucleases. Such an accumulation of ERV nucleic acids
has been reported in cells from individuals bearing inactivating
mutations in nucleases that normally clear nucleic acid from
the cytoplasm or influence their metabolism in the cytoplasm.
The most prominent examples are mutations in Three-prime
Repair Exonuclease 1 (TREX1) or Sam domain and HD domain
1 (SAMHD1), that are associated with the rare autoinflammatory
disease Aicardi-Goutieres syndrome (AGS) characterized by an
exaggerated type I IFN response (van Montfoort et al., 2014).

CONCLUSION

It has been recognized for many years that endogenous
retroviruses and other retroelements contribute to malignant
diseases as well as to inflammatory and autoimmune disorders
at the DNA and presumably at the protein level. However, until
recently, it escaped attention that an increased expression of
HERV-derived nucleic acids also has an adverse effect on cancer
cells and that this effect could be the basis of novel therapeutic
approaches. Importantly, targeting of the neoplastic cell will be
an important issue to prevent jumping from the “frying-pan”
into the fire. Aberrant reactivation and expression of HERVs in
healthy tissue not only bears the risk of new transformations
and autoimmune diseases, but also might influence cellular
physiology by activating HERV promotors that act on cellular
genes. Curing cancers by activating HERVs that instigate an
innate immune response is surely an appealing concept with high
expectations and is worth investing significant effort in the future.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contributions to this mini review, and approved it for publication.

FUNDING

This work was supported by the priority program “Innate Sensing
and Restriction of Retroviruses (SPP1923)” of the German
Research Foundation (DFG). HH was supported by a Mathilde
Krim fellowship, phase II from amfAR (108982-57-RKGN).

ACKNOWLEDGMENTS

We thank Drs. Stephen Norley and Benoit Barbeau for helpful
discussions.

Armbruester, V., Sauter, M., Krautkraemer, E., Meese, E., Kleiman, A., Best, B.,
et al. (2002). A novel gene from the human endogenous retrovirus K expressed
in transformed cells. Clin. Cancer Res. 8, 1800-1807.

Armbruester, V., Sauter, M., Roemer, K., Best, B., Hahn, S., Nty, A, et al. (2004).
Np9 protein of human endogenous retrovirus K interacts with ligand of

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 178


https://doi.org/10.3389/fonc.2013.00180
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Bannert et al.

HERVs and Cancer

numb protein X. J. Virol. 78,10310-10319. doi: 10.1128/JV1.78.19.10310-10319.
2004

Bannert, N., and Kurth, R. (2004). Retroelements and the human genome: new
perspectives on an old relation. Proc. Natl. Acad. Sci. U.S.A. 101(Suppl. 2),
14572-14579. doi: 10.1073/pnas.0404838101

Bjerregaard, B., Holck, S., Christensen, I. J., and Larsson, L. I. (2006). Syncytin
is involved in breast cancer-endothelial cell fusions. Cell. Mol. Life Sci. 63,
1906-1911. doi: 10.1007/s00018-006-6201-9

Boese, A., Sauter, M., Galli, U.,, Best, B., Herbst, H., Mayer, J., et al. (2000).
Human endogenous retrovirus protein cORF supports cell transformation and
associates with the promyelocytic leukemia zinc finger protein. Oncogene 19,
4328-4336. doi: 10.1038/sj.onc.1203794

Boller, K., Frank, H., Lower, J., Lower, R., and Kurth, R. (1983). Structural
organization of unique retrovirus-like particles budding from human
teratocarcinoma cell lines. J. Gen. Virol. 64(Pt 12), 2549-2559. doi: 10.1099/
0022-1317-64-12-2549

Boller, K., Janssen, O., Schuldes, H., Tonjes, R. R., and Kurth, R. (1997).
Characterization of the antibody response specific for the human endogenous
retrovirus HTDV/HERV-K. J. Virol. 71, 4581-4588.

Burmeister, T., Ebert, A. D., Pritze, W., Loddenkemper, C., Schwartz, S., and
Thiel, E. (2004). Insertional polymorphisms of endogenous HERV-K113 and
HERV-K115 retroviruses in breast cancer patients and age-matched controls.
AIDS Res. Hum. Retroviruses 20, 1223-1229. doi: 10.1089/088922204254
5081

Buscher, K., Trefzer, U., Hofmann, M., Sterry, W., Kurth, R., and Denner, J. (2005).
Expression of human endogenous retrovirus K in melanomas and melanoma
cell lines. Cancer Res. 65, 4172-4180. doi: 10.1158/0008-5472.CAN-04-2983

Chen, T., Meng, Z, Gan, Y., Wang, X,, Xu, F, Gu, Y., et al. (2013). The
viral oncogene Np9 acts as a critical molecular switch for co-activating
beta-catenin, ERK, Akt and Notchl and promoting the growth of human
leukemia stem/progenitor cells. Leukemia 27, 1469-1478. doi: 10.1038/leu.
2013.8

Chiappinelli, K. B., Strissel, P. L., Desrichard, A., Li, H., Henke, C., Akman, B.,
et al. (2015). Inhibiting DNA methylation causes an interferon response in
cancer via dsRNA including endogenous retroviruses. Cell 162, 974-986.
doi: 10.1016/j.cell.2015.07.011

Chumakov, I. M., Zabarovsky, E. R., Prassolov, V. S., Mett, V. L., and Kisselev,
L. L. (1982). Human nucleotide sequences related to the transforming gene of
a murine sarcoma virus: studies with cloned viral and cellular DNAs. Gene 17,
19-26. doi: 10.1016/0378-1119(82)90097-X

Contreras-Galindo, R., Kaplan, M. H., Leissner, P., Verjat, T., Ferlenghi, I,
Bagnoli, F., et al. (2008). Human endogenous retrovirus K (HML-2) elements in
the plasma of people with lymphoma and breast cancer. J. Virol. 82, 9329-9336.
doi: 10.1128/JV1.00646-08

Denne, M., Sauter, M., Armbruester, V., Licht, J. D., Roemer, K., and Mueller-
Lantzsch, N. (2007). Physical and functional interactions of human endogenous
retrovirus proteins Np9 and rec with the promyelocytic leukemia zinc finger
protein. J. Virol. 81, 5607-5616. doi: 10.1128/JV1.02771-06

Downey, R. F., Sullivan, F. J., Wang-Johanning, F., Ambs, S., Giles, F. J., and Glynn,
S. A. (2015). Human endogenous retrovirus K and cancer: Innocent bystander
or tumorigenic accomplice? Int. J. Cancer 137, 1249-1257. doi: 10.1002/ijc.
29003

Duelli, D., and Lazebnik, Y. (2003). Cell fusion: a hidden enemy? Cancer Cell 3,
445-448. doi: 10.1016/S1535-6108(03)00114-4

Dupressoir, A., Lavialle, C., and Heidmann, T. (2012). From ancestral infectious
retroviruses to bona fide cellular genes: role of the captured syncytins in
placentation. Placenta 33, 663-671. doi: 10.1016/j.placenta.2012.05.005

Fava, P., Bergallo, M., Astrua, C., Brizio, M., Galliano, I., Montanari, P., et al.
(2016). Human endogenous retrovirus expression in primary cutaneous T-cell
lymphomas. Dermatology 232, 38-43. doi: 10.1159/000438669

Fischer, S., Echeverria, N., Moratorio, G., Landoni, A. I, Dighiero, G., Cristina, .,
et al. (2014). Human endogenous retrovirus np9 gene is over expressed in
chronic lymphocytic leukemia patients. Leuk. Res. Rep. 3, 70-72. doi: 10.1016/j.
1rr.2014.06.005

Galli, U. M., Sauter, M., Lecher, B., Maurer, S., Herbst, H., Roemer, K., et al. (2005).
Human endogenous retrovirus rec interferes with germ cell development in
mice and may cause carcinoma in situ, the predecessor lesion of germ cell
tumors. Oncogene 24, 3223-3228. doi: 10.1038/sj.onc.1208543

Goering, W., Ribarska, T. and Schulz, W. A. (2011). Selective changes
of retroelement expression in human prostate cancer. Carcinogenesis
32,1484-1492. doi: 10.1093/carcin/bgr181

Goering, W., Schmitt, K., Dostert, M., Schaal, H., Deenen, R., Mayer, J., etal. (2015).
Human endogenous retrovirus HERV-K(HML-2) activity in prostate cancer is
dominated by a few loci. Prostate 75, 1958-1971. doi: 10.1002/pros.23095

Golan, M., Hizi, A., Resau, J. H., Yaal-Hahoshen, N., Reichman, H., Keydar, I.,
et al. (2008). Human endogenous retrovirus (HERV-K) reverse transcriptase
as a breast cancer prognostic marker. Neoplasia 10, 521-533. doi: 10.1593/neo.
07986

Gotzinger, N., Sauter, M., Roemer, K., and Mueller-Lantzsch, N. (1996). Regulation
of human endogenous retrovirus-K Gag expression in teratocarcinoma cell lines
and human tumours. J. Gen. Virol. 77(Pt 12), 2983-2990. doi: 10.1099/0022-
1317-77-12-2983

Grow, E. J,, Flynn, R. A,, Chavez, S. L., Bayless, N. L., Wossidlo, M., Wesche,
D. J., et al. (2015). Intrinsic retroviral reactivation in human preimplantation
embryos and pluripotent cells. Nature 522, 221-225. doi: 10.1038/nature14308

Hahn, S., Ugurel, S., Hanschmann, K. M., Strobel, H., Tondera, C., Schadendorf, D.,
et al. (2008). Serological response to human endogenous retrovirus K in
melanoma patients correlates with survival probability. AIDS Res. Hum.
Retroviruses 24, 717-723. doi: 10.1089/aid.2007.0286

Hanke, K., Chudak, C., Kurth, R., and Bannert, N. (2013). The Rec protein of
HERV-K(HML-2) upregulates androgen receptor activity by binding to the
human small glutamine-rich tetratricopeptide repeat protein (hSGT). Int. J.
Cancer 132, 556-567. doi: 10.1002/ijc.27693

Harzmann, R., Lower, J., Lower, R,, Bichler, K. H., and Kurth, R. (1982). Synthesis of
retrovirus-like particles in testicular teratocarcinomas. J. Urol. 128, 1055-1059.
doi: 10.1016/S0022-5347(17)53343- 1

Heidmann, O., Beguin, A., Paternina, J., Berthier, R., Deloger, M., Bawa, O., et al.
(2017). HEMO, an ancestral endogenous retroviral envelope protein shed in the
blood of pregnant women and expressed in pluripotent stem cells and tumors.
Proc. Natl. Acad. Sci. U.S.A. 114, E6642-E6651. doi: 10.1073/pnas.1702204114

Hirschl, S., Schanab, O., Seppele, H., Waltenberger, A., Humer, J., Wolff, K,,
et al. (2007). Sequence variability of retroviral particles derived from human
melanoma cells melanoma-associated retrovirus. Virus Res. 123, 211-215.
doi: 10.1016/j.virusres.2006.08.010

Howard, G., Eiges, R., Gaudet, F., Jaenisch, R., and Eden, A. (2008). Activation and
transposition of endogenous retroviral elements in hypomethylation induced
tumors in mice. Oncogene 27, 404-408. doi: 10.1038/sj.onc.1210631

Huang, A. Y., Gulden, P. H., Woods, A. S., Thomas, M. C., Tong, C. D.,
Wang, W., et al. (1996). The immunodominant major histocompatibility
complex class I-restricted antigen of a murine colon tumor derives from an
endogenous retroviral gene product. Proc. Natl. Acad. Sci. U.S.A. 93,9730-9735.
doi: 10.1073/pnas.93.18.9730

Huang, G., Li, Z., Wan, X., Wang, Y., and Dong, J. (2013). Human endogenous
retroviral K element encodes fusogenic activity in melanoma cells. J. Carcinog.
12:5. doi: 10.4103/1477-3163.109032

Iramaneerat, K., Rattanatunyong, P., Khemapech, N., Triratanachat, S., and
Mutirangura, A. (2011). HERV-K hypomethylation in ovarian clear cell
carcinoma is associated with a poor prognosis and platinum resistance. Int. J.
Gynecol. Cancer 21, 51-57. doi: 10.1097/IGC.0b013e3182021cla

Ishida, T., Obata, Y., Ohara, N., Matsushita, H., Sato, S., Uenaka, A., et al. (2008).
Identification of the HERV-K gag antigen in prostate cancer by SEREX using
autologous patient serum and its immunogenicity. Cancer Immun. 8:15.

Johanning, G. L., Malouf, G. G., Zheng, X., Esteva, F. J., Weinstein, J. N., Wang-
Johanning, F., et al. (2017). Expression of human endogenous retrovirus-K
is strongly associated with the basal-like breast cancer phenotype. Sci. Rep.
7:41960. doi: 10.1038/srep41960

Kaminskas, E., Farrell, A., Abraham, S., Baird, A., Hsieh, L. S., Lee, S. L.,
et al. (2005). Approval summary: azacitidine for treatment of myelodysplastic
syndrome subtypes. Clin. Cancer Res. 11, 3604-3608. doi: 10.1158/1078-0432.
CCR-04-2135

Kassiotis, G., and Stoye, J. P. (2017). Making a virtue of necessity: the pleiotropic
role of human endogenous retroviruses in cancer. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 372, 20160277. doi: 10.1098/rstb.2016.0277

Katzourakis, A., Rambaut, A., and Pybus, O. G. (2005). The evolutionary dynamics
of endogenous retroviruses. Trends Microbiol. 13, 463-468. doi: 10.1016/j.tim.
2005.08.004

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 178


https://doi.org/10.1128/JVI.78.19.10310-10319.2004
https://doi.org/10.1128/JVI.78.19.10310-10319.2004
https://doi.org/10.1073/pnas.0404838101
https://doi.org/10.1007/s00018-006-6201-9
https://doi.org/10.1038/sj.onc.1203794
https://doi.org/10.1099/0022-1317-64-12-2549
https://doi.org/10.1099/0022-1317-64-12-2549
https://doi.org/10.1089/0889222042545081
https://doi.org/10.1089/0889222042545081
https://doi.org/10.1158/0008-5472.CAN-04-2983
https://doi.org/10.1038/leu.2013.8
https://doi.org/10.1038/leu.2013.8
https://doi.org/10.1016/j.cell.2015.07.011
https://doi.org/10.1016/0378-1119(82)90097-X
https://doi.org/10.1128/JVI.00646-08
https://doi.org/10.1128/JVI.02771-06
https://doi.org/10.1002/ijc.29003
https://doi.org/10.1002/ijc.29003
https://doi.org/10.1016/S1535-6108(03)00114-4
https://doi.org/10.1016/j.placenta.2012.05.005
https://doi.org/10.1159/000438669
https://doi.org/10.1016/j.lrr.2014.06.005
https://doi.org/10.1016/j.lrr.2014.06.005
https://doi.org/10.1038/sj.onc.1208543
https://doi.org/10.1093/carcin/bgr181
https://doi.org/10.1002/pros.23095
https://doi.org/10.1593/neo.07986
https://doi.org/10.1593/neo.07986
https://doi.org/10.1099/0022-1317-77-12-2983
https://doi.org/10.1099/0022-1317-77-12-2983
https://doi.org/10.1038/nature14308
https://doi.org/10.1089/aid.2007.0286
https://doi.org/10.1002/ijc.27693
https://doi.org/10.1016/S0022-5347(17)53343-1
https://doi.org/10.1073/pnas.1702204114
https://doi.org/10.1016/j.virusres.2006.08.010
https://doi.org/10.1038/sj.onc.1210631
https://doi.org/10.1073/pnas.93.18.9730
https://doi.org/10.4103/1477-3163.109032
https://doi.org/10.1097/IGC.0b013e3182021c1a
https://doi.org/10.1038/srep41960
https://doi.org/10.1158/1078-0432.CCR-04-2135
https://doi.org/10.1158/1078-0432.CCR-04-2135
https://doi.org/10.1098/rstb.2016.0277
https://doi.org/10.1016/j.tim.2005.08.004
https://doi.org/10.1016/j.tim.2005.08.004
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Bannert et al.

HERVs and Cancer

Kaufmann, S., Sauter, M., Schmitt, M., Baumert, B., Best, B., Boese, A., et al.
(2010). Human endogenous retrovirus protein Rec interacts with the testicular
zinc-finger protein and androgen receptor. J. Gen. Virol. 91(Pt 6), 1494-1502.
doi: 10.1099/vir.0.014241-0

Kudo-Saito, C., Yura, M., Yamamoto, R., and Kawakami, Y. (2014). Induction of
immunoregulatory CD2717 cells by metastatic tumor cells that express human
endogenous retrovirus H. Cancer Res. 74, 1361-1370. doi: 10.1158/0008-5472.
CAN-13-1349

Lamprecht, B, Walter, K., Kreher, S, Kumar, R, Hummel, M., Lenze, D.,
et al. (2010). Derepression of an endogenous long terminal repeat activates
the CSFIR proto-oncogene in human lymphoma. Nat. Med. 16, 571-579.
doi: 10.1038/nm.2129

Lavialle, C., Cornelis, G., Dupressoir, A., Esnault, C., Heidmann, O., Vernochet, C.,
et al. (2013). Paleovirology of ‘syncytins, retroviral env genes exapted for a
role in placentation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 368:20120507.
doi: 10.1098/rstb.2012.0507

Lemaitre, C., Tsang, J]., Bireau, C., Heidmann, T. and Dewannieux, M.
(2017). A human endogenous retrovirus-derived gene that can contribute
to oncogenesis by activating the ERK pathway and inducing migration
and invasion. PLOS Pathog. 13:¢1006451. doi: 10.1371/journal.ppat.100
6451

Liu, M., Ohtani, H., Zhou, W., Orskov, A. D., Charlet, J., Zhang, Y. W,, et al.
(2016). Vitamin C increases viral mimicry induced by 5-aza-2’-deoxycytidine.
Proc. Natl. Acad. Sci. U.S.A. 113, 10238-10244. doi: 10.1073/pnas.1612262113

Ma, W., Hong, Z., Liu, H., Chen, X,, Ding, L., Liu, Z., et al. (2016). Human
endogenous retroviruses-K (HML-2) expression is correlated with prognosis
and progress of hepatocellular carcinoma. Biomed Res. Int. 2016:8201642.
doi: 10.1155/2016/8201642

Magin, C., Lower, R., and Lower, J. (1999). cORF and RcRE, the Rev/Rex
and RRE/RxRE homologues of the human endogenous retrovirus family
HTDV/HERV-K. J. Virol. 73, 9496-9507.

Maliniemi, P., Vincendeau, M., Mayer, J., Frank, O., Hahtola, S., Karenko, L., et al.
(2013). Expression of human endogenous retrovirus-w including syncytin-1 in
cutaneous T-cell lymphoma. PLOS ONE 8:¢76281. doi: 10.1371/journal.pone.
0076281

Mangeney, M., de Parseval, N.,, Thomas, G., and Heidmann, T. (2001).
The full-length envelope of an HERV-H human endogenous retrovirus
has immunosuppressive properties. J. Gen. Virol. 82(Pt 10), 2515-2518.
doi: 10.1099/0022-1317-82-10-2515

Mangeney, M., Pothlichet, J., Renard, M., Ducos, B., and Heidmann, T. (2005).
Endogenous retrovirus expression is required for murine melanoma tumor
growth in vivo. Cancer Res. 65, 2588-2591. doi: 10.1158/0008-5472.CAN-04-
4231

Mu, X., Ahmad, S., and Hur, S. (2016). Endogenous retroelements and the host
innate immune sensors. Adv. Immunol. 132, 47-69. doi: 10.1016/bs.ai.2016.
07.001

Mullins, C. S., and Linnebacher, M. (2012). Endogenous retrovirus sequences
as a novel class of tumor-specific antigens: an example of HERV-H env
encoding strong CTL epitopes. Cancer Immunol. Immunother. 61, 1093-1100.
doi: 10.1007/s00262-011-1183-3

Muster, T., Waltenberger, A., Grassauer, A., Hirschl, S., Caucig, P., Romirer, I, et al.
(2003). An endogenous retrovirus derived from human melanoma cells. Cancer
Res. 63, 8735-8741.

Nicholas, D. J., Srivastava, P., AlShangity, A., and Nemeth, M. J. (2017). DNMTi
decitabine induces a type I interferon response in leukemia cell lines. FASEB J.
31(Suppl. 1):595.516.

Perot, P., Mullins, C. S., Naville, M., Bressan, C., Huhns, M., Gock, M., et al. (2015).
Expression of young HERV-H loci in the course of colorectal carcinoma and
correlation with molecular subtypes. Oncotarget 6, 40095-40111. doi: 10.18632/
oncotarget.5539

Reiche, J., Pauli, G., and Ellerbrok, H. (2010). Differential expression of human
endogenous retrovirus K transcripts in primary human melanocytes and
melanoma cell lines after UV irradiation. Melanoma Res. 20, 435-440.
doi: 10.1097/CMR.0b013e32833c1b5d

Repaske, R., O’'Neill, R. R,, Steele, P. E., and Martin, M. A. (1983). Characterization
and partial nucleotide sequence of endogenous type C retrovirus segments
in human chromosomal DNA. Proc. Natl. Acad. Sci. U.S.A. 80, 678-682.
doi: 10.1073/pnas.80.3.678

Roulois, D., Loo Yau, H., Singhania, R., Wang, Y., Danesh, A., Shen, S. Y., et al.
(2015). DNA-demethylating agents target colorectal cancer cells by inducing
viral mimicry by endogenous transcripts. Cell 162, 961-973. doi: 10.1016/j.cell.
2015.07.056

Rowe, H. M., and Trono, D. (2011). Dynamic control of endogenous retroviruses
during development. Virology 411, 273-287. doi: 10.1016/j.virol.2010.12.007

Roy, M., Pear, W. S., and Aster, J. C. (2007). The multifaceted role of Notch in
cancer. Curr. Opin. Genet. Dev. 17, 52-59. doi: 10.1016/j.gde.2006.12.001

Rycaj, K., Plummer, J. B., Yin, B., Li, M., Garza, J., Radvanyi, L., et al. (2015).
Cytotoxicity of human endogenous retrovirus K-specific T cells toward
autologous ovarian cancer cells. Clin. Cancer Res. 21, 471-483. doi: 10.1158/
1078-0432.CCR-14-0388

Sacha, J. B., Kim, 1. J., Chen, L., Ullah, J. H., Goodwin, D. A., Simmons, H. A, et al.
(2012). Vaccination with cancer- and HIV infection-associated endogenous
retrotransposable elements is safe and immunogenic. J. Immunol. 189,
1467-1479. doi: 10.4049/jimmunol.1200079

Saito, Y., Nakaoka, T, Sakai, K., Muramatsu, T., Toshimitsu, K., Kimura, M., et al.
(2016). Inhibition of DNA methylation suppresses intestinal tumor organoids
by inducing an anti-viral response. Sci. Rep. 6:25311. doi: 10.1038/srep25311

Sarngadharan, M. G,, Sarin, P. S., Reitz, M. S., and Gallo, R. C. (1972). Reverse
transcriptase activity of human acute leukaemic cells: purification of the
enzyme, response to AMV 70S RNA, and characterization of the DNA product.
Nat. New Biol. 240, 67-72. doi: 10.1038/newbio240067a0

Schiavetti, F., Thonnard, J., Colau, D., Boon, T., and Coulie, P. G. (2002). A human
endogenous retroviral sequence encoding an antigen recognized on melanoma
by cytolytic T lymphocytes. Cancer Res. 62, 5510-5516.

Schmitt, K., Heyne, K., Roemer, K., Meese, E., and Mayer, J. (2015). HERV-
K(HML-2) rec and np9 transcripts not restricted to disease but present in many
normal human tissues. Mob. DNA 6:4. doi: 10.1186/s13100-015-0035-7

Schmitt, K., Reichrath, J., Roesch, A., Meese, E., and Mayer, J. (2013).
Transcriptional profiling of human endogenous retrovirus group HERV-
K(HML-2) loci in melanoma. Genome Biol. Evol. 5, 307-328. doi: 10.1093/gbe/
evt010

Serafino, A., Balestrieri, E., Pierimarchi, P., Matteucci, C., Moroni, G., Oricchio, E.,
et al. (2009). The activation of human endogenous retrovirus K (HERV-K)
is implicated in melanoma cell malignant transformation. Exp. Cell Res. 315,
849-862. doi: 10.1016/j.yexcr.2008.12.023

Sheppard, N. C,, Jones, R. B., Burwitz, B. J., Nimityongskul, F. A., Newman, L. P.,
Buechler, M. B., et al. (2014). Vaccination against endogenous retrotransposable
element consensus sequences does not protect rhesus macaques from
SIVsmE660 infection and replication. PLOS ONE 9:€92012. doi: 10.1371/
journal.pone.0092012

Singh, S., Kaye, S., Francis, N., Peston, D., Gore, M., McClure, M., et al. (2013).
Human endogenous retrovirus K (HERV-K) rec mRNA is expressed in primary
melanoma but not in benign naevi or normal skin. Pigment Cell Melanoma Res.
26, 426-428. doi: 10.1111/pcmr.12066

Stengel, S., Fiebig, U., Kurth, R,, and Denner, J. (2010). Regulation of human
endogenous retrovirus-K expression in melanomas by CpG methylation. Genes
Chromosomes Cancer 49, 401-411. doi: 10.1002/gcc.20751

Stone, M. L., Chiappinelli, K. B., Li, H., Murphy, L. M., Travers, M. E., Topper,
M. J., et al. (2017). Epigenetic therapy activates type I interferon signaling in
murine ovarian cancer to reduce immunosuppression and tumor burden. Proc.
Natl. Acad. Sci. U.S.A. 114, E10981-E10990. doi: 10.1073/pnas.1712514114

Tahiliani, M., Koh, K. P., Shen, Y., Pastor, W. A., Bandukwala, H., Brudno, Y.,
et al. (2009). Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in
mammalian DNA by MLL partner TET1. Science 324, 930-935. doi: 10.1126/
science.1170116

Takahashi, Y., Harashima, N., Kajigaya, S., Yokoyama, H., Cherkasova, E., McCoy,
J. P, etal. (2008). Regression of human kidney cancer following allogeneic stem
cell transplantation is associated with recognition of an HERV-E antigen by T
cells. J. Clin. Invest. 118, 1099-1109. doi: 10.1172/JCI134409

Tomlins, S. A., Laxman, B., Dhanasekaran, S. M., Helgeson, B. E., Cao, X.,
Morris, D. S, et al. (2007). Distinct classes of chromosomal rearrangements
create oncogenic ETS gene fusions in prostate cancer. Nature 448, 595-599.
doi: 10.1038/nature06024

van Montfoort, N., Olagnier, D., and Hiscott, J. (2014). Unmasking immune
sensing of retroviruses: interplay between innate sensors and host effectors.
Cytokine Growth Factor Rev. 25, 657-668. doi: 10.1016/j.cytogfr.2014.08.006

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 178


https://doi.org/10.1099/vir.0.014241-0
https://doi.org/10.1158/0008-5472.CAN-13-1349
https://doi.org/10.1158/0008-5472.CAN-13-1349
https://doi.org/10.1038/nm.2129
https://doi.org/10.1098/rstb.2012.0507
https://doi.org/10.1371/journal.ppat.1006451
https://doi.org/10.1371/journal.ppat.1006451
https://doi.org/10.1073/pnas.1612262113
https://doi.org/10.1155/2016/8201642
https://doi.org/10.1371/journal.pone.0076281
https://doi.org/10.1371/journal.pone.0076281
https://doi.org/10.1099/0022-1317-82-10-2515
https://doi.org/10.1158/0008-5472.CAN-04-4231
https://doi.org/10.1158/0008-5472.CAN-04-4231
https://doi.org/10.1016/bs.ai.2016.07.001
https://doi.org/10.1016/bs.ai.2016.07.001
https://doi.org/10.1007/s00262-011-1183-3
https://doi.org/10.18632/oncotarget.5539
https://doi.org/10.18632/oncotarget.5539
https://doi.org/10.1097/CMR.0b013e32833c1b5d
https://doi.org/10.1073/pnas.80.3.678
https://doi.org/10.1016/j.cell.2015.07.056
https://doi.org/10.1016/j.cell.2015.07.056
https://doi.org/10.1016/j.virol.2010.12.007
https://doi.org/10.1016/j.gde.2006.12.001
https://doi.org/10.1158/1078-0432.CCR-14-0388
https://doi.org/10.1158/1078-0432.CCR-14-0388
https://doi.org/10.4049/jimmunol.1200079
https://doi.org/10.1038/srep25311
https://doi.org/10.1038/newbio240067a0
https://doi.org/10.1186/s13100-015-0035-7
https://doi.org/10.1093/gbe/evt010
https://doi.org/10.1093/gbe/evt010
https://doi.org/10.1016/j.yexcr.2008.12.023
https://doi.org/10.1371/journal.pone.0092012
https://doi.org/10.1371/journal.pone.0092012
https://doi.org/10.1111/pcmr.12066
https://doi.org/10.1002/gcc.20751
https://doi.org/10.1073/pnas.1712514114
https://doi.org/10.1126/science.1170116
https://doi.org/10.1126/science.1170116
https://doi.org/10.1172/JCI34409
https://doi.org/10.1038/nature06024
https://doi.org/10.1016/j.cytogfr.2014.08.006
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Bannert et al.

HERVs and Cancer

Wallace, T. A., Downey, R. E,, Seufert, C. J., Schetter, A., Dorsey, T. H., Johnson,
C. A, etal. (2014). Elevated HERV-K mRNA expression in PBMC is associated
with a prostate cancer diagnosis particularly in older men and smokers.
Carcinogenesis 35, 2074-2083. doi: 10.1093/carcin/bgull4

Wang-Johanning, F., Frost, A. R, Jian, B, Epp, L., Lu, D. W,, and Johanning, G. L.
(2003). Quantitation of HERV-K env gene expression and splicing in human
breast cancer. Oncogene 22, 1528-1535. doi: 10.1038/sj.onc.1206241

Wang-Johanning, F., Frost, A. R., Johanning, G. L., Khazaeli, M. B., LoBuglio,
A. F, Shaw, D. R,, et al. (2001). Expression of human endogenous retrovirus
k envelope transcripts in human breast cancer. Clin. Cancer Res. 7, 1553-1560.

Wang-Johanning, F., Li, M., Esteva, F. J., Hess, K. R., Yin, B., Rycaj, K, et al.
(2014). Human endogenous retrovirus type K antibodies and mRNA as
serum biomarkers of early-stage breast cancer. Int. J. Cancer 134, 587-595.
doi: 10.1002/ijc.28389

Wang-Johanning, F., Liu, J., Rycaj, K, Huang, M., Tsai, K., Rosen, D. G.,
et al. (2007). Expression of multiple human endogenous retrovirus surface
envelope proteins in ovarian cancer. Int. J. Cancer 120, 81-90. doi: 10.1002/ijc.2
2256

Wang-Johanning, F., Radvanyi, L., Rycaj, K., Plummer, J. B., Yan, P., Sastry,
K. J., et al. (2008). Human endogenous retrovirus K triggers an antigen-
specific immune response in breast cancer patients. Cancer Res. 68, 5869-5877.
doi: 10.1158/0008-5472.CAN-07-6838

Yu, P., Lubben, W, Slomka, H., Gebler, J., Konert, M., Cai, C., et al. (2012). Nucleic
acid-sensing Toll-like receptors are essential for the control of endogenous
retrovirus viremia and ERV-induced tumors. Immunity 37, 867-879.
doi: 10.1016/j.immuni.2012.07.018

Zhao, H., Ning, S., Nolley, R., Scicinski, J., Oronsky, B., Knox, S. J., et al. (2017).
The immunomodulatory anticancer agent, RRx-001, induces an interferon
response through epigenetic induction of viral mimicry. Clin. Epigenetics 9:4.
doi: 10.1186/s13148-017-0312-z

Zhao, J., Rycaj, K., Geng, S., Li, M., Plummer, J. B, Yin, B., et al. (2011). Expression
of human endogenous retrovirus type K envelope protein is a novel candidate
prognostic marker for human breast cancer. Genes Cancer 2, 914-922.
doi: 10.1177/1947601911431841

Zhdanov, V. M., Soloviev, V. D., Bektemirov, T. A., Ilyin, K. V., Bykovsky, A. F.,
Mazurenko, N. P., et al. (1973). Isolation of oncornaviruses from continuous
human cell cultures. Intervirology 1, 19-26. doi: 10.1159/000148828

Zhou, F., Li, M., Wei, Y., Lin, K., Lu, Y., Shen, J., et al. (2016). Activation of HERV-K
Env protein is essential for tumorigenesis and metastasis of breast cancer cells.
Oncotarget 7, 84093-84117. doi: 10.18632/oncotarget.11455

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Bannert, Hofmann, Block and Hohn. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 178


https://doi.org/10.1093/carcin/bgu114
https://doi.org/10.1038/sj.onc.1206241
https://doi.org/10.1002/ijc.28389
https://doi.org/10.1002/ijc.22256
https://doi.org/10.1002/ijc.22256
https://doi.org/10.1158/0008-5472.CAN-07-6838
https://doi.org/10.1016/j.immuni.2012.07.018
https://doi.org/10.1186/s13148-017-0312-z
https://doi.org/10.1177/1947601911431841
https://doi.org/10.1159/000148828
https://doi.org/10.18632/oncotarget.11455
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	HERVs New Role in Cancer: From Accused Perpetrators to Cheerful Protectors
	Introduction
	Implications of HERVs in the Promotion of Transformation
	At the DNA Level
	At the Protein Level

	HERV Expression as a Diagnostic Marker for Tumors
	Antitumor Activity of HERVs
	Adaptive Immunity
	Innate Immunity


	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


