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Abstract

Millions of years of infection by viral agents have ldfeir mark on the
human genome in the form of human endogenous retroviruses (HERVS).
These retroelements integrated into our germline, became subject to
Mendelian inheritance, and now occupy 8% of the genome. The majority of
these HERVs are replication incomget due to the accumulation of
defective mutations. The most conserved HERV group is that of HERY
more specifically HERWK (HML-2). A number of proviral members of this
subfamily contain intact ORFs for all the canonical retroviral genes-(gag
pol-pro-env), including accessory proteins such as Rec.

HERVs have been implicated in the etiology of cancers such as breast,
ovarian and melanoma due to the observation of high levels of HERV
(HML-2) mRNA and protein. However, a paucity of data exists regardin

the expression of HERVs in prostate cancer.

We set out to investigate HERK (HML -2) expression in prostate cancer.
We analysed prostate cancer cell lines and clinical samples for-HML
expression. Our results show that both HEILmMRNA and protein is
expressed in prostate cancer cell lines and in clinical samples. We also
found evidence for the expression of spliédcand Np9 mRNA and Rec

protein in prostate cancer cell lines.

We completed a casmntrol study to investigate the potential of using
HML-2 as a non invasive biomarker for the diagnosis of prostate cancer by
analysing blood for HME2 mRNA expression using gPCRInivariate
logistic regression analysrevealed that HME2 gag mRNA expression in
PBMCs was significantly associated with a prtsteancer diagnosis and
that this association was strongest in older men and sméketker to this,

we conducted immunohistochemistry on prostate tissue microarrays
containing cores from prostate adenocarcinoma haedign prostatic

hyperplasia BPH) cass. We observed significantly greater epithelial



HERV-K gag protein expression in BPH cores versus prostate
adenocarcinoma cores (Fisher exact test, p=0.001). Our data indicate that
measuring HERWK (HML-2) expression may improve the discriminatory
ability of prostate specific antige?§A) in the diagnosis of prostate cancer

versus BPH especially in older men.

We also investigated whether Rec plays a functional role in prostate cancer
initiation or progression. To this end, we created a construct to overexpress
Rec in prostate cancer cells and transfected this into non tumorigenic
RWPE1 prostate cells. We fouridec expression to be low to negative in
the transfected cell line but the cloning process did reveal the expression of
a polymorphic provirus from chromosome 5 LiNCap cells which most

likely represents ERVHO.

Overall, this thesis has demonstrated thBRV-K (HML-2) is expressed in
prostate cancer and that this expression has the potential to bedaisia
biomarker for disease detection. Finally, the functional role of HAVIL
expression in prostate cancer initiation and progression warrants further

investigation.
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Chapter 1

Introduction

The followingchapteris adapted fromDowneyet al Human endogenous
retrovirus K and cancer: Innocent bystander or tumorigenic accomplice?
International Journal of Cancer Volume 137, Issue 6, pagestl123B, 15
September 2018owneyet al,, 2015. An appended PDF together with a
copyright agreement is situatad the appendices dhis thesis.



1 Introduction

1.1 Viruses
Viruses represent unigue infectious entities which are ubiquidcusss
planet earth(Fields et al., 2007 Not considered to be truly living, viruses
cannot replicate independently, requiring another cell to d&istds et al.,
2007). They successfully infect organisms from across all the domains of
life (Fields et al., 2007 Evidence for viruses stretches back to at least 407
million years ago. Ancient coelacanth genomes found from this time were
shown to have been infected by foamy virus like eleméHisn and
Worobey, 20129. Viral biology is extraordinarily diverse but three main
types exist: DNA viruses, RNA viruses and reverse transcribing viruses or
retroviruseqFields ¢ al., 2007.

1.2 Retroviruses

Retroviruses are defined by their innate ability to reverse transcribe an RNA
template into DNA(Kurth and Bannert, 2010K{Figure 1). This ability is
endowed on retroviruses due to the presentearo inbuilt reverse
transcriptase activity which is encoded in its gendkwerth and Bannert,
20103. The canonical structure of all retroviruses consists of gag, pro, pol
and env genes bordered by long terminal repeat (LTR) units which regulate
their expressiofKurth and Bannert, 2010b

Retroviruses are responsible for a large amount of human pathologies
including AIDs which is caused by infection ti the human

immunodeficiency virus 1 (HIM) (Evans and Kaslow, 1997
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Figure 1 - Life cycle of a retrovirus

Retroviruses begin their infection of a cell by binding to cellular receptors via their
envelope protein. After binding, the retroviral core is taken into the cytoplasm and
the RNA genome gets reverse transcribed into a DNA copy which is then
integrated into the genome. The next phase of the life cycle begins when the DNA
genome is transcribed back into RNA. The retroviral genes are translated and the
mature proteins gather at the cell membrane where they assemble to form the
mature virus which eventually buds off from the surface. In the case of endogenous
retroviruses (ERVS), this process occurs in a cell of the germline. The proviral DNA

then gets transmitted in a Mendelian fashion. Adapted from (Stoye, 2012).

1.3 Endogenous Retroviruses
On rare occasions, retroviruses infect cells of the germline and become
incorporated into the genome and transmitted in a Mendelian fashion
(Stoye, 2012 Such retrgiruses are from that point known as endogenous
retroviruses (ERVs). ERVs have been found in the genomes of most of the
jawed vertebrate@Belshaw et al., 2004 An interesting case study is that of
the koala Phascolarctoscinereu$, in which Koala retrovirus (KoRV) is

currently undergoing endogeation (Stoye, 200k

ERVs were first discovered in chickens in the early 1970s when an

endogersed form of avian leukosis virus (ALV) was discovered in chickens

3



(Weiss, 200B Thanks to new breakthroughs in molecular biology around
this time, many more ERVs were discovered in many different kinds of
organisms(Weiss, 2006 Human endogenous retroviruses (HERVS) were
also discovered during the 1970s when scientists weporaxy the
possibility of a viral etiology for breast cancgno etal., 198§. Using
probes for mouse mammary tumnovirus (MMTYV) they accidently pulled

out sequences which exhibited high homology to MMTV but were in fact
ERVs. Today we know that 8% of the human genome consists of HERVs
(Bannert and Kurth, 2004HERVs make up a large part of what is termed
HMXQN (Lbafder et al., 2001 The notion that large swathes of the
human genome are junk has changed over the last decade as researchers
discover that much of this sequence contains function. The ENCODE study
was the largest such study to dé@onsortium, 2004 It concluded that
80% of the genome had some biochemical function. This conclusion has
been somewhat controversial in that sequence avibhochemical function

does not necessarily mean that it contributes to phen@gs#ittle, 2013.

HERVs can also be classified as transposable elen(€igigre 2). These
make up about 45% of the human genofthander et al., 2001 Long
Interspersed Nuclear Elements (LINEs) and Short Interspersed Nuclear
Elements (SINEs) are other examples of transposal@ments known

specifically as retrotransposofisander et al., 2001

HERVs are a potential source of new genetic material from which the
generation of new genesn stem from(Kurth andBannert, 2010a The
prototypical example is that of the gene syncytin. It originates from a
HERV-W env gendMi et al., 2000. Syncytin is essential for the formation

of the placenta, helping to form the syncytiotrophoblast blzuigy the
fusogenic activity of en(Mi et al., 2000. Many LTRs of HERVs have
been ceopted by protein coding genes so as provide them with different
transcriptional characteristiqgurth and Bannert, 2019aMany different
groups of HERVs exist. Each group is related to the original exogenous
retrovirus which infected the cdlBannert and Kurth, 2006HERV groups

are named according the primer binding site of theRNA e.g HERVK

4



uses lysindBannert and Kurth, 2004The large majority of HERVs have
become mutated ovegvolutionary time such that most have lost their
coding capacityBannert and Kurth, 2006These mutations include mainly
frameshift mutations and premature stop codons. Other proviruses have had
their genetic structure deleted duehtomologous Recombination between
LTRs. This has meant that the large majority of remaining HERV material
in the human genome consists of solitary LTRs as opposed to actual

proviruses.

Non-LTR
retrotransposons

transposable
 elements (-55%)

LTR retrotransposons DNA transposons
8.3% 2.8%

b

L pA
—>[FuRr| orn | orRR 3 UTR| AAA —>

Alu
—>»| Left mczwomer A-tich | Right monomer | AAA =

SVA PA
—»| (CCCTCT), | Alu-like | VNTR | HERV-KIO-like |AAA =

Nature Reviews | Genetics

Figure2 - The transposable element conterdf the human genome
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Around 45% of the human genome consists of transposable elements. Non LTR
retrotransposons such as Alu, SINEs and LINEs make up around 33% of the
genome. HERVs are classed as LTR retrotransposons and make up 8.3% of the
genome. Adapted from (Cordaux and Batzer, 2009)
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Figure 3 - HERV neighbour joining dendrogram

HERVs can be broadly grouped into three classes depending on their similarity to
exogenous retroviruses. The HML HERVs exhibit closest homology to the Beta
retroviruses such as MMTV and JSRV. Adapted from (Jern et al., 2005)



The HERVK group are class Il HERVs, and exhibit closest homology to
betaretroviruses, which cluster as class Il retroelen{Batsnert and Kurth,
2009 (Figure 3). It consists of 11 subgroups (HMLto HML-11), each the
result of a separate germline infecti(®ubramanian et al., 20110ne of
these subgroups, HMR, has been subject to intensive research, due to the
fact that it maintains an unrivalled coding competence, witdmy of its
proviruses maintaining complete, or neamplete, open reading frames
(ORFs) for all viral polyproteingFigure 4) (Bannert and Kurth, 2006
Finally, it represents the most recently integrated HERV group into the
human genome. Some HML proviruses are both human specific and/or
polymorphic indicating integration events subsequent to the human
chimpanzee split and vhiiln modern humangMoyes et al., 2007 This
likely contributes to the fact that HMR is the least defective and most
active retroviral family. In this regard, HMR is considered the most

interesting HERV group to study in terms of potential oncogenic activity.

Overall, HML-2 is represented in the genome by 91 proviruses and 944
solitary (solo) LTRs. Solo LTRs are thesudt of unequal crossing over due

to highly homologous sequencéSubramanian et al., 20L1Two main
types of HERVK (HML-2) are found in humans: type | is characterized by
a 292 base pair deletion at the boundary opthlendenv(envelope) genes
(Figure 4), while type Il lacks it(Downey et al., 2016 The deletion in type

| proviruses leads to an alternative splicing event culminating in a protein
known as Np9, while type Il proviruses express a complete accessory

protein known as Re@annert and Kurth, 2006

HERVs play an important role in normal physiological function. For
example, the protein syncytin 1 mediates cellular fusion of the placental
trophoblast and is encoded by emvgene from the HERWV group(Mi et
al., 2000. Another syncytin £ known as syncytin 2+ plays a similar
physiological role and is encoded by an env gene from the HERY
group (Blaise et al., 2004 Finally, the presence of HERVS, in particular
their LTR elements, has added an additional layer of complexity to our
genome, in that many of these LTRs have beeapted by protein coding
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genes and serve as regulatory elementting tissue specific expression
(Cohen et al., 2009

The association of HERVs with disease has garnered the most attention
from researchers. HERVs have been implicated in autoimmune disorders
(Balada et al., 20Q9Urnovitz and Murphy,1996, but with conflicting
reports particularly involving multiple sclerosis (M&urtin et al., 2012
Mameli et al., 2012Perron and.ang, 2010. Recent research refutagole

for deregulated HERWV env in MS lesions, including the higlevel
transcribedERVWE1llocus encoding Syncytift (Schmitt et al., 2013b In

this introduction we discuss the most recent developments in the field of
HML-2 and humartumour biology, in particular emerging evidence of a
role for HML-2 in immunomodulation and theresence ofHML-2 in
tumour derived exosomes, further indicating the potentially important role

of HML-2 in human carcinogenesis.

D292 bp (Type 1)
—

LTR gag pro pol [ ofenv LTR

Figure 4 - Structure of HERV K provirus

The full length (gag) HML @ transcript encodes the gag, pro and pol polyproteins. A
singly spliced transcript encodes the env polyprotein, while a doubly spliced
transcript encodes either the Rec or Np9 accessory proteins depending on the
presence or absence of a 292 bp deletion at the pol/lenv boundary? a
characteristic that defines a HML 2 provirus as either Type 1 (deleted) or Type 2
(intact). HML 2 also expresses a 1.5 kb transcript of unknown function known as

the hel transcript. Adapted from (Downey et al., 2015)
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1.4 HML -2 and Solid Tumours
To date there is evidence for HML activation in ovarian cancer
(Iramaneerat et al., 2011WangJohanning et al., 2007 melanoma
(Buscher et al., 2005Reiche et a] 2010 Serafino et al., 2009 breast
(Burmeister et al., 20045Golan et al., 2008WangJohanning et al., 2003
WangJohanning et al., 200WangJohanning et al., 2008prostatg Agoni
et al., 2013aGoering et al., 201 1shida et al., 2008Tomlins et al., 200y,
lymphomas(ContrerasGalindo et al., 2008 O H X N D RhilDef \al.,
2002 and sarcomagSchiavetti et al., 2002 In the 1980s Oneet al
successfully cloned HML2, thanks to its similarity to mouse mammary
tumourvirus (MMTV) (Ono et al., 1986 They also found that stimulation
of human breast cancer cell lines with female steroid hormones led to an
upregulation oHML-2 mRNA (Ono et al., 198)¢ Several groups followed
with reports of HML:2 mRNA and viral particle expression in breast cancer
(ContrerasGalindo et al., 2008Etkind et al., 1997 Seifarth et al., 1995
Willer et al., 1997. WangJohanningand colleagues refined this work to
produce data which accurately quantified Hglenvtranscripts and spliced
transcripts in breastumous demonstrating elevated levels compared to
unaffected control§WangJohanning et al., 2003VangJohanning et al.,
200]). They also demonstrated an association between-BIMhv protein
expression in breasumouss and increased risk of lymph node metastasis
and poor outcome, in two separate US cahamnd a Chinese cohort of
breast cancer patienf$VangJohanning et al., 201Zhao et al., 2011
corroborating the findings of Golan et(&olan et al., 2008 Most recently
WangJohanning et al. demonstrated that H®lIlserum mRNA and anti
Rec antibody titers are predictive of early stage breast cancer. Additionally
HML-2-gag copy numbetended to be higher in breast cancer patients with
a primarytumourwho laer on developed the metastatiwangJohanning
et al., 2014

High levels of expression of HMR eny rec and np9 mRNA, and Env

protein have been reported in ovarian cancer cell lineguendus (Wang
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Johanning et al., 2007 while in another study Np9 mRNA was not
detedible in two ovariantumous tested(Armbruester et al., 20020ne
possible mechanism of altered HMLexpression in ovarian cancer may be
due to alterations in its methylation sta(flramaneerat et al., 2011

1.5 HML -2 and HaematologicalMalignancies
Brodsky et al. discovered a potential role FKL-2 in leukaemia They
showed that HME2 pol mMRNA was expressed in the blood of patients
suffering from chronic myeloideukaemia (CML) and acute myeloid
leukaemia(AML) (Brodskyet al, 1993a Brodsky et al., 1993b Others
also reported that HMH2 gag mRNA is present at higher levels in PBMCs
of leukaemiapatients compared to healthy contrdBepil et al., 200p
Similar studies have reped HML-2 viral particles in lymphomas
(ContrerasGalindo et al., 2008 and HML-2 env expression in the H9
humanT-cell lymphoma cell lindVogetseder et al., 1995Additionally the
human lymphotropic herpesvirus Epst&8arr virus (EBV), which has been
implicated in the development of lymphoma, was shown to induce HERV
K18 envgene expression. The HERXA8 env has been reported to have
superantigen (SAg) activity by several gosu(Hsiao et al., 2009
Sutkowski et al., 2001 while others have found no evidence of SAg
actvity (Azar and Thibodeau, 2002Badenhoop et al., 1999Indeed
multiple HML-2 env proteins elicit antibody respondgterve et al., 2002
WangJohanning et al., 2008A direct association between HER{18 env
SAg and carcinogenesis has yet to be shown. F¥2Mkpression has also
been seen to decrease after lymphoma therapy, indicating that it may be

useful for monitoring therapeutic respori{€@ntrerasGalindo et al., 2008

1.6 HML -2 and Melanoma
The prevalence of HMH2 pol, gag,and env mRNA, and Gag and Env
proteins in melanoma wmwell establishedBuscher et al., 200@Buscher et
al., 200% Humer et al., 2006Muster et al., 20G3Reiche et al., 2010
Serafino et al., 20Q%ingh et al., 2009 In 2002, a squence homologous to
HERV-K (HML-6) was identified in melanoma patients (HERRVMEL)
10



(Schiavetti et al., 2002HERV-K-MEL, which produces an antigen spd

from a defective nowoding enviike open reading frame, was reported in
cutaneous and ocular melanomas, and nevi. Antibodies raised against the
HERV-K-MEL antigen were detectable in melanoma patiégthiavetti et

al., 2003. Melanoma cell lines (SKMe28, SKMel1, 518A2, MelJuso, HS

Mel2 and JHMel6 and H\Mel7), but not cultured melanocytes (NHEM
neo 5935, NHEM neo 4528, and NHEM neo 6083) produce retreivkes
particles that exhibit reverse transcriptase actiyMuster et al., 2003
which contain mature Gag and Env proteins. HRIIPol, Gag and Env
(Muster et al., 2003 and accessory proteins Rec and Np9 have also been
detected in melanom@uscher et al., 20Q@uscher et al., 20Q05Further
studies sought to predict tipgognostic value oHML-2 in melanoma and
found thatHML -2 was a statistically significant marker of acrolentiginous,
mucosal and uveal melanoma. Patients with serological response against
HML-2 had a significantly decreased diseapecific overall surwial
(Hahn et al.,, 2008 Additionally HML-2 rec mRNA is expressed in
melanoma cells but not in benign nevi or normal skin, indicatiregrabt
activation in melanoma. Furthermore rec mRNA positivity correlated with
the vertical growth phase of melanoma, a step which increases the risk of
metastatic melanomgingh et al., 2013 A recent study by Schmitt and
co-workers defined the HMH2 transcriptome in melanoma, identifying 23
different HML-2 loci as transcribed to varying degrees in different patient

specimens anohelanoma cell lineSchmitt et al., 2013a

1.7 Polymorphic HML -2 group members
Of the ninety one known HMR proviruses, eleven are
polymorphi¢Subramanian et al., 201l1 The most recent insertions
(approximately 1million years ago) include HERV/19p12 (K113) (29%
of individuals), and HERMK-8p23.1 (K115) (16% of individuals) as
measured using a pool of mixed backgrou(ifisrner et al., 2001 Other
polymorphic HML-2 proviruses include: HER¥-11g22.1(K118), HERV
K-6g14.1 (K109), HENR-K-7p22.1a(K108R), HER\K-8p23.1 (K115) and
HERV-K-1p31.1(K116)(Belshaw et al., 2003Hughes and Coffin, 2004
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in addition to HERVK-3q13.2(K106), HERWK-7p22.1b(KLO8L), HER\:
K-10p12.1(K103), HERWK-12q13.2, and finally HER\K-U219(K105)
located in the unassembled centromeric region (Un_g1000219)
(Subramanian et al., 20111

It is currently not known whether inheriting specific HNLpolymorphisms
increases the risk of cancer. Burmeister et al. investigtite frequency of

the polymorphic fullength HERVK115 and HERVK113 in 102 female
breast cancercases and 102 controls, but did not find a significant
association with breast cancer (HERVK113, 16.7% vs. 12.7%; HERV
K-K115, 4.9% vs. 9.8%). (Note the lower prevalence than reported above
(Turner et al., 2001for both. This suggests ethnic differences in frequency

of inheritance)Burmeister et al., 2004

1.8 Mechanisms of HERV Activation and Regulation
The abundance of inactive HERVS present in our genome suggests that
active, integrating proviruses are largely deleterious to the INustel
intrinsic restriction factors exist which impede retroviral infection and some
of these have the ability to target both exogenous and endogenous infection.
APOBEC proteins can inhibit viral RNA, thus blocking their translation
(Mullins and Linnebacher, 20)2 Additionally APOBEC3G can
hypermutate and inactivate HERV DNAee et al., 2008 Activation of
these retroelements can therefore be an indication that cellular programs,

crucial to a healthy phenotype, have gone awry.

A crucial question which needs to be addressed is whether activation of
HERVs is simfy an epiphenomenon or is necessary for disease
progression? A large proportion of HERV loci have become silenced via
DNA hypermethylation, an epigenetic phenomer{Schulz et al., 2006

Many carters display a globally hypomethylated st@érlich, 2003, thus
activation of HERVs duringumouigenesis may simply be a bystander
effect of this epigenetic state. It has become increasingly clear that genomic
instability, including deregulated transcription and genome plasticity, is

enabled as a result of epigenetic changes that take place withous.
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Demethylation of specific HERV families, including HERN, HERV-K,

and HERVYH, has been reported in various cand&snenez et al., 2030
Moreover, demethylation of transposable elements correlates with their
transcriptional activation in prostate cand&oering et al., 2001 This
indicates that where HERV transcription is increased in cancer cells, it is
likely due in part to hypomethylation of their LTRs. HML DNA
hypomethylation has been reported in melanoma cell [[B&sngel et al.,
2010, prostate tumous (Goering et al., 20D)1 and ovariantumour
(Iramaneerat et al., 20L1nterestingly, age was negatively associated with
HML-2 methylation in PBMCs from healthy donors ageeB80years. The
average onset of HMR methylation inPBMCs occurred at 463 years,
implicating HML-2 DNA hypomethylation in aging(Jintaridth and
Mutirangura, 201 Another important epigenetic mechanism that
influences transcriptional activity is histone modification, but the influence
of histone methylation, acetylation or other modifications on HERV
expression in malignancy ssill unknown(Hurst et al., 2016

Known inducers of HME2 in vitro include ultraviolet radiation in
melanomaReche et al., 2010Schanab et al., 20},1hormones, including
progesterone, estrogen and androgen in br@so et al., 1987Wang
Johanning et al., 200&nd prostatéTomlins et al., 200)7cancer cell lines,
and bone rarphogenetic proteins and retinoic acid in testicular germ cell
tumourcell lines(Caricasole et al., 2000Urine from smokers has also been
shown to lead to an increase in HERV egsion innormal human dermal
fibroblasts and urotheliumin vitro (Gabriel et al.,, 2010 Other factors
which may activate or be activated B(WL-2 include infectious viruses
such as EBMSutkowski et al., 2004 and human immunodeficiency virus
(HIV-1) (Jones et al., 20)2and transcription factors includilddf~ % 1)
AT (GonzalezHernandez et al., 201,2MITF-M (Katoh et al., 2011 Sp1,
Sp3(Fuchs et al., 20)1and YY1(Knossl et al., 1999
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1.9 Possible Mechanisms oML -2 Induced Oncogenesis

1.9.1 Insertional Mutagenesis

HERVs may be oncogenic via insertional mutagenesis. However, to date, no
fully intact and infectious HERV derived retrovirus has been demonstrated
in vivo. Retroviruslike particles observed using electron microscopy in
human placental trophoblas{&alter et al., 1978 and teratocarcinoma
(Boller et al., 199Band melanom#@Muster et al., 2003were identified as
HML-2 derived. Efforts to identify an infectiousiML-2 are compounded

by the fact that the large majority are partially defective and also that a
somatic integration event would be a relatively rare occurr@@menert and
Kurth, 200§. Two independent groups have succeeded in resurrecting full
retroviral particles after constructing consensus sequences representing
ancestors of now defunct provirusé3ewannieux et al., 2008.ee and
Bieniasz, 200y Although these viruses were found to be only weakly
infectious, these studies will prove invaluable in falating hypotheses
regarding the potential oncogenic magolsms of an infectiou$iML-2
(Figure 5).

HERV-K113 and HERWK115 are some of the most recently integrated
HERVs in the human genome and represent obvious candidates for
infectious proviruses. Boller and colleagues investigatsdpibssibility and
observed that HER¥113 is able to produce fully intact retroviral particles

in vitro (Boller et al.,, 2008 However, the authors concluded that an
infectious HERVK113 virus would be unlikely due to a lack of a functional

reverse transcriptase.

1.9.2 HML -2 Rec and Np9 as Putative Oncogenes

Rec exhibits functional homology to the Rev protein of HIV a
nucleocytoplasmic shuttle proteiBannert and Kurth, 2006Np9 is spliced
from an alternativesplice dmor site to Rec, and shares only 14aa with Rec
and Env, with no homology t&ev (Ruggieri et al., 2009 Functional
studies found that both proteins bind the promyelocytic leukaemia zinc

finger (PLZF) protein, a tracriptional repressor of th€-MYC proto
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oncogendgDenne et al., 20Q7leading to the deepression of MYC. Rec
alsobinds a related protein known as testicular £inger protein (TZFP), a
transcriptional repressor of the AR. Rec inhibits the ability of TZFP to
repress AR transcriptiofikaufmann et al., 20)0Hanke et al. identified an
additional binding partner of Rec known as human small glutantghe
tetratricopeptide repeat protein (hSGT) which also acts asre@pcessor b

the AR (Hanke et al.,, 2003 ORUHRYHU WKH\ SURSRVHG D pYLF|
model, whereby increased cellular AR led to increased transcription at
HML-2 loci and thus increased levels of Rec leading to further AR de
represn. The involvement of such hormonal regulators will be interesting
to study in castrationesistant prostate cancer, in which disruptairthe

AR signallingaxis is a key factor in development of resistance.

Reinforcing the possible importance of these proteirisrmouigenesis was
the finding that mice transgenic for tiRecgene are prone to seminomas
(Galli et al., 200 Np9 has been shown to interact witNX +an E3
ubiquitin ligase which targets members of the NUMB/NOTCH pathway
(Armbruester et al., 2002 This pathway has been implicated in the
regulation of proliferation of cancers of the breast and pro@raig et al.,
2007). Finally, a recent study has shown that Np9 acts as a critical
molecular switch for coD F W L Y 3aéhiQ ERK, Akt and Notchl and
promoting the growth of humaleukaemiastem/progenitor cell§Chen et

al., 2013. Finally, a recent study by Heyne et al. found that Np9 can bind
and irhibit MDM2 and that thignhibition supports the transactivation of
genes by p58Heyne et al., 2015
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Figure 5 - Proposed model of HERVK (HML 2)driven cancer

progression

Global DNA hypomethylation during early stage cancer leads to activation of
otherwise silenced TEs, including HERVs. A humoral response to HERV K gag has
been observed in some cancers. Such a response to high levels of HERV K protein
expression may culminate in chronic inflammation. Conversely, it has been
hypothesised that HERV K LTRs are responsive to inflammatory transcription
factors 2 a phenomenon that may explain the high levels of HERV K mRNA and
protein seen in some inflammatory diseases. HERV K (HML 2) accessory proteins
Rec and Np9 have been shown to lead to the de-repression of the ¢ myc
protooncogene, while Np9 has been shown to co mctivate Akt, Notch and ERK
pathways in leukaemia. Rec has also been observed to lead to the de-repression
of the androgen receptor, which directly or indirectly causes a further increase in
HERV K transcription. Overall, the synergistic effects of chronic inflammation and
dysregulated signalling/protooncogene activation caused by HERV K protein
expression may help to create a protumourigenic microenvironment culminating in
further proliferation and metastasis. Finally, it is important to note that an active,
infectious HML 2 provirus has not been isolated to date, but the existence of such
a particle cannot be ruled out. It would potentially be oncogenic via mechanisms

such as insertional mutagenesis (Figure 5) (Adapted from (Downey et al., 2015)).

1.9.3 HML -2 Induced Immunomodulation
In a Darwinian sense, cancerous tissue utilizes the inflammatory associated

milieu of the tumour microenvironment to confer a selective advantage
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(Coussens and Werb, 2002The apparent immunogenicity of HERV
proteins therefore represents a potential contributor to, or initiator of a
chronic inflammatory statebeneficial totumour sunvval (Manghera and
Douville, 2013. HML-2 antibodies have been obseatvim patients with
melanomgaBuscher et al., 20Q5breastWangJohanning et al., 201&nd
ovarian cancergWangJohanning et al., 200.7In breast cancer, studies
have found that bbt humoral and celnediated immune responses to
HERVs were enhanced in patients when compared to coniWéésg
Johanning et al., 2008 HERV-K18 Env protein has been shown to elicit T
cell responses and can be upregulated in response to iEfBetion
(Stauffer et al., 20Q1Sutkowski et al., 2001 and may be a prerequisite of
B cell lymphomagZur Hausen, 2009

Similar to discoveries in HIM, HML-2 may encode env proteins with
Immunosuppressive transmembrane domains. A recent study by Morozov
et al. identified an immunosuppressi#/L-2 env protein which altered
cytokine expression and suppressed immune cell proliferatiomitro
(Morozov et al., 20183

Nitric oxide (NO) is an endogenous free radis@nalling molecule which

has been intimately linked with inflammation, wound healing responses and
cancer(Burke et al., 201,3Rapozzi et al., 2093 A significant &sociation
between nitric oxide synthase 2 (NOS2) and HRIEnv expression has
been demonstrated in breast car(é¢angJohanning et al., 20J2NOS2 is

an independent predictor of poor outcome in estrogen receptor negative
breast cancer, associated with macrophage infidtratderegulated p53
signalling increased proliferation and resistance to apopt@sisbs and
Glynn, 2011 Burke et al., 2013Glynn et al.,, 2010 Can HML-2 Env
proteinsmediate downstream inflammatory effects via their activation of
NO signalling? Intriguingly, Ecatenin, ERK and Akt, which are activated
by Np9 (Chen et al., 2003 are also activated by N&ignalling (Glynn et

al., 2010 Switzer et al., 2012
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1.9.4 Exosomes

An evolving hypothesis in cancer research over the last few years has been
the involvement otumour exosomes in metastagiBuijvesz et al., 2011

Yang and Robbins, 20)1Exosomes are nanoscale membrane vesicles
which are secreted from cells and are thought to be important intercellular
communicators, or, in a cancer setting, drivers of metastatic sfFbady

et al., 2002. A recent study has now implicated HERVs in this process,
with the finding that HME2 mRNA is selectively packaged intamour
exosomes and that this genetic material can be transferred to normal cells
(Balaj et al., 20111 The authors also demonstrated that these exosomes were
enriched for theC-MYC proto-oncogene, which has been shown to be
regulated by PLZF, a target of Rec and Np2nne et al., 2007 Therefore,

it is possible that there is a link between the high leveldME -2 mMRNA

and C-MYC in these exosomes, but fuethinvestigation will have to be
done in this regard. Another important point is that HRILdriven
metastasis via exosomes would not require an envelope gene, as exosomes
gain entry to target cells via a plasma membrane fusion event. In essence,
exosomes auld potentially empower the abundance of defective HERVs
with a newfound infectivity(Gould et al., 2008

1.9.5 HML -2 viral proteins as potential vaccines

While the direct oncogenic effects of HERVs in cancer remairize fully
elucidated, there is potential for their use as diagnostic or prognostic
biomarkers and for immunotherapeutic purposes including vaccines.
Independent groups have demonstrated a strong association betiveen

2 antibodies and clinical manifedion of disease and therapeutic response
(ContrerasGalindo et al., 2008Golan et al., 2008 Antibodies recognizing
syntheticHML -2 proteins were detected at a very low frequency in the sera
of healthy donorgWangJohanning et al.,, 200 *angJohanning et al.,
2008. Humoral andtHML-2 immune response may provide additional
prognostic information to that of established melanoma maikéakn et

al., 2008 Schiavetti et al.,, 2002 Data from these studies reveal a

significant inversecorrelation between serological aktML-2 reactivity
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and patient survival probability in melanoma patients. Among the different

classes oftumour antigens recognizable by the immune system, mutated

selfantigens and viral antigens are unique becausedteyoreign to the

host and not subjected to pegisting antigerspecific toleranc¢Foster and

Rooney, 2006Gottschalk et al., 2005mith et al., 2012 HML-2 exons

coding for mature proteins are spread out over the genome and are a

repository of immunogenic retroviral gene products that can be
HUHDZDNHQHGY ZKHQ JHQHWLF GDPDJH RFFXUV WKUF
frameshifts, and mutations, removing seq@snoormally silencing protein

expression.

HERV-K MEL is an antigenic peptide which is encoded by a short ORF
from a processed HERK (HML -6) pseudogene and has been shown to be
recognised by cytotoxic T cells in human melano(Bahiavetti et al.,
2002. BCG, vaccinia and yellow feveragcinations are associated with a
reduced risk of developing melanorti@rone et al., 2003Mastrangelo et
al., 2009 Pfahlberg et al., 2002although conflicting data exists for yellow
fever vaccinegHodgesVazquez et al., 20)2It is suggested that this effect

is dueto antigen sequence homology between these vaccines and-KERV
MEL leading to crosseaction between vaccirddicited cytotoxic T cells
and melanoma cellKrone et al., 2006 Reintroduction of these vaccines
has been suggested as a novel method of melanoma immunoprevention;
otherwise, HERWK MEL represents a legitimate target for cellular

immunotherapyKrone and Grange, 201Brone et al., 2006

1.10 Future Perspectives
Over the course of evolution, our genome has been locked in a molecular
pZDUY ZLWK H[RIJHQRXV LQIHFWLRXV DJHQWYV 8OWI
battleground, togethewith viral endogeniation, which has bestowed upon
us the diverse genetic repertoire we possess today. Constituting 8% of our
genome, these HERVs have supplied us with an additional layer of

plasticity and physiological functionality, yet scientists nowidve that
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hidden detrimental processkelled by HERVSs may be present, which are
inducing chronic diseases such as cancer and autoimmunity. As of yet, no
truly infectious HERVs have been observed. However, as outlined in this
review, a range of potentiaholecular mechanisms involving the retroviral
proteins may be aiding and abetting batmourformation and metastasis.
Ultimately, it is likely that many of these mechanisms are working
synergistically to produce these effects, and the heralding of glesin
molecular event induced by a HERYV protein is improbable.

Ascribing a causative role for a particular agent to a disease has long been a
challenging task. Criteria such as Hills critefidill, 1965) DQG .RFK{V
postulates(Evans, 1976 have been formulated to address this problem.
These criteria have recently been refined and built upon in light of HERVs
postulated role in human diseg$&&egolon et al., 201Xrone and Grange,

201Q Sarid and Gao, 20)1However, even if a direct link between HERVs

and carcinogenesis is never established, their presence may be highly
advantageous in terms of the implementation of novel biomarkers for
cancer. Further work will need to effectiyetorrelate their presence with
various disease stages and also make the necessary comparisons against
MIJROWDQGDUGY ELRPDUNHUV (TXDOO\ SURPLVLQJ
advantage oftumour specific HERV expression for the use of targeted
immunotherajes. WangJohanninget al have demonstrated the potential of
antrHML-2-Env antibodies in inhibitingtumour growth and inducing
apoptosis, bothn vitro and inin vivo mouse xenograft model@Vang
Johanning et al., 20).2This work represents a major milestone in research
into HERVs and cancer and it is likely that targeting Env in a similar
fashion in other cancersilvbe equally effective. However, it remains
imperative that these studies are evaluated in a clinical setting. Additionally,

it may also be possible to conjugate these antibodies to cytotoxic drugs for
increased effec{Carter, 200B Similarly, Kraus et al demonstrated that
HML-2-Env targeted vaccine reduced rehahour metastasis in a murine
model (Kraus et al., 2013 Novel therapies, such as these, are key to

making inroads towards a future cure for the increasingly complex and
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multistep disease that is cancer. However their safatgt rhe assessed
given the newly established role ldML -2 in embryonic stem cells and iPS
cells(Fuchs et al., 20)3which may have implications for pnegncy. Their

role in adult stem cells is not currently known.

Several limitations exist in the field of cangetated HML-2 research,
including a lack of adequately powered patient population studies to
determine the role diML-2 in the etiology of cancer, and/or its association
with metastasis, therapeutic response and overall patient survival. A gap
exists in our knowledge as to whietML-2 loci are specifically activated in
cancer. A recent study by Schmitt et al. has defindte HML-2
transcriptome in melanoma, identifying 23 loci as transcrig@ahmitt et

al., 20133 and it is an imperative that siar studies be initiated in other
cancers. A causal role for HMR has yet to be established. Generally
retrovirusesinduce tumours by insertional mutagenesis targeting specific
oncogenes, as is the case with HBSuerrieri et al., 2013 This is an
unlikely mechanism though in the case of HLEvidence does suggest
that Rec and Np9 may be putative oncogenes, but whether Gag or Env are
also oncogenic is not known. In exceptional cases such as Jagsiekte sheep
retrovirus (JSRV) the Env protein has been found to be cawsahe(
pulmonary adenocarcinomgHofacre and &n, 201(0. However, it is
unlikely that HML-2 Gag or Env have a similar causal effgmfentially

they may influence carcinogenesis by activating or perturbing inflammation

responses against cancer.

It is our belief that within the next decade thes®@dé WLF pVTXDWWHUVY ZLOC
firmly established themselves within the modern multistep model of cancer
SURJUHVVLRQ DQG WKHLU H[SUHVVLRQ ZLOO EH Y
FKDUDFWHULVWLFY RI FDQFHU JLYLQJ QHZ PHDQLQJ W
laureate J. Micael Bishop when he stated that "the seeds of cancer are

Z L W K LQong,\2008.
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1.11 Overview of prostate cancer

1.11.1 Prostate function

The prostate is a walnut sized glandular organ located in the pelvic cavity
and is held together by a muscular stroma consisting of fibroblast cells
(Standring and Gray, 201L5Themain function of the prostate is to produce
prostatic fluid which is an essential component of semen. The glandular
epithelium consists of three main cell types: basal cells, secretory luminal
cells and neuroendocrine ceflsigure 6) (Czyz et al., 201R The existence

of prostate cancer stem cells is a controversial topic but some markers such
as CD133 have been sugges(€allins and Maitland, @06). The luminal

cells secrete prostatic fluid into the lumen of the gland helped via

contractions of the smooth muscle stromal cells.

1.11.2 Prostate cancer incidence/mortality

Prostate cancer is the second most common cause of cancer in men in
Ireland with over 3000 men being diagnosed each year. Mortality rates of
prostate cancer in Ireland are currently very good with five year survival

rates currently standing at 91% (Natib@ancer Registry Ireland).

1.11.3 Prostate cancer epidemiology

Increasing age is the main risk factor associated with prostate cancer
(Gronberg, 2008 Other risk factors include, diet anthesity. It is thought

that a link between increasing age and prostate cancer may be due to a
buildup of inflammatory lesions as people a@® Marzo et al., 2007

Many inflammatory lesions of the prostate including PIN and PIA have
been linked to prostate cancer. 8se ages, the chances of these lesions
developing further molecular changes increases and this may lead to
prostate cancer. Other genetic changes which increase with age such as
telomere shortening may also contributaligease developme(iieeker et

al., 2002.

While cigarette smoking may not influence early disedsgelopment
(Giovannucci et al., 199%ickey et al., 200}, it increases the risk of fatal
prostate cancgiGiovannucci et al., 199%Huncharek et al., 201&enfield
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et al., 201)This observation was replicated in studies showivay turrent
smokers develop distant metastasis morguently than nosmokers
(Kobrinsky et al., 2003Roberts et al., 2003 Because smoking cessation
reduces the risk of metastagiSiovannucci et al.,, 199%Kenfield et al.,
2017 a tobaccerelated factor appears to induce reversible molecular

alterations in the cancerous prostate thailifate metastatic spread.

Obesity is known to affect the regulation of hormones in the body
(Kirschner et al., 1981 The main male hormone in the body is androgen
and thus obesitleading to androgen dysregulation may cause an increase in
the risk of prostate canc@tising et al., 200)/

Certain diets have also been linked to prostate cafi@emberg, 2003

This link came from the observation that when east Asian frveno have

low ratesof prostate canceemoved to the USA, it was found that their
rates of prostate cancer increased to levels seen in American men. The
mechanistic link in this case is thought to be diets high in red meats which
are known to cause inflammation via the pretthn of compounds such as
polyaromatic hydrocarbons which are formed when red meats are cooked at
high temperature¢De Marzo et al., 2097 Foods which are thought to
prevent prostate cancer include garlic and tomatoes which include
compounds Wwich may prevent DNA damage in response to inflammation

(Itsiopoulos et al., 2009

23



1.11.4 Prostate pathobiology
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Figure 6 - Cell types of the prostate

The prostate is composed of a glandular epithelium surrounded by stroma. The
epithelium is itself composed of secretory luminal cells, basal cells, neuroendocrine
cells, intermediate cells and stem/progenitor cells. The stroma is composed of
interstitial cells, smooth muscle cells, fibroblasts and connective tissue. (adapted
from (Czyz et al., 2012))

1.11.4.1BPH

Benign prostatidyperplasia (BPH) is a common non malignant pathology

of the prostate usually seen in older men and thought to be caused by
androgen dysregulatio(fhorpe and Neal, 20030n average, 8% of 40

year old men will have BPH with this increasing to 90 % for men greater
than 80 years old. Men with this disead@ically present with lower
urinary tract symptoms (LUTS) such as urinary filling or voiding symptoms
and this can progress to acute urinary retention. These are thought to be due

to the obstruction of the bladder caused by an enlargement of the prostate.
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Increasng age is the main risk factor for BPH probably because of age
related fibrosis of prostate tissue, more specifically, myofiber injury. The
myofibers are a keyomponentof the prostate stroma and aid in the
movement of prostatic fluid into the lumen ofetlgland (Standring and
Gray, 201%. These fibers have a low regeneration rate and thus are at
increased risk of ageelated fibrosis. This fibrosis is thought to lead to the
enlargement of the prostate gland. Androgens are known to impact the
development oboth diseases. Evidence for the role of androgens in BPH
development comes firstly from the observation that castrated boys do not
develop BPH in later lif¢§Guess, 1992and secondly the positive effect that
5-alphareductase inhibitoriaveon the treatment of the diseg&oehrborn

et al., 2002 These antiandrogens prevent the conversion of testosterone to
the more potent androgetDHT. The second common treatment for BPH is
alpha blockers which are antagonistic drugs of ahgio receptors. Other
surgical interventions are common which attempt to deal with the LUTS
associated with BPH. These include transurethral resection of the prostate
(TURP) and transurethral microwave therapy (TUMT). Although, there is
no known link betwen BPH and prostate cancer, BPH can cause PSA
levels to rise which leads to false positives in the diagnosis of prostate
adenocarcinom@rhorpe and Neal, 2003

1.11.4.2PIA

Another inflammatory lesion which may lead to prostate adenocarcinoma is
proliferative inflammatory atrophy (PIAJDe Marzo et al., 2097 These
lesions are most commonly located in the peripheral zone of the prostate
and their presence incigss with advancing age. Cells in this lesion exhibit
increased expression of genes sucls83Plandpl6 and downregulation

of PTENandCDKN1B Molecular changes such as these can lead to genetic
instability which may be a precursor to prostate adenocarar(Abate

Shen and Shen, 20p@roliferation of prostate cells in the setting of chronic
inflammationis thought to lead to PIADe Marzo et al., 2097 Chronic
inflammation in prostate cancer has been linked to idestiagents and

dietarycarcinogens amongst others.
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1.11.4.3PIN

Prostatic intraepithelial neoplasia (PIN) is an inflamomatlesion of the
prostate. Mn with prostate cancer are statistically more likely to present
with PIN (De Marzo et al., 2097 Transitions from PIA to PIN have been
observed n various zones of the prostateéenes which exhibit increased
expression in PINncludeBcl-2 andHER2/neu PIN can be defined as lew
grade or higklgrade PIN depending on the amount of cellular irregularity,
for example, PIN cells have shortened telomeres compared to normal
prostate cancer cells and this together with methylaticd@FP1is linked

to the transition from low grade to high grade RRgure 7) (AbateShen

and Shen, 2000

1.11.4.4Prostate adenocarcinoma

Why should such a nondescript organ with a low rate of cellular turnover be
So susceptible to cancer? The answer ikl lies in the dysregulation of
hormones during older agéeldman etl., 2003. However,the study of
humancadaversas shown evidence for cancerous lesions in the prostate in
men from the3™ decade of life onwardéSanchezChapado et al., 2003
Even so, increasing age remains the number rigkefactor for prostate
cancer(Gronberg, 2008 From an evolutionary perspective, prostate cancer
is a post reproductive disease and thus the mechanisms behind its
pathobiologyhave not been purified by evolutionary selection to a great
extent(Greaves, 2007

Prostate cancer is driven by androgé¥elson et b, 2003. An androgen is
defined as any molecule which can bind to the nuclear receptor known as
the androgen receptor (AR). The activated AR itself binds to androgen
response elements (AREs) which are nucleotide sequences present in the

promoters of adrogen inducible genes.

Over time, most prostate adenocarcinomas will eventually become resistant
to androgen deprivation treatment, turning into castrate resistant prostate
cancer (CRPC)Damber and Aus, 2008 CRPC is the main cause of

prostate cancer mortality. There are a number of molecular mectsahis
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which CRPC is thought to forifireldman and Feldman, 2000ne of these

is the hypersensitivity of thAR through gene amplification. Anothetthe

HRXWODZ SDW K Z BtatesKha® ReAVAR Hactbrives activated through
phosphorylationwhich is independentof ligand binding. Finally, it is

thought that the spectrum @&R ligands can broaden to include non
DQGURJHQ PROHFXOHV 7KLV LV NQRZQ DV WKH uSURP

Prostatic Adeno-
e;‘:g_::""il m » i pithelial P carcinoma
neoplasia (PIN) (latent) (clinical)
| Initiation Progression | I Treatment
§ Inflammation a o — " Castration-resistance
@ -activati t
3 Oxidative/DNA damage Senescence R s Sty EMT
b signaling pathways
- Telomere shortening
NKX3.1 down-regulation ERK/MAPK activation
MYC overexpression PTEN inactivation EZH2 overexpression
TMPRSS2-ERG fusion

Figure 7 - Molecular progression of prostate cancer

Inflammatory lesions such as PIA and PIN are thought to be precursors to prostate
adenocarcinoma. Most early prostate cancers are androgen dependent but the
majority progress to an androgen independent state otherwise known as castrate
resistant prostate cancer (CRPC) and metastasis. Various molecular pathways
have been delineated for the different stages of the disease. (adapted from (Shen
and Abate-Shen, 2010))
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1.11.5 Prostate cancer biomarkers

1.11.5.1PSA

Prostate specific antigen is the gold standard biomarker for prostate cancer
(Makarov et al., 2009 It is a protein which is specifically expressed in the
prostate. It remains an imperfect biomarker due mainly to the false positives
which benign diseases such as BPH cause. A PSke sifogreater than
4ng/ml is generally regarded as a cutoff point. Over this threshold and a
patient will be asked to undergo a digital rectal examination (DRE) or a
TRUS-guided biopsy. Histological investigation of this biopsy will confirm

the presence @bsence of prostate cancer.

1.11.5.20ther biomarkers

Other promising biomarkers for prostate cancer include early prostate
cancer antigen (EPCA) and EPCQ2akarov et al., 2009 These nuclear
matrix proteins were first observed to change in conjunction with nuclear
pleiomorphism seen in early prostate cancer. Since then they have
successfully been used as histological markers during immunaostaini
experiments to help differentiate between organ and non organ confined
prostate cancer. Finally, methylation levels of the glutathietransferase
(GSTP) gene have been linked to the presence or absence of prostate
cancer, with hypermethylation seem prostate cancer cases and
hypomethylation observed in BPH and normal prostate ti€Saiens et al.,
2001).

1.11.5.3The need for new biomarkers

There is an urgent need for new biomarkers in prostate cévle&arov et

al., 2009. The low specificity of PSA is a major cause of the misdiagnosis
of prostate cancer and this causes a great deal of &ressen, who in
actual fact only have a benign disease but who will have to now undergo

invasive biopsies in order to confirm this.

The blood is an ideal component of the body for non invasive disease
testing. This is especially the case for prostate camdese diagnosis
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usually entails the use of TRugtiided biopsies or DREENelson et al.,
2003. Circulatingtumour cells (CTCs) are cancer cells which circulate in

the bloodstream and may offemovel method of prostate cancer diagnosis
(Moreno et al., 2005 They are, however, very difficult to detect, requiring
special filters in which they can be separated from blood cells. They are also
extremely rare, possiblyith only 510 cells being present per ml of blood.

If technological advances can improve how CTCs are detected then they

may well represent a new generation of biomarkers for the disease.

The sentinel hypothesis postulates that the transcriptome of tingula
normal blood cells can be an indication as to ones state of health or disease
(Mohr and Liew, 200Y. Blood cells circulate around the whole body and
upon interacting with diseased tissuean be affected byhese tissues
release of factors such as cytokinghich then influence the transcriptome

of the blood cell. In the case of solidmours such as prostate cancer, this
would allow one to non invasively test the blood as a surrogate marker for
the disease and would alleviate the need for invasive testitige csolid

tumour.
1.11.6 Prostate cancertherapeutics

1.11.6.1Provenge

SipuleucelT (Provenge ) was the first immunotherapy approved by the
FDA for any type of cancefHigano et al., 2010 It is essentially an
autologous TFHO O WUDQV S @8l ake harizedtddHquVygHier 7
vivo in the presence of PMSA which is a marker specific to prostate cancer
cells. The TFcells become educated and are transplanted back into the

patient where they attack prostate cancer cells.

1.11.6.2Hormone therapy

Since prostate cancer is essentially hormoraailyen, hormone therapy is a
widely used treatment for the disegBamber and Aus, 2008Surgery can

be used as a form of physical castration to remove the testicles. This is
known as an orchidectomy but it is a now a rarely performed procedure
(Hellerstedt and Pienta, 2002Chemical castration involgethe use of
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drugs to lower or ablate levels of androgens. The four main types are
luteinising hormone (LH) blockers such as histrelin, gonadotrophin
releasing hormone (GnRH) blockers such as degarelix,amrogens such

as enzalutimide and finally abterone. Anti androgens are broadly broken
down into first generation and second generation -ardrogens.
Bicalutamide is an example of a first generation -antirogen. Second
generation versions of these drugs were created in order to circumvent the
problems associated with partial agonism seen when using these drugs in
engineered cells expressing high levels of the AR. An example is
enzalutumide which not only acts as an AR antagonist but also prevents AR
signallingby preventing the translocation thfe AR to the nucleuglung et

al., 2010. Finally abiraterone acetate is a drug which targets the
cytochromes responsible for the critical enzymaticveosions needed to
form androgen moleculgé.ogothetis et al., 2091 Without these catalysts

androgen levels are drastically reduced.

1.11.6.3Radiation

Two maintypes of radiotherapy for prostate cancer exist: external beam and
brachytherapyDuchesne, 200/l External beam radiation is the main type

of radiotherapy used for prostate cancer and consists of using a machine
known as a linear accelerator to firgays at the cancerous tissue. The main
disadvantage to external beam radiation ig thavill affect normal non
cancerous cells which are in close vicinity to thenour This results in

high levels of side effects. Brachytherapy is a radiotherapy which involves
the insertion of radioactive seeds into the prostate and is a more targeted
form of radiation therapy when compared to external beam resulting in
fewerside effects. As prostate cancer is usually a multi focal disease it thus
represents an ideal platform in which to spatially target the various foci of
adenocarcinoméNelson et al., 2003 The main advantage of brachytherapy

over surgery is that the side effects are greatly reduced.

1.11.6.4Chemotherapy
Chemotherapy for prostate cancer is normally only used when hormone
treatmentfor metastatic prostate cancer has fai(&lligan and Kantoff,
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2002. Double chemotherapy or chematdygy combined with radiation
therapy is also sometimes used. Examples prostate cancer

chemotherapeutidaclude docetaxol and cabazitaxel.

1.11.6.5Surgery

Radical prostatectomy involves the complete removal of the prostate
(Damber and Aus, 2008The procedure results in many major side effects
including incotinence and impotence. The two jora types of
prostatectomy areobotassisted radical prostatectomy (RARP) and open
radical prostatectomyORP) Some debate remains as to which is the
superior method, but a recent study has concluded that both techimiopaes
similar outcomes withsimilar rates of complicationg§Gandaglia et al.,
2014).

1.11.6.6Watchful waiting

Many prostate cancers will remain indolent throughout the life of a patient
(Nelson et al., 2003 Invasive treatments such as radical prostatectomy or
radiation therapy lead to harmful side effects which may have never been
needed in the first place. Watchful waitingtals keeping a patients
treatment in reserve and closely monitoring the disease for indications of
progression after which the treatment regime may be stéBittdAxelson

et al., 2011

1.12 HML -2 and prostate cancer
Retroviruslike particles and thexpression of HME2 mRNA and proteins

are detectable in prostate cancer tissues. Ishida et al. (2008) isolated-a HML
2 Gag protein in the serum of a prostate cancer patient using serological
recombinant cDNA expression cloning (SEREX) technol@ghida et al.,
2008. They subsequently detected HN2Llgag mRNA in the serum of 6 of

9 prostate cancer patients, but failed to detect FEMf§jag mRNA in
LNCap DU145 or PC3 prostate cancer cdlishida et al., 2008 Gene
fusions are a frequent occurrence in prostate cancer, the majority of which
involve the fusion of the transcription factors ETS translocation variant
(ETV1) or ETSrelated gene (ERG1), to thansmembrane protease, serine

2 (TMPRSS2). In these fusions the androgen responsive TMPRSS2 drives
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expression of the ETV1 or ERG1 oncogenes. Recently EAML-2

IXVLRQV KDYH EHHQ GHVFULEH@Gansidted lelgidh'SRQGLQJ W
(UTR) of HERV-K-22g11.23 (Tomlins et al., 200y and HERVK17

(Hermans et al., 2008Additionally the ETVIHERV-K-22q11.23 fusion is

also inducible inLNCap in response to androgdiomlins et al., 200/

similar to HML-2 inductionby estrogen and progesterone in breast cancer

cell lines(Ono et al., 198

Goering et al., detectesignificant expression ofiERV-K-22g11.23and
HERV-K17 in the androgerresponsive prostate cancer cell lines 22Rv1,
LNCapand MDA-PCa2b (Goering et al., 2001 Normal prostate cells and
androgen insensitive prostate cancer cells-8PMU-145 and BPHL)
exhibited expression near the limit of detecti@oering et al., 2011
Expression of two other provirusedERV-K-11923.3 and HERV-K-
220g.11.21were not detectable in prostate cancer cell lines. Assessing
HERV-K-22q11.23 1 8 7-§ag, envand Np9 gene expression in prostate
tumouss (n=45) versus bdnJQ WLVVXH Q WKH H[SUHVVLRQ RI
gag and env region was significantly elevated itumous compared to
benign tissuedNp9 was detectable only in a subset of carcinomas (18/45).
In contrast HERWK17 was reduced in prostateimous compared to
benign. WhereHERV-K-22q11.23 and HERVK17 were expressed, they
correlated with prostate specific antigenP§A) levels, suggesting that
HERV-K-22g11.23 and HERVK17 retroelements are under androgen
inducible control, whileHERV-K-11g23.3and HERV-K-22q.11.21 are not
(Goering et al., 2001 Agoni et al published two such papedescribing
HML-2 expression in prostate cancdrhe first paper investigated the
expression of HME2 mRNA in prostate cancer cells linésgoni et al.,
20139. They found that four prostate cancer cell lines were positive for full
length and spliced HVH2 mRNA. They also conducted an analysis into the
exact loci which were giving rise to the HMA transcriptional signal. They
concluded that the HMH2 signal wawaried in that multiple loci were being
expressed in each cell line and that no particular expression pattern was

evident across all the lines. Interestingly, they also discovered the presence
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of antisense HME2 transcripts. The same group followed ugs tiork by
publishing a study which described the presence of alternatively spliced
HML-2 mRNAs in prostate cancer, together with data which indicated that
HML-2 expression in prostate cancer was upregulated by ionizing radiation
(Agoni et al., 2013) Another two publications originated from the Goering
group. The first found evidee of DNA hypomethylation at the 22q11.23
HML-2 locus(Kreimer et al., 20183 while the second looked at the loci
responsible for HME2 signal in prostate cancéGoering et al.,, 2015
Finally, Reiset al published a study kich found that prostate cancer
progression correlates with an immune response to a-BiIMag protein
from the 22q11.23 locuReis et al., 2013
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1.13 Aims

The amsof this thesis are:

1. To define HML-2 expression in prostate cancer
Little is known about HME2 expression in prostate cancer. This
thesis will investigate basal HMR levels in prostate cancer cell
lines and in clinical samples using techniques including western
blotting, gPCR and immunohistochemistry. Potential actigatufr
HML-2 in prostate cancer will also be investigated using treatments
with steroid hormones

2. To investigate the potential of HMR as a biomarker in prostate
cancer
HML-2 expression is observed in many types of cancer and may
represent a novel biomarkerhis thesis will explore thetility of
using HML-2 expression as a biomarker for prostate cancer by
conducting an epidemiological study which will look at differences
in HML-2 mRNA expression between prostate cancer cases and
healthy controls.

3. To investgate if HML-2 plays any functional role in prostate cancer
initiation or progression
This thesis will investigate whether HML expression in prostate
cancer is simply an epiphenomenon or if it actually promotes tumour
development and proliferation. In @dto do so, HME2 Rec will be

cloned and overexpressed in non tumourigenic RWPE

34



Chapter 2

Materials and Methods
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2 Materials and Methods

2.1 Reverse transcription and gPCR analysis of prostate cancer

cell line HML -2 expression

Total RNA was isolated using the TRIzol reagent (Thermo Fisher
6FLHQWLILF DFFRUGLQJ WR WKH PDQXIDFWXUHUYV
concentration was determined wusing a NanoDrop -10DO
Spectrophotometer (Nafidrop Technologies).RNA was treated with

TURBO DNAse (Anbion) for 30 minutes at 37 °C to eliminate genomic

DNA. DNase was inactivated using 50 mM EDTA at 75 °C for 10 minutes.

First strand cDNA synthesis was performed onglof RNA using a Tetro

cDNA Synthesis Kit (Bioline) primed with oligo(dT) primers. qP@#dk

place in a StepOne Plus réehe PCR system (Applied Biosystems)

together with Sensifast SYBR #ROX (Bioline) and theelevantprimersas

shown in
Tablel.

Thermal cycling consisted of enzyme activation: 95 °C for 2 minutes,
followed by 40 cycles of both denaturation and annealing/extension: 95 °C
for 5 seconds and 60 °C for 15 seconds respectively. Subsequent melt curve
analysis was carried bwsing the following conditions: 95 °C for 15
minutes, 60 °C for 1 minute and 95 °C for 15 minu8gsne expression
levels in all samples were nornsdidto an ACTB reference gene (Ret§
accession number NM_001101.8%ing the delta Ct method and values
were displayed as the mean of triplicate samples. Statistical significance of
differences between cases and controls was calculated using Stutksit's t

in GraphPad Prism version 5 (GraphPad Software).

Error bars for gPCR experiments represent the RQanah RQ max for

each sample. Statistical differences were measured by calculating the
standard deviation of ct values from three technical replicates.
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Table 1 - HML -2 gPCR primers

"-GTAAAAACAGTATGGACCCAACTC -3
"-CTATTTCTTCGGACCTGTTCTTG -3’
"-GGAGATGGTAACACCAGTCACAT-3
'-GGATAACGATACCCAATGGAAAT-3'
"-CAAAATGGTGACGTCAGAAGAA-3'
'-CAGGCATAGGGAGACTTACCAC-3'

Gag forward

Gagreverse

Envl forward
Envl reverse
Env2 forward
Env2 reverse

Lltnjunljvnlv|wvlv v luv

Rec forward "-TGACACAAACCCCAGAGAGTATG-3'
Rec reverse "-ACACCTGCAGACACCATTGATACA-3'
K7 - TCTGTTTAACAAAGCACATCCTGC-3'
K21 5'- ATGAACCCATCAGAGATGCAAAG-3'
ACTB forward 5'-CATGTACGTTGCTATCCAGGC-3'

ACTB reverse 5-CTCCTTAATGTCACGCACGAT-3'

2.2 RT-PCR of Rec and Np9 from prostate cancer cell lines

RNA was treated with TURBO DNAse (Ambion) for 30 minutes at 37 °C to
eliminate genomic DNA. DNase was inactivated using 50 mM EDTA at 75
°C for 10 minutes. One step FAICR was performed onig of RNA using

a Tetro one step RIPCR kit (Qiagen) and primers K21 ATG AAC CCA
TCA GAG ATG CAA AG and K7: TCT GTT TAA CAA AGC ACA TCC
TGC. Thermal cycling consistedf.oreverse transcription 50C for 30
minutes;enzyme activation: 95 °C for 15 minutes; 30 cycles oft@ation

94 °C, annealing 55 °C and extension 72 °C; followed by a final extension
step of 10 minutes at 72 °@mplification of PGK1 was conducted as a
loading control and was independently carried out using the sameARNA
SULPHUV 3*. |-RGGADETCGAAAGGGAAGCGG § 3*.
UHY HGCZHATAAGGACTACCGACTTGG fBands were visuaed

on2 %agarose gel stained with GelR@iotium).

2.3 Subject recruitment and collection of PBMC
Selection criteria for cases (n = 270) and populahased controls (r 91)

that participated in the National Cancer Institute (NCI) study: prostate
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cancer patients were eligible for the study when a diagnosis of prostate
cancer has been made within 2 years prior to recruitment; resided in
Maryland and adjacent counties irerfdasylvania, Delaware, Virginia, or
District of Columbia, if they were born in the USA; were either African
American or EuropeaAmerican by seklreport; had a working home phone
number; were physically and mentally able of performing the interview;
were rot severely ill; spoke English fluently and were able to give informed
consent and did not reside in an institution such as a prison, nursing home or
shelter. Male population controls were frequency matched on age and race
to cases and had the same eligipicriteria with the exception that they
could not have a personal history of cancer, radiation therapy or
chemotherapy. Controls resided in the greater Baltimore area and adjacent
counties in Maryland. Selection criteria for cases (nh = 23) and hospital
based controls (n = 44) that participated in the Georgetown study: Prostate
cancer patients were eligible for the study when a diagnosis of prostate
cancer has been made by the attending physician, and these patients resided
in the District of Columbia oits adjacent states of Maryland or Virginia.
Patients were selieported as Africamerican and were physically and
mentally capable of providing informed consent. Male hospital controls
were frequency matched on age to cases and had the same eligiibdiig
as cases with the exception that they could not have a personal history of
cancer. No significant difference was found between the age at
diagnosis/recruitment in Georgetown Cohort versus the NIH cohort (P =
0.29) overall or when comparing Africékmericans alone (P = 0.87).
Blood was drawn at time of recruitment. PBMC were collected from both
prostate cancer patients (n = 294) and men without a diagnosis of the
disease (n = 135). The cells were isolated from whole blood by standard
ficoll iypaque GHQVLW\ JUDGLHQW FHQWULIXJDWLRQ DQG
with prostate cancer were recruited between 2004 and 2008 under two
Institutional Review Board (IRBapproved protocols (NCI IRB #66-
NO21 and Georgetown University IRB #20833) and had a proseat
cancer diagnosis within the last 2 years prior to recruitment (median time
between diagnosis and recruitment = 206 days, rang&40days). These
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patients had prostate cancer at time of recruitment and came to the hospital
for consultation or to seek @#ment including prostatectomy, radiation
therapy, or androgen ablation therapy. The subjects were recruited at four
hospitals: the Veterans Affairs Medical Center and the University of
Maryland Medical Center in Baltimore City, the Department of Uroldgy a
the Georgetown University Hospital and the Washington DC Veterans
Affairs Medical Center. All completed an informed consent. Controls were
either populatiorbased controls (n = 91) recruited under the NCI IRB
approved protocol #0&-N021 (NCT00342771jHudson et al., 2032 or

they were men without a previous cancer diagnosis (byrejedfrt) visiting

the Georgetown University Hospital (n = 4dgcompanying other people or
coming for a routine checkup. The latter were recruited under the
Georgetown University IRBipproved protocol #200813. All controls
completed an informed consent. Prostgiecific antigen (PSA) test results
were availablefor 287 of the 294 prostate cancer patients; they were not
available for the controls. Both cases and controls completed interviewer
administered questionnaires but only the MN@sed study -collected
information on smoking history from study participanksformation on
smoking was available for 359 subjects (270 cases, 89 controls) and was
categorsedinto current, former, and current smokers, or into paekrs. A

never smoker was defined as a subject who did not currently smoke and also
smoked <100 cigattes in his lifetime. A past smoker did not smoke
cigarettes in the 6 months prior to enrolment. Race/ethnicity was self
reported.

2.4 RNA Isolation from PBMC and Detection of HML -2 gag
MRNA.
Total RNA was isolated using the TRIZOL reagent according to the
PDQXIDFWXUHUYV LQVWUXFWLRQV QJ RI 51% ZzDV Ul
cDNA was added to the qRFCR assays. Previously published primers
were used to amplifHML-2 gag transcripts (F, JAGC AGG TCA GGT
GCC TGT AAC ATT- § 5 -TGG TGC CGT AGG ATT AAG TCT
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CCT- 1 (ContrerasGalindo et al., 2008 In addition, primers specific for

18s were used as an internal standard reference. Data were collected using
the ABI PRISM® 7500 Sequence Detection System. Norssalexpression

was calculated using the comparative i@ethod and fold changes were
derived from the 288" values(Bookout and Mangelsdorf, 20P3

2.5 Detection of HML -2 Env type | and Env type Il transcripts
from PBMC in a subset of cases and controls

RNA was treated with TURBO DNAse (Ambion, Biosciences, Ireland) for
30 minutes at 37 °C to eliminate genomic DNA. DNase was inactivated
using 50 mM EDTA at 75 °C for 10 mites. First strand cDNA synthesis
was performed on 1g of RNA using a Tetro cDNA Synthesis Kit
(Bioline, MyBio, Ireland) primed with random hexamers. gPCR took place
in a StepOne Plus reame PCR system (Applied Biosystems, Biosciences,
Ireland) togetkr with Sensifast SYBR HROX (Bioline, MyBio, Ireland)

and the following primers envl IRUZDUG - 1
GGAGATGGTAACACCAGTCACAT- 1 envl UHYHUVH 1
GGATAACGATACCCAATGGAAAT- ¢ env2 IRUZDUG- i
CAAAATGGTGACGTCAGAAGAA- 1 env2 UHYHUVH 1

CAGGCATAGGGAGACTTACCAG  7TKHUPDO F\FOLQJ FRQVLVWH
enzyme activation: 95 °C for 2 minutes, followed by 40 cycles of both

denaturation and annealing/extension: 95 °C for 5 seconds and 60 °C for 15

seconds respectively. Subsequent melt curve analysis was carried out using

the following conditions: 95 °C for 15 minutes, 60 °C for 1 minute and 95

°C for 15 minutesGene expression levels in all samples were nosedtio

an18SrRNA reference gene (RefSeq accession number NR_003286) using

the delta € method. Values were displad as the mean of duplicate

samples.

2.6 Statistical analysis: PBMC study
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Data analysis was performed using the Stata/SE 11 (Stata Calipge
Station TX) and GraphPad Prism 5 (GraphPad Software, San Diego, CA)
statistical softwargackages. All statigtal tests were twaided. P < 0.05

was considered statistically significafithe Fisher's exact test, univariate,
and multivariabledgistic regression were usedaoalyse dichotomseddata

and tocalculatethe associateddds ratioORs). The multivariable models
adjusted for age at diagnosis and race/ethnicity. The Mann Whitney test was
used to comparthe differences of both plasma cytokine levels HiML -2

Ct-based expression valulestween groups

2.7 Immunohistochemistry of prostate tissue microarrays and
prostate tumour samples

Slides with sections from formalin fixed paraffin embedded prostate
adenocarcinoma samples and prostate tissue microarrays were
deparaffinsedtwice for 10 minutes at 60 °C for a minimum of 20 minutes
each. Slides were hydrated in a series of decreasing ethanol concentrations,
as follows: three times in 100% for 3 minutes each, once in 95% for 3
minutes and once in 70% for 3 minutes. Slides were then rinsed in distilled
water for 10 minutes. Heatduced epbpe retrieval was performed using
Tris EDTA buffer at pH 9 in a microwave at 95 °C for 20 minutes. Slides
were subsequently washed three times in PBS for 5 minutes each, followed
by immersion in HO, (30%w/v) in the dark for 30 minutes to quench
endogenos peroxidise. Three more PBS washes were completed before
blocking with 3% BSA in PBS for 1 hour at room temperature. Slides were
then incubated overnight with aftiML -2 gag mouse monoclonal antibody
(LifeSpan Biosciences Inc, Seattle, Washington, USA-€65287) diluted
in 1:50 in3% BSA in PBS in a humidified chamber. Slides were washed a
further three times with PBS and then incubated withathein/biotinbased
Vectastain ABC System (Vector Laboratories) with subsequent colorimetric
development using diaminobenzidine (ImMmPACT DAB; Vector

laboratories). Slides were counterstained with haematoxylin, mounted with
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DPX mounting mediaand scannedusing an Olympus V20 Digital

Scanner.

2.8 Western Blot analysis of HML-2 proteins from prostate cancer
cell lines

Cells were seeded in 10 gmiishes at a cell density of 1X3per dish, and
grown for 3 daysCells were rinsed twice with cold PBS and lysed directly
on the dishwith cold RIPA buffer (ThermaScientific Pierce, Ireland
#89900) supplemented with protease inhibitors (TheBuientific Pierce,
Ireland, #78410), scraped, and spun at 14,000 g for 15 min at 4 °C.
Supernatant was collecteguantified using a BCA Idindstored at20 °C
for Western blot analysis of protein expressiBroteins were separated by
SDSPAGE using 8% gels and transferred onto nitrocellulose membranes
using theL% ORWE 'U\ %ORWWLQJ 6\VAMH-PEnvland 7THFKQRORJ
HML-2 Gag levels weraletected through use of primary ahiML-2 env
mouse monoclonal antibody (clone 6H5, Dr. Feng Wawolgannning) and
antrtHML-2 gag mouse monoclonal antibody (LifeSpan Biosciences Inc,
Seattle, Washington, USA #LS65287), respectively. Rec protein
expressionwas detected using a rabbit aRec polyclonal antibody
(Mueller-Lantzsch group, Germany). Antibodies were diluted 1:1000 in 5%
skimmed milk reconstituted in 1X trisuffered saline (TBS) (pH8) 0.1%
Tween. These dilutions were added to the transfer membrand shaken
overnight at 4 °C, following a 1 hour rootemperatureblocking in 5%
skimmed milk in TBS. Mouse monoclonal antactin antibody (Thermo
Scientific Pierce, Ireland #10624754) was used to confirm even protein
loading. Secondary antibodiesad were IRDye 800CW Goat AsiRiabbit
IgG (LI-COR Biosciences) andRDye 680LT Goat AntiMouse IgG (both
diluted 1:1000) (LI-COR Biosciences) with detection on a-COR
Odyssey® Infrared Imaging System {CIOR Biosciences).

42



2.9 Western Blot analysis of Red=LAG from transfected RWPE-1
Protein extraction and immunoblotting were conducted as described above.
RecFLAG levels were detected using a mouse anfofiG M1 primary
antibody (Sigma&Aldrich) and a IRDye 680LT Goat AnMouse IgG
secondary antibody (ELCOR Biosciences) with detection on a-COR
Odyssey® Infrared Imaging System {CIOR Biosciences). Aibodies
were diluted 1:1000 in 5% skimmed milk reconstituted in 1xhtffered
saline (TBS) (pH8) 0.1% Tween. These dilutions were added to the transfer
membrane, and shaken overnight at 4 °C, following a 1 hour room
temperaturdlocking in 5% skimmed itk in TBS. Mouse monoclonal anti

-actin antibody (Therm&cientific Pierce, Ireland #10624754) was used to

confirm even protein loading.

2.10 Measurement of cytokines in human plasma samples

Heparinsed plasma was collected from prostate cancer patients an

populatioRrEDVHG FRQWUROV LQ WKH 1&, VWXG\ DQG VWR

interferon EN , 3 tumournecrosis facter. DQG LQWHUOHXNLQ
FRQFHQWUDWLRQV ZHUH GHWHUPLQHG DW D /HLC

Inc/NCI core facility using the human esltrochemiluminescence

immunoassays from Mesoscale Discovery (Gaithersburg, MD) under

standardgedconditions. Ultrasensitive multiplex electrochemiluminescence

immunoassay plates were custom designed and weresadayn the

MesoScale Discovery 6000 inPHQW IROORZLQJ PDQXIDFWXUHUTY

analysis protocols.

2.11 Cell lines
RWPE1, DU145, P@, 22Rvl and CWR22 were sourced from the
American Type Culture Collection (Manassas, VA) and cultured according
to recommendations. In brief, CWR22 and 22Rv1 werkured in RPMI
1640 medium with kglutamine (Sigma #R8758) and supplemented with

10% fetal bovine serum Sigma #F7524). DU145 was cultured in minimum
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HVVHQWLDO PHGLXP 1 ZLWG®R1L] Bugpeh&nted withe F R
10% fetal bovine serum. P&wascultured in F12 nutrient mixture (HAM)
medium, with Lglutamine (Gibco #2176629) supplemented with 10%
fetal bovine serunand 1 % antibioti@ntimycotic RWPE1 was cultured in
keratinocyte medium, supplemented with epidermal growth factor and
Bovine Pitutary Extract (Gibco #1700®42). Cells were frozen when
needed in 10% DMSO (Sigmrddrich) in FBS and stored in liquid
nitrogen. Cells were thawed back pglletinginto fresh media and spinning

at 1000 rpm for 5 minutes before resuspension into freshanfdtfive cell

lines were authenticated by LGC standards (United Kingdom) in May 2013
via short tandem repeat profiling and were found to be the correct cell lines

(Appendix B- Cell line authentication eports).

2.12 Construction of pcDNA-Rec
A gBlock (Integrated DNA Technologies) representing the coding sequence
of ERVK6 (GenBank: X82271.1) together with FLAGg and restriction
sites was ordered. 200 ng of this gBlock was dissolved in-@iater to a
final concentration of 2 ngl. 1 yl of this solution was used in a PCR
reaction using the primers RECLAG forward
5gDJIJWDFFDWJJDFWDFDDDJDFIJDWJIDFIJDFDDJDDFFFDWEF
)/ $* UHYHUVH JWFDJDDWWFWFDWAlddcR)F IWWFWFJDW
Thermal cycling consisted of enzyme activation: 98 °C for 30 seconds,
followed by 35 cycles of both denaturation and aring&xtension: 95 °C
for 5 seconds and 60 °C for 15 seconds respectively and a final extension of
72°C for 2 minutes. The subsequent ampliegas gel extracted and cut
with Kpnl and EcoRl restriction enzymes(NEB). The plasmid
pcDNA3.1(+). (Thermo Fisher cg&ntific) was also cut usindpnl and
EcaRlI restriction sites. The fragments were ligated using t4 DNA ligase
(NEB) and transformed int XEFORQLQJ (IILFLHQF\E '+ .E &RPSH
Cells (Invitrogen) using the heat shock methd@dansformed cultures were
plated on agar plates and grown overnight af@7The next day positive
colonies were subcultured into LB broth supplemented witipieaillin
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(Sigma Aldrich) and grown with shaking overnight at°8 Plasmids were
isolated from this culture using aQlAprep® Miniprep kit (Qiagen).
Subsequent lpasmid was thensubjected to a restriction digest usikgnl
andEcadRl restriction enzymes to confirm the correct ing&ambrook and
Russell, 2001

2.13 Optimization of RWPE-1 transfection using a GFPplasmid
400,000 RWPEL cells were plated in a®ell plate and grown for 48 hours
in keratinocyte medium, supplemented with epidermal growth factor and
Bovine Pituitary Extract (Gibco #170@342).200 pl of Opti-Mem (Gibco)
was mixed with 4ul of FUGENE®HD Trangection Reagent (Promega) and
1 pg of pmaxFPTMGreenN (Amaxa Biosystems) and incubated for 15
minutes.After 15 minutes this mixture was added to each well of theIb
plate. Cells were then returned to the incubator for 48 hédtes. this time
cells weretrypsinisedand diluted to 1 million cells per ml in FACS buffer
(PBS with 0.5% BSA, 1 mM EDTA, and 0.05% sodium azide) and analysed
on the BD Accuri C6 flow cytometer (BD Biosciences) for expression of
GFP using the FL1 channdlhe gating sttegy involved firstly gating on
FSC and TGPRO 3 (Thermo Fisher Scientific) in order to exclude dead
cells. Secondly, they were gated against #6@nd FSCA in order to
discriminate between single cells and doublets. Finally, they were gated on
FSGA and GFP in order to determine the final transfectefficiency.
Gates for GFP positive cells were determined using-treorsfected

controls.

2.14 Transfection of RWPE-1
400,000 RWPEL cells were plated in awell plate and grown for 48 hours
in keratinocytemedium, supplemented with epidermal growth factor and
Bovine Pituitary Etract (Gibco #1700942). 200 jkof Opti-Mem (Gibco)
was mixed with 4ul of FUGENE® HD Transfection Reagent (Promega) and
1 pg of Bglll linearisedpcDNA-Rec and incubated for 15 minatéAfter 15
minutes this mixture was added to each well of tiveeB plate. Cells were
then returned to the incubator for 48 hours after which time protein lysates
were extracted and analysed for transgene expression. For stable
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transfections, transfectedells were treated with 20Qug/ml of G418
(Thermo Fisher Scientific) fosix weeks until polyclonal populations of
RWPE1-Rec emerged.

2.15 siRNA knockdown of HML -2
The siRNAspecific to HML:2 as published b®rrichio et al (Oricchio et
al., 200JTCCCAGTAACGTTAGAACC was ordered from Signr#edrich.
170,000 cells were plated in a 6 well plate and simultaneously reverse
transfected with either 10 nM &0 nM of SiIRNA together with 3 jof
DharmFECT reagent (Dharmacon/GELife Sciences) and grown for 48 hours
before RNA was extracted and qPCR conducted according to above

protocols.

2.16 Androgen and Oestrogen treatments
200,000 cells were cultured in 6 well plates 2dr hours. Cells were serum
starved for 24 hours with phenol red free media (Gibco) together with 10 %
charcoal stripped FBS (Gibco). Cells were then treated with 0.1 nM or 1
nM of R1881 (Sigma$ O G U L FEstrdliol (SigmaAldrich) for 24 hours.
0.1 % ehanol (SigmaAldrich) in cell culture grade water (Sigrfddrich)
was used as a negative vehicle control. RNA was extracted and gPCR

conducted according to above protocols.
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Chapter 3

HML -2 expressionpatterns and
regulation in human prostate
cancercell lines
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3 HML-2 expression patterns and regulation in human
prostate cancer cell lines

Much data exists to date on the expression of Hibh many cancers. So

far there is evidence for HMR mRNA and/or protein expression in ovarian
(WangJohanning et al., 200,7melanoma(Schanab et al., 20} 1breast
(WangJohanning et al., 20)2prostate(Ishida et al., 2008 lymphoma
(ContrerasGalindo et al., 2008and O H X N D KBirold$§k{ ¥t al., 1993a
HML-2 was originally discovered during a time when researchers were
searching for a viral etiology of breast can¢®no et al., 1986 They
screened human breast cancer tissue with riboprobes and pulled out
sequences related to MMTV. These sequences turnetbdag HML-2.
Independently, researchers also discovered retrdikmbparticles budding
from teratocarcinoma cell ling®Bronson et al., 19738 They subsequently
discovered that these particles were also encoded by-BifHoller et al.,
1993. Over the coming years, other types of cancers were eventually

screened and found to also express these sequences.

Studies of HML=2 expression in these cancers have generally focused on a
few different areas. First, is the study of the spliced and unspliced mRNA.
HML-2 has a complex expression pattern whereby it expresses full length as
well as spliced and doubly sptid mRNA. Furthermore, there are two main
types of HML-2: type | which contains a 292 base pair deletion and type I
which is the full length product. A second area of study is that of protein
activation and autoantibody production. HMLis unique amongshe 11
members of the HML family in that it is the only member which produces
proteins(Bannert and Kurth, 2006All of the other HML groups are more
ancient than HME2 and have thus acquired mutations which render protein
productionan impossibility. An example of such a mutation is a premature
stop codon or nonsense mutation. Such a mutation leads to a non functional
peptide which is unable to fold and will be quickly degraded by the
proteosome. Being a complex retrovirus, H8lpraduces two accessory

proteins, Rec and Np@owney et al., 2015 Rec is translated from type II
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transcripts and Np9 is translated from type |. Antibodies against -BML
proteins have also been discovered in cancers such as (Wéast
Johanning et al.,, 2013 A third are of research is related to HVL
activation. How are these proviruseswhich are normally silencedt
activated during carcinogenesis? Some studies have pointed towards
hypomethylation in cancer as being responsiBlehulz et al., 2006while

others have suggested that certain steroid hormones or transcription factors
are responsibl@Manghera and Douville, 20130ther studies have sought

to define HML:-2 proviral integrations. A seminal study by Subramareiin

al. (Subramanian et al., 20lLdliscovered that the human reference genome
harbous 91 distinct HML2 proviruses together with 944 solitary LTRs.
Other groups have built on this work by defining exactly which proviruses
are responsible for the HM2 signal seen in different types of cancer
(Schmitt et al., 2013a

At the beginning of this studiy 2012 a paucity of data was present in the
literature which described HMR expression in prostate cancer. We set out
to define HML-2 expression in prostate cancer. In terms of mRNA
expression, we were interested in discovering the splicing patterns of HML
2 as well as investigating if any of the main two types of HRJltype | or

type I, were being expressed preferaiiyi We were also interested in
HML-2 protein expression in prostate cancer and its localization patterns in
the disease. Finally, we also investigated possible mechanisms ofZHML

activation in the disease.

3.1 HML -2 mRNA is expressed in prostate cancer ddines
We were interested in defining the mRNA expression of HMh prostate
cancer. To do so we uskdprostate cell lines 22Rv1, DU14BNCap, PC3
and RWPEL. These cell lines together represent a goodtro model of
the progression of prostate cancer from normal to primary to metastatic
disease. RWPHE is a notumourgenic immortalsed prostate cell line

which is an alternative to using prostate epithelial cells which have a finite
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number of passagéBello et al., 199). 22Rv1 is an androgen independent
parental cell line of CWR22 which was itself originally propagated from a
mouse xenograft model of prostate can¢&ramkoski et al.,1999
Wainstein et al.,, 1994 DU145 and PC3 are both androgen independent
prostate cancer cell lines which represent metastatic disease originating
from the brain and bone respectivdlaighn et al., 1979Stone et al.,
1978. Finally, LNCapis an androgen dependent prostate cancer cell line
which originated from a lymph node metastgsisroszewicz et al., 1980

We designed primers for four HM2 genes: env type | (envlhetype I
(env2), gag and Rec. These primers were designathfify as many of

the 91 HML:2 loci as possible. Each primer set was oédby creating a
standard curvéo measure their efficiency\RNA was then extracted from
each of the cell lines and treated with DNAse to prevent genomic DNA
contamination. This treated RNA was then converted to cDNA using
reverse transcriptase. cDNA was subsequently used in a qPCR reaction in
order to relativelyguantify the levels of each HMR gene. A housekeeping
gene #in this case ACTB+was used in order to normalize the data against.
RWPE1 was used as the calibrator sample, with all other genes expressed

as fold change compared to it.

Our results revealethat all three HME2 genesenv 1, Rec and gag were
expressed in all 5 cell linggigure 8). The notumouigenic prostate cell
line RWPE1 expressedhe lowest levels of mRNA of all three genes. In
PC3 we observed a 2.5 foldgherin expression of envl and gag when
compared to RWPH, while Rec levels were similar. IlNCap we found
that levels of envl were nearly 5 fold higher than in RWREhile gagand
Rec levels were similar to levels observed in PC3. Rec levels in DU145 did
not seem tdiigherin comparison to RWPE but envl and gag levels were
increasd 2.5 fold and 4 fold respectively. Finally, in 22Rv1 we observed
the highest levels of expression of HRLMRNA. Envl was expressed 10
fold in comparison to RWRE. No increases were seen in gag levels but
Rec was expressed over 10 fold albeit with a tdgigree of variability

amongst technical replicates.
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Furthermore to this data, we were interested in exploring the expression of
the two main types of HMH2 env transcriptxtype | and type Il. We
hypothesised that one type may have functional significameethe other.

An independent analysis of envl and env2 expression was completed in 4
prostate cancer cell lines: CWR22, 22RV1, PC3 and DU145 and one
nontumourigenic prostate cell line, RWREFigure 9). RNA was extracted

from each cell line, treated with DNase, converted to cDNA and levels
analysed using qPCR. Expression of the two genes was observed in all the
cell lines tested, even in the nontunmiganic RWPEL. We conducted a
statistical analysis for each cell line comparing envl vs env2 expression.
Envl levels were found to be significantly higher than env2 levels in PC3
cells (p=0.0025) and env2 levels were found to be significantly higher than
envl levels in 22RV1 cells (0.0172). All other differences were deemed not

statistically significant.
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Figure 8 - HML -2 mRNA expression in prostate cancer cell lines

Expression of three HML-2 genes, envl, gag and Rec was observed in four
prostate cancer cell lines: 22Rvl, DU145, LNCap and PC3 and one
nontumourigenic prostate cell line, RWPE-1. Highest levels of expression were
seen in the AR mutant cell line 22Rv1 for both envl and Rec. DU145 and PC3

exhibited similar expression levels of all three of the genes, while LNCap
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expressed four fold the amount of envl in comparison to RWPE-1. Error bars

represent RQ min and max from three technical replicates.

ns
25+ ™

Cell Line/Gene

Figure 9 - envl/env2 expression in prostate cell lines

Expression of two HML-2 genes, envl and env2 were observed in four prostate
cancer cell lines: 22Rv1, DU145, CWR22 and PC3 and one nontumourigenic
prostate cell line, RWPE-1. For each cell line a statistical analysis was completed
comparing envl and env2 levels. envl levels were found to be significantly higher
than env2 levels in PC3 cells (p=0.0019) and env2 levels were found to be
significantly higher than envl levels in 22RV1 cells (p=0.0048). All other
comparisons were not significant. Results are expressed as fold change (RQ) in
comparison to RWPE-1. Error bars represent standard deviation from three
technical replicDWHY QV QRW VLJQLILFDQMWtudéhtst-test)y 3~

Difficulty was encountered whilst attempting to analyse Np9 mRNA levels
using PCR so semiquantitative RTPCR was employed instead in order to
investigate spliced Np9 expression in prostate cancer cell lines. RNA was
extracted from prostate cancer cell lines usiriglzol and treated with

DNAse to eliminate genomic DNA contaminatiofihe treated RNA was
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then converted to cDNA. Semuantitative RTPCR was subsequently
conducted using this cDNA together with primers designed against NP9.
Bands representing Np9 mRNA were observed in all prostate cancer cell
lines but not in immortatied non tumouigenic RWPEL or minus reverse
transcriptase and no template negative con{féigure 10). These results
suggest that HM2 Np9 mRNA is expressed across most prostate cancer

cell lines but not in non tumourgenic RWPEL.

Cap cell lines

350 bp Np9

Figure 10- HML -2 Np9 RT-PCR

Semi- quantitative RT-PCR representing Np9 mRNA expression in prostate cancer
cell lines and in immortalised non tumourigenic RWPE-1. Negative controls: MSC,
minus reverse transcriptase (-RT) and no template control (NTC). Positive MCF-7

breast cancer cell line control. PGK1 loading control.

3.2 HML -2 proteins are expressed in prostate cancer cell lines

Most of the hypotheses linking HM2 with carcinogenesis concern the
HML-2 protein products themselves. Even though RNA products such as
long non coding RNA can have functional effects, the large majority of
function is implicit in the protein products. HM2 expresseshe canonical
retroviral proteins gag, pro, and pol alongside the accessory proteins Rec
and Np9(Downey et al., 2015 The 292 base pair deletion which is found

in type | HML-2 proviruses leads to the fusion of the pol and env reading
frames which eventually results in ttranslation of the Np9 protein. Rec is

expressed from the nateleted type |l transcrigEigure 4).
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Our study, utilsedwestern blotting in order tdetect the presence of HML

2 proteins in prostate cancer cell lines. Monoclonal antibodies agfist

2 gag and env were acquired as well as a polyclonal antibody against the
Rec protein. The western blot probing f8ML-2 gag revealed expression

of the potein in both metastatic cell lines (DU145 and PC3) and also in
primary lines (CWR22 and 22Rv{frigure 11). Expression was also seen

in the MDA-MB-231 positive breast cancer cell line control. A GAPDH
loading control was used to confirm equal loading. Similarly, western
blotting for HML-2 env using antienv (6H5) antibodyrevealed the
expression of the protein in all cell lines tesEajure 12). Expression was

also seen in this case in immaisednortumouigenic RWPEL. Highest
expression was seen in RWREand PC3. The upper secondary bands
represent a glycosylated form ldML-2 env, while the second largest band

of ~155 kDapresumablyepresents trimerof HML-2 env surface units (55
kDa). However, there is also the possibility that these are non specific bands
instead of trimersA beta actin loading control was used to confirm equal
loading. Finally, western blotting fdAML-2 Rec revealed low expression

of the protein in the four canceell lines as well as in ntwmouigenic
RWPEL1 (Figure 13). A polyclonal antibody against the Np9 protein was
also acquired but could not be opts®d for use in western blot

experiments.

MDA-MB-231

Figure 11 - BasalHML -2 gag protein expression in prostate cancer cell

lines
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HML-2 gag protein was observed to be expressed in four prostate cancer cell lines
and MDA-MB-231 breast cancer positive control after western blotting. GAPDH
loading control 37 kDa.

HML-2 env 155 kDa

Figure 12 - BasalHML -2 env protein expressionin prostate cancer cell

lines

HML-2 env protein was observed to be expressed in four prostate cancer cell lines
and in immortalised nontumourigenic RWPE-1 and MDA-MB-231 breast cancer
positive control. Upper bands represent a glycosylated form of HML-2 env. Actin

loading control 42 kDa.
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Figure 13- BasalHML -2 Rec protein expression in prostate cancer cell

lines
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Low level basal expression of HML-2 Rec protein was observed in 4 prostate
cancer cell lines as well as in immortalised non tumourigenic RWPE-1. GAPDH

loading control 37 kDa.

3.3 HML -2 protein is expressedn clinical prostate cancer samples
We were also interested in investigating whether HMproteins were
expressed in clinical samples. For this, we setiformalinfixed paraffin
embedded (FFPE) prostate cancer samples. We subsequently conducted
immundistochemistry on microtome sections of these samples using an
anttHML-2 env antibody (6H5). Positive staining was confined mostly to
the luminal epithelial cells but some low intensity staining was also visible

in the stromdFigure 14).
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Figure 14 - HML -2 env protein expression in prostate cancer tissue

HML-2 env protein expression was observed after immunohistochemical staining
in prostate tissue. Staining was confined to the luminal epithelium but with some
present in the stroma. An isotype matched IgG control was used in place of

primary antibody to confirm that staining was specific.

We also conducted IHC using an aHtIL-2 gag antibody on prostate
cancer tissue microarrays which contained cores from prostate
adenocarcinoma and benign prostatic hyperplasia (BPH) samples. These

results make up part of chapgof this thesis.
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3.4 HML -2 activation and steroid hormone treatment in prostate
cancer

Studies in various cancers have shown that HMExpression can be
increased by treatment with steroid hormones. For example, in breast
cancer; progesterone and estrog@vehbeen shown to increase HMNL
levels (WangJohanning et al., 20Q0.1Breast cancer is a disease which is
essentially hormonally driven and thus it is interesting to speculate whether
hormonal activation of HM{2 plays a role in carcinogenesis. Prostate
cancer and breast cancer share many similaritietheatmolecular level
(Risbridger et al., 20)0Because of this, we were interested in investigating
the links between steroid hormones and HRIlactivation in prostate
cancer. To this end, we treated androgen dependesiafg@ancer cell lines
with androgens and oestrogens. We subsequently used qPCR to analyse

levels of HML-2 mRNA, looking for any changes in expression.

3.4.1 Androgen effects on HML -2 expression in prostate cancer cell
lines
First we tested a synthetic form of androgen known as R1881. We extracted

total RNA from AR positive LNCap prostate cancer cells. These cells had
been treated with 0.1 nM and 1 nM of R1881. These concentrations were
chosen as they represent physiologicadligvant concentrations that would

be present in the human bodyNCap cells are androgen dependent,
expressing a wild type form of th&R which will bind free androgen
molecules. Total RNA was extracted from the cells and treated with DNAse
to prevent geomic DNA contamination and subsequently converted to
cDNA which was used in a gPCR reaction together with primers for2ML
gag, envl, env2 and RetRNA. A negative vehicle control was used in the
form of cells treated with ethanol only. We simultaneousgated AR

negative DU145 cells with the same treatments.
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Our results indicated that treatment with R1881 leads to a substantial
increase in expression of HMEZ gag mRNA (Figure 15. 0.1 nM
concentration led to a 60 fold increase in gag expression while the 1 nm
concentration led to a 110 fold increase compared to the non treated cells.
We also tested the effect of R1881 treatment on spliced -AMkpresion.

Our results indicated that all spliced HMALtranscripts were upregulated by
R1881 treatmenfFigure 16). 0.1 nM concentration increased levélg
approximately 25 fold for envl, env2 and Rec, while 1 nm led to an
upregulation of 100 fold, 85 fold and 130 fold of envl, env2 and Rec
respectively. Overall, our results show a dose dependent increase ¥2HML

expression with increasing concentration®1881.
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Figure 15 - Treatment of LNCap cells with R1881: full length HML-2

transcript expression

LNCap cells were treated with 0.1 nM or 1 nM R1881. A significant dose

dependent increase was observed with increasing levels of R1881 leading to

increasing levels of HML-2 gag transcription. Results are expressed as fold change

(RQ) in comparison to a non treated vehicle control (ethanol (etoh)). Error bars

UHSUHVHQW VWDQGDUG GHYLDWLRQ IURP WKUHH WHFKQLFDO U]
0.01; Student's t-test)
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Figure 16 +Treatment of LNCap cells with R1881: spliced HML-2

transcript expression

LNCap cells were treated with 0.1 nM or 1 nM of R1881. A significant dose
dependent increase was observed with increasing levels of R1881 leading to
increasing levels of HML-2 env1, env2 and Rec transcription, with the exception of
the 0.1 nM treatment envl analysis which was deemed not to be a statistically
significant increase (p=0.2169). Results are expressed as fold change (RQ) in
comparison to a non treated vehicle control (ethanol (etoh)). Error bars represent
standard deviation from three technical replic D W HV 37 37
0.001; Student's t-test)

Treatment of theAR negative DU145 cells with the same R1881
concentrations led to fold decreases of HRllgag in all cases compared to

the untreated vehicle contr@ffigure 13). Interestingly a large decrease of

333 fold was seen for 0.1 nM of R1881. The spliced transcripts, envl, env2
and Rec also exhibited fold decreases under the same conditions, however
the 0.1 nM did not lead to such a pronounced dec&apare 18).
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Figure 17 - Treatment of DU145 cells with R1881: full length HML-2

transcript expression

DU145 cells were treated with 0.1 nM, 1 nM or 10 nM concentrations of R1881.
Significant fold decreases of HML-2 gag were observed after treatment with each
concentration with a large decrease of 333 fold observed in the 0.1 nM treatment.
Results are expressed as fold change (RQ) in comparison to a non treated vehicle
control (ethanol (etoh)). Error bars represent standard deviation from three
WHFKQLFDO UHSOLFDWHYV 3" -test) 37 6WXGHQW V W
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Figure 18 - Treatment of DU145 cells with R1881: spliced HME2

transcript expression

DU145 cells were treated with 0.1 nM, 1 nM or 10 nM of R1881. Significant fold

decreases were observed across all treatments for env2 in comparison to the

untreated control. However, only 1 nM in the env1 analysis and 0.1 nM and 1 nM in

the Rec analysis reached a statistically significant decrease. Results are expressed

as fold change (RQ) in comparison to a non treated vehicle control (ethanol (etoh)).

Error bars represent standard deviation from three technical replicates. (ns P >
37 3" 6WesGHQW V W

3.4.2 Estrogen effects on HML-2 expression in prostate cancer cell lines
Not long after their discovery of HMR, Ono and colleaguesompleted

experiments on breast cancer cell lines which induced 2Mixpression

via treatment with oestrogen@®no et al., 198/ These studies were
replicated later by Wangohanninget al who found that oestrogen
treatment led to an increase in spliced HRllexpressiorfWangJohanning

et al., 2003

Althoughit is the androgens which are the most important hormone in the
formation of male characteristics, oestrogens are also expressed and play a
lesser role(Hess et al.,, 1997 In vivo mouse models have implicated

oestrogens in the formation of PIN and adenocarcin@Rigbridger et al.,
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2003. We were interested in investigay if the link between oestrogens
and carcinogenesis was in any way associated with aMkpression. To
this end, we treateAR positive LNCap cells andAR negative PC3 cells
ZLWK YDU\LQJ FRQEQdIUB WoioR ¢f \beddgen) and
subsequedty analysed HME2 mMRNA expression levels via qPCR.

In LNCap cells, we observed fold decreases in expression of {aMjag
P51% DIWHU WU HBEswaBiél ivpatddoKhe non treated vehicle
control. These decreases were 6 fold and 11 fold fonl.&and 1nM R |-

Estradiol respectivelgFigure 19).

The same experiment was repeated exé&phegative PC3 cells were used
in place ofLNCaps. FoldincreasesZHUH VHHQ IRU DOO-FRQFHQWUD\
Estradiol, with a large increase of 49 felelen for 0.1 M (Figure 20).

gag

O
9 Q-
™
3-Estradiol: concentration (nM)

Figure 19 - Treatment of LNCap FHO OV -Estradikl: full length

HML -2 transcript expression

LNCap FHOOV ZHUH WUHDWHG ZLW KEstradidQ Bigrificant @16 R I

decreases of HML-2 gag were observed in each of these treatments compared to

the non treated control (DMSO). Results are expressed as fold change (RQ) in

comparison to a non treated vehicle control (DMSO). Error bars represent standard

GHYLDWLRQ IURP WKUHH WHFKQLFDO 4estsOLFDWHYV 37 6 W XC(
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Figure 20-TUHDWPHQW R 3 &Estddio:Ow lehgtiVHML -2

transcript expression

3& FHOOV ZHUH WUHDWHG ZL W KEstradid (BigRifitant fQid R |
increases were observed in each treatment compared to untreated DMSO control

with a large increase of 49 fold observed in the 0.1 nM treatment (p=0.0161).
Results are expressed as fold change (RQ) in comparison to a non treated vehicle
control (DMSO). Error bars represent standard deviation from three technical
UHSOLFDWHYV 3 " ttest).6WXGHQW V

3.5 Discussion
This study sought to define the expression of H”in prostate cancethe
first aim of this study was to define the pattern of HRIltranscription in
prostate cancer cell lines. Each type of Hllexpresses four types of
transcripts. Type HML-2 express full length (gag), envl, np9 and hel.
Type Il HML-2 express gag, envRec and hel. Our gPCR analysis found
that envl env2 Rec and gag were expressed in 22Rv1l, DU145, PC3
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LNCap and RWPEL1. Highest levels overall were found in 22Rv1 while
RWPE1 expressed the lowest. Originally, RWREhad been used as a
negative control ag is a notumouirgenic prostate cell line. The finding
that it expresses HMR at all is interesting and may be down to two
reasons. Firstly, RWRE is a cell line was originally produced via
immortalization of prostate epithelium cells with human papiiwirus 18
(Bello et al., 199Y. EpsteinBarr virus has been shown to transactivate the
HML-2 LTR and thus the process of HPV viral immortalization may have
inadvertently led to mutations of the RWRELTR which permit
transcription of HML2 (Hsiao et al., 2006 However, HPV and EBV are
genetically very different viruses and so this mechanism seems unlikely.
Agoni et al. found that all the cervical cancer cell lines they tested were
HML-2 positive apart from C33fAgoni et al., 2013 Interestingly, C33A

was the only cell line which was also negative for HPV. Therefore, there
may remain an unknown link between HPV infection and HRIL
activation. Secondly, the signal from RWREnay simply bea byproduct

of pervasive transcription. Pervasive transcription is a term used to apply to
large non functional areas of the genom@cluding intergenic regions
which are transcribed but from which the transcripts do not have any
function (Lander, 2011 In this experiment RWRE was used as the
calibrator sample with all other cell lines expressed as fold change
differences to it. Even though RWHPEwas positive for transcription, the
other cancer cell lines all exhibited fold change increases in all -BML
genes tested. Interesgly, 22Rv1 expressed over 10 fold the levels of
spliced HML:-2 envl and Rec that RWPEdid albeit with high levels of
technical variability. 22Rv1 is a cell line that is derived from a primary
prostate cancer and so this data point towards a possilsteofufor spliced
HML-2 transcripts in thiscancer, although further workeeds to be

completed in clinical samples to investigate this link.

There may be a number of reasons for differences in expression between
envl and env2 in the cell lines tested. Firstly, the difference may simply be

due to the fact that one cell line has a higher number of one type ofZHML
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loci over another. Whole genome sequencing of cancer cell lines would
enable us to answer this questiin a conclusive manner. Differences in
methylation between each cell line may also lead to the differences seen in
expression. A more interesting possibility is that a cell line may express
higher levels of one type over another because its survivalcascer cell
depends on it. The functional characterisation of the two env types would
allow us to form hypotheses about their role in cancer. Also, the 292 bp
deletion leads to the fusion of the pol and env reading frames in type |
proviruses. Chen et &lave shown that this fused ORF can produce a pol
env polyprotein inleukaemia(Chen et al., 20193 Therefore, it will be
important for future work to define the protein expression which stems from

env1l transcripts in prostate cancer.

A conflict in the data exists between the envl Ilgwabserved in 22rvl
versus RWPEL in Figure 8 compared toFigure 9. This could be
potentially down to two reasons. Firstly, these experiments were conducted
at different times and therefore passaging of the cell lines may have altered
methylation profiles with may affect HML2 expression levels. Secondly,
this discrepancy may be related to how the analysisrwasThe analysis
could potentially be reun by graphing delta cT instead of conducting a

relative quantification.

A limitation of this study is thatelative differences between envl and env2

in the same sample were measured using RQ which is not a suitable
quantificationin this instanceAbsolute quantification should be considered

in order to accurately assess the true differences in these gé¢hiestingse
samplesThis can be conducted by using an RNA standard and producing a

standard curve.

Due to technical difficulty in designing gPCR primers specific for the Np9
transcript we instead attempted to investigate Np9 mRNA in prostate cancer
via semi-quantitative RTPCR. Expression of Np9 was observed in all four
prostate cancer cell lines tested but not intmmouigenic RWPEL. MCF

7 breast cancer cell were used as a positive cell line cofWahg
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Johanning et al., 2012nd MSC cells as a second negative cor{ffaths

et al., 2013 due to the previous finding of gag, envl and Rec expression in
RWPEL1. The MCF7 breast cancecells we tested did not express Np9
transcripts which is in contradiction to the literature which finds that spliced
HML-2 isexpressed in this cell lin@vVangJohanning et al., 20Q03Vang et

al., 1998 This disecepancy may be due to a difference in the source of the
cell line or due to a high passage number which means that recombination
mechanisms may have altered the LTR of some FMaci. Highest levels

of expression were observed in 22Rv1, DU145 and PC3loxtkr levels

seen inLNCap. This finding is an agreement with the levels of gag, envl
and Rec observed in the previous gPCR result. This is to be expected as Np9
iIs a spliced transcript of the full length gag mRNA. High levels in the
metastatic lines pointowards the fact that Np9 may be involved in the
metastatic process but once again this will have to be investigated in clinical
models. The lack of Np9 mRNA in RWPEconflicts with the finding in

the gPCR assay where expression was found to be piasefdw. This

may be due to the technical differences betweerfPRR and gqPCR or it
may be a true biological reflection. This discrepancy could be fully
understood by designing qPCR primers for Np8omething which was
attempted for this study but did nptovide a single peak on the SYBR
green melt curve and so was discarded. Also, semi quantitathRORTIS +

as the name suggestsis only semi quantitative and so making conclusions
on differences in expression between the cell lines in the casesdlpidi
experiment is not ideal and should be followed up by fully quantitative
gPCR.

After our investigation of HME2 mRNA in prostate cancer we were keen

to also delineate basal protein levels. We conducted western blotting using

antibodies against HMR gag and env on four prostate cancer cell lines and

a positive control breast cancer cell line known as MbBB-231 (Wang

Johanning et al., 20)2For the gag western, the results revealed positive

expression of the protein in the four prostate cancer cell lines and also in
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the positive control breast line. The highest levels of expression were seen
in the two metastatic cdihes DU145 and PC3 and also in CWR22, while
low levels were observed in 22Rv1. 22Rv1 is a parental cell line of CWR22
and thus would be expected to express similar levels of gag to it. However,
22Rv1 differs to CWR22 in that it is an androgen indepencightine even
though it carries a functional but mutated AR. It is tempting to speculate
that dysregulated androgen signalling is related to a drop in expression of
HML-2 gag but further functional work needs to be completed to investigate
this. The datas in concordance with the gPCR data of mMRNA expression in

cell lines where 22Rv1 exhibited low levels of gag mRNA.

Western blotting was also completed to investigate basal levels of HML
env. Low levels of expression were observed in CWR22, 22Rv1l and
DU145, with high levels of expression seen in RWPEnd PC3. What
appeared to be glycosylated forms of env were seen in all cell lines tested.
This shows that prostate cancer cell lines can successfully modify env
proteins. Many retroviruses are known to eegs glycosylated envelope
proteins and it is thought that such modifications are necessary for
successful target cell receptor bindifigakomori, 2002 The receptor
which HML-2 uses to infect cells is currently unknown. Glycosylated env
proteins have been previously shown in breast cancer cell (Wesg
Johanning et al., 20)2In other cancers, the lack of infectivity of HMVL
virions are thought to be due to immature env proteihas the presence of
these modifications shows that these env proteins are mature in nature
(Downey et al., 2015 To conclusively prove that the upper bands in this
blot are indeed glycosylated bands, one would need to complete western
blots using antglycosylation antibodies or mass spectrometryothar
method of doing this would be to use a glycolytic enzyme to treat the
proteins before running the western blot and then check if the upper band
disappears or decreases. The presence of high levels of protein in the
RWPEL1 cells is conflicting with te envl gPCR on cell lines. This may be
because the proteins on this blot actually represent env2 proteins even

though the antibody used is meant to have affinity for the two kinds. Due to
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the relative nature of the gPCR quantification it is also possitae the
RWPE1 signal in the qPCR assay is truly reflective of the western blot
levels and that the HMR mRNAs in the cancer cell lines are being
degraded by host restriction factors or silenced by RNAI. This would be in
disagreement with hypotheses whiotk HML -2 expression in a functional
way to the progression of cancer. In order to clear up this discrepancy, a
gPCR against env type Il in RWPE could be completed. Absolute
quantification of HML-2 mRNA instead of relative quantification would

also beof benefit.

A western blot was also completed against HMRec using a polyclonal
antrRec antibody. Low levels of expression of Rec were observed in four
prostate cancer cell lines and in hanouigenic RWPEL. This blot is in
agreement with the expraéss of Rec mMRNA seen through gPCR analysis.
However, levels of Rec protein in 22Rv1 seem to be lower than that seen in
the gPCR analysis. Once again, the disagreement between Rec protein
levels compared to mMRNA levels may be due to them being degraded by
host restriction factors or silenced by RNAi. Experiments to look for
restriction factor mutation signatures could be completed to try and
investigate this. Being able to prove that a restriction factor was actively
targeting HML-2 mRNAs in normal cell line but is unable to do so in
cancer cell lines would be evidence towards the fact that {aMk
inherently carcinogenic and in a normal context needs to be kept under
control by edogenous restriction machinery. Another reason for this
discrepancy is thathe antibody is nopecific for Rec. This may be the

case since it is a polyclonal antibody.

Rec has been shown experimentally to leaddérepression of thé&R
(Kaufmann et al., 20)0and eMyc (Boese et al., 2000 These are
interesting proteins in the context of prostate cancer. The low basal levels of
Rec seen in the prostate cancer cell lines would suggest that they would
struggle to cause any significant effect on phenotype but it is possible that in
clinical samples that some cancer cell clones acquire the ability to
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upregulate Rec to high levels, which may lead to a dysregulation of

androgen signalling which could lead to androgen independent growth.

We were interested in investigating HMAL protein expressioin clinical
samples and so we conducted immunohistochemistry on prostate cancer
FFPE tissue looking for HMH2 env. Our results showed strong env
expression concentrated towards the lumen of the gland. The secretory
luminal cells are thought to be thelaa origin for prostate adenocarcinoma
(Wang et al., 2009 and so this data would seem to support this.
Interestingly, we also observed low intensity staining throughout the stroma.
One ofthe foremost hypotheses as to how HERVSs are activated in cancer is
that they become hypomethylatéichulz et al., 2006 This would support

the notion that the cancer cells of origin at the lumen are becoming
hypomethylated at their HMR LTRs leading to its expression. However,
stromal cells would not become hypomethylated and thus should not be
expressing HME2 at all ina cancerous context. There are a few possible
reasons for the expression of HA2Lin the stroma. Firstly, prostate stroma
may indeed get hypomethylated to a certain degree leading to-HML
expression. Secondly, there may be some intercellular communicatio
occurring between the epithelium and stroma which results in &ML
expression. Thirdly, the proteins themselves or the transcripts may be being
transferred intracellularly possible via exosome transport which was
discussed in the introduction of this sie(Downey et al., 2015 Fourthly,

the positive signal in the stroma may stem from lymphocytes which are
HML-2 positive. Finally, prostate cancer HML expression may not
require hypomethylation at all and the levels of expression seen in both
cellular compartments are due too#rer activator. However, this would
conflict with previous studies such as Goenm@l who suggest that HERV

hypomethylation occurs in prostate can@dorl et al., 1999

We also investigated the effect of different steroid hormones Mh -2

MRNA expression using gqPCHrirst we tested.NCap cells with the
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syntheticandrogerR1881 Thesecells were chosen to be tested as they are
an androgen dependent line. Physiologically relevant levels of the synthetic
androgen R1881 were chosen which were 0.1 nM and 1 nM respectively.
For HML-2 gag we observed a dose dependent increase in expression wi
increasing concentrations of R1881. Levels of gag increased considerably

with the 1 nM treatment leading to an over 100 fold increase in expression.

This experiment was repeated but instead primers were used for the spliced
transcripts envl, env2 and ®e\ dose response was also evident for these
genes with increasing concentrations of R1881 leading to increasing levels
of the spliced transcript expression. Overall, it is clear that R1881 treatment
leads to an increase in expression of all HMgenesn LNCap cells. The
mechanism of this increase works via the binding of R1881 toAfRe
(Jenster et al., 1991 Further evidence for this could be gained by co
treating the cells with R1881 together with &R inhibitor such as

flutamide and looking for a reversal of the phenotype.

Even if R1881 was proven to be binding thB, whether the increase in
HML-2 was a direct or indirect result of activated AR would also tabe
experimentally validatedTo date, it has not been experimentally proven
that the AR binds to the HMR LTR (Hanke et al., 2013 Some studies
have suggestetiut not proventhat the HML-:2 LTR contains androgen
response elements (ARE3$janke et al., 2013 In order to gain conclusive
evidence of an AR/HML2 LTR interaction, one would need to conduct
chromatin immunoprecipitation (ChlP). This involves the shearing of the
DNA and subsequent immunoprecipitation of bound proteins. ChIP
followed by nexigeneration sequencing (Ch8eq) would enale one to
conclude which exact LTR sequences were binding the AR. Hanlké
proposed a vicious cycle model of HMA activation, whereby increasing
levels of Rec protein led to increasing transcription of HRHanke efal.,
2013. It would be interesting to elucidate whether this femdard loop is
present inLNCap cells. To do so would require a construct to overexpress
the Rec protein. The effects of high levels of H#IRec protein in prostate
cancer could be anteresting phenomencrdue to the interactions Rec has
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been shown to make with the AR and witingc +and will be discussed in

greater detail in chapter 3 of this thesis.

Another way of gaining evidence towards R1881 treatment being directly
responsiblefor the increase in HMI2 expression that we observed is to
repeat the same experiment usingAdd negative cell line. Theoretically,

we should see no increase in expression of MMt the effect is working
through the AR. Our results of this experimémdicated that the R1881
treatment led to fold decreases for all HMLgenes compared to the
untreated control. There may be a few different reasons for this observed
decrease. Firstly, R1881 may interact with specific DU145 proteins other
than the AR which are not present ilLNCap, these protehprotein
interactions may directly or indirectly lead to a decrease in ML
expression. Secondly, the large fold decrease seen may actually just be due
to high basal levels of HMH2 mRNA in DU145. However, this @s not

seem to be true as our previous data of basal mMRNA levels across the
prostate cancer cell lines suggested that levels were comparable between
DU145 andLNCap For the 0.1 nMconcentration, the decreases observed

in the spliced transcript levels wemeore modest compared to the over 300
fold decrease observed in the full length levels. This is a surprising result
given that spliced transcripts have their origin in the full length transcript
and so a large decrease in full length levels should leaddmncomitant
decrease in spliced levels. The reason for this discrepancy may firstly be due
to technical variation between the two experime8tcondly, R1881 may

be interfering with gag transcripts in a post transcriptional manner, either
directly orindirectly at a time after all splicing has occurred. Rec is the
molecule which shuttles unspliced HML mRNA out of the nucleus
(Downey et al., 2015 It does this so that full length transcripts survive any
splicing machinery in order that critical proteins such as gag, pro, and pol
can be successfully translatell. is possible that androgen increases the
activity of the Rec protein and this leads to a drop in full length transcripts.
For future work, it would be interesting to attempt to knockdown the Rec

transcripts in this contextSuch an interference should lead to less Rec
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protein and thus a cessation of the movement of unspliced mRNA out of the

nucleus.

Aromatase is an enzyme which is responsible for the conversion of
androgens into oestrogens via a process called aromati{&iiem and
Risbridger, 2010. Aromatase levels have been studied previously in
prostate cancer cell lines. Risbridgeral concluded that aromatase was
expressed in prostate cancer cell lines DURIE3 and_NCapbut not in a
normal prostate epithelium cell line PrERisbridger et al., 2003 They
found aromatase levels in the prostate cancer cell lines to be broadly
comparable to levels seen in breast cancer cell lines. Because of this
presence of aromatase, we were interesteesiimg the effects of oestrogen
on HML-2 expression in prostate cancer cell lines. We tested two of the cell
lines fromthe Risbridgeret al study: PC3 and.NCap. Interestingly, the
two cell lines exhibited the opposite results. While tt€Cap cells
exhibited fold decreases of full length HML mRNA across all
FRQFHQWU BegiradioQ Yhe FPC3 cells all exhibited fold increases
under the same conditions. The reason for these conflicting results are most
likely not related to aromatase levels as thaye been shown to be similar
amongst the cell linefRisbridger et al., 20030ne study by Castagnetta
al. has shown that oestrogen receptor levels differ between PA3\&ap
cells with significantly lower levels found in PGGastagnetta et al., 1997
They also found that treatthQ W ZHstra#ol led to a decrease in cellular
proliferation of PC3 cells but an increaseLCap. Our results showed that
-Estradiol treatment led to an increase in HRIlevels in PC3 but a
decrease inLNCap. Thus our results do not fit into a madasy which
oestrogens would drive prostate cancer progression via stimulation of high
levels of HML-2. Other studies have shown that there is an interacting effect
between androgens and oestrogens in the formation of{®#kridger et
al., 2003. Future work, should therefore look at the combined effects of
oestrogens and androgens in the stimulation of HMhb prostate cancer

cell lines.
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To summarise treatment with steroid hormones yielded quite varied
changes in HME2 expression dependent on the cell line or hormone used.
This is due, firstly, to the fact that some of the cell lines tested have a
functional androgen receptor while others do not. Secondly, in terms of the
oestrogen treatmentd# has been shown thatcatase levels can differ

between the cell lines tested.

Overall, from this study we can conclude that HZILIMRNA and protein

are expressed in prostate cancer cell lines and in clinical samples. This study
marks the first detailed descriptionldML-2 HML-2 expression in prostate
cancer and thus represents a milestone in this area of basic research. We can
also conclude that androgen treatment leads to an increase in expression of
full length and spliced HM{2 in androgen dependeldiCap cells. Chapter

2 of this thesis will include data which describes in greater detail the
expression of HME2 in clinical samples in the context of an

epidemiological study.

The priority for future research in this area should be to define in greater
detail the expressiogharacteristics of HM{2 in prostate cancers using
techniques such as immunocytochemistry to track HMLprotein
localization in cells and also to explore other activators like the androgens
we have investigated here. Another interesting area to studlg weuthat

of the molecular predecessors of prostate adenocarcinoma such as PIA and
PIN. Combined studies of methylation changes and FMikxpression in

these diseases may help to elucidate the molecular mechanisms which push
these pre malignant diseasesasip the threshold into full blown
adenocarcinomakinally, it is vitally important that the actual loci which

lead to the HME2 signal we see here are explored and definedaater

detail as this will be the key tdiscovering any functional link between

HML -2 and cancer initiation or progression.
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Chapter 4

HML -2 as a putative loomarker

for prostate cancer cetection

The followingchapteris adapted fromWallace & Downegt al. Elevated HERK
MRNA expression in PBMC is associated with a prastater diagnosis
particularly in older men and smokers. Carcinogenesis (2014) 35 (9320834
(Wallaceet al., 2019. An appended PDF together with a copyright agreement is
situated at the end of thithesis.
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4 HML-2 as a putative biomarker for prostate cancer
detection

4.1 Introduction
It is estimated that prostate cancer will account for 28% of all new cancer
diagnoses in US men in 2013 with approximately 30,000 deaths expected,
ranking it as the second leading cause of cancer death in men in the country
(Siegel et al.,, 2013 Epidemiological studies identified aging, disease
family history, race/ethnicity, and obesity and diet as being significant risk
factors for the development of the diseéSeonberg, 2008 Other studies
suggest that inflammation amafections contribute to disease development
(De Marzo et al., 20Q7Sutcliffe and Platz, 2008 More ecently, the
reactivation of endogenous retroviruses in the HERYamily has been
associated with a prostate cancer diagn(Seering et al., 20%31Perot et
al., 2013 Reis et al., 2013

Human endogenous retroviruses (HERVS) represent the remnants of ancient
germline infections by exogenous retroviruses (reviewed in Bannert and
Kurth, 2004)(Bannert and Kurth, 2004nd today compose around 8 % of

the human genomé.ander et al.,, 2001 For the most part, they have
become defective over time via the accumulation of inactivating mutations
and through silencing by epigenetic mechanisms such as DNA methylation
(Schulz et al., 2006 The HERVK (HML -2) subgroup (hereafter referred to
asHML-2) is unique amongst HERVs in that a proportion of its constituent
proviruses retain complete open reading frames (ORFs) for all retroviral
genes (Bannert and Kurth, 2004 Furthermore, a selection of these

proviruses are human specific and polymorgMoyes et al., 2007

The genetic structure of an intddML -2 provirus consists of open reading
frames for the retroviral genegag, pro, pol andeny, flanked by two long
terminal repeats (LTRs) which regulate their expres@amnert and Kurth,
2006. HML-2 consists of two major types defined by the presence or
absence of a 292 base pair deletion at the junction ggdh@&ndenv genes

which fuses their reading fram@annert and Kurth, 2004 Type 1HML -
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2 provirusesharbourthe deletion while type 2 remains intg8annert and
Kurth, 2004. Four HML-2 transcripts have been described to date: full
length gag MRNA, singly splicedenv mRNA, doubly splicedrecdnp9
P51% D Q G KWiifisqupt which lacks any known functighlohn et

al., 2013. High levels oHML-2 mRNA and protein have been observed in

a variety of cancers, atuding germ cell, breast, ovarian, lymphoma and
melanoma, but a causal link to any of these diseases remains to be identified
(Downey et al., 20L,5Ruprecht et al.2008. HML-2 transcripts have also
been detecteth prostate cancer cell linddgoni et al., 2013gnand tissues
(Goering et al., 200)1and a humoral response to tHBIL-2 gag protein has
been observed in sera from prostatncer patientgReis et al., 2013
Furthermore, this immune response correlated with disease progression
(Reis et al., 2013 indicating that an inflammatory immune response to
HML-2 which does not eradicate thdML-2 expressingtumour may

promote disease progression.

We hypothesied that HML-2 reactivation could serve as a Ron
invasive early disease detection marker for prostate cancer and therefore
evaluated HML-2 expression intumour and blood samples. Because
peripheral blood monomiear cells (PBMC) can provide a suitable
VXUURJDWH WR DQ LQQLen &b D gy akdHBDW K VWDW XV
PBMC gene expression profiles have been observed in a number-of non
haematologicalcancers(Mohr and Liew, 200y, we analged HML-2
MRNA expression in PBMC from prostate cancer patients and healthy
volunteers using a casentrol design. We also evaluated whetHdiL -2
reactivation may occur differently in patients of American and European
ancestry. Using this approach, we observefferdinces in HML-2
reactivation between AfricaAmerican and Europeaéimerican men and
found that blooebasedHML-2 expression is a candidate early detection

biomarker for prostate cancer.
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4.2 Results

4.2.1 HML -2 gag mRNA is elevated in the PBMC of prostate carmc
patients.

We comparedHML -2 gag expression in total RNA isolated from PBMC

collected from men without a cancer diagnosis (n=135) and prostate cancer

patients (n=294) using gRPCR. The characteristics of the controls and

cases are shown {fable 2).

Table 2 - Demographic and clinicopathological features of the male
controls and patients with prostate cancer

Controls Cases (n=294) P
(n=135) value
n % N % Contro
Is
vs.Cas
es
T Stage Tlac 95 35%
T2ac 153 56%
T3ab 15 6%
T4 8 3%
Missing 24
Pathological pl 54 20%
Stage
p2 193 71%
p3 15 6%
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p4

Missing

Gleason Score &b

10

Missing

Smoking Never
status

Former

Current

Missing

Race/ethnicity AA

EA

Age at (mean r
Diagnosis/ SD)
Control

Recruitment

Days from (median
Diagnosis to (range))

Recruitment

26

54

27

75

60

65.6 =+
(n=133)

29
%
61
%
10
%

56
%
44
%

8.7

8 3%

24

167 59%
99 34%
16 5%
8 3%
3 1%
1

g3 35% 0.014
119 44%
55 20%
47

142 48% 0.163

152 52%

63.7 + 8.7 0.03¢

(n=294)

206.5 (G705)
(n=270)
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PSA at (median 6.1 (0.2535)

Diagnosis (range)) (n=287)

IFN J (median 0.8 (029.5) 1.0 (0.27.9) 0.026
(range)) (n=63) (n=86)

IP10 (median 203.8 (323922) 234 (1031261) 0.035
(range)) (n=63) (n=86)

TNF-D (median 5.1 (2161.1) 5.15 (3.380.3) 0.41F
(range)) (n=63) (n=86)

IL-1E (median 1.5 (0.621.8) 1.7 (0.315.5) 0.359
(range)) (n=63) (n=86)

Pack years (median 18.2 (667) 16.3 (0112) 0.440

smoked (range)) (n=88) (n=267)

Chi square test? 6 W X G H&3W M&nn\Whitney test. SD = standard
deviation. AA = African American, EA = European American. A never
smoker was defined as a subject who did not currently smoke and also
smoked less than 100 cigarettes in his lifetime. A past smoker did not smoke
cigarettes in the 6 montlpsior to enrolment.

Figure 21 shows that whileHML-2 gag mRNA is detectable in the PBMC

of both controls and prostate cancer patier¥|L-2 gag levds were
significantly elevated in patients compared to controls. Univariate and
multivariable logistic regression analyses further showed HihlL -2 gag
MRNA expression is associated with a diagnosis of prostate cancer
irrespective of whether the analysigs conducted usingag expression as

a continuous variable, or comparing high vs. low value$ililL-2 gag
(when using either median or quartile valuesHML-2 gag as cutoff$
(Table 3).
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Figure 21 - HML -2 gag expression is elevated in theBMC of prostate

cancer patients versus healthy controls

Comparison of HML-2 gag mRNA expression in PBMC isolated from the blood of
healthy controls (n = 135) and prostate cancer patients (n = 294) using previously
published gag mRNA primer set. (a) HML-2 gag mRNA was significantly elevated
in PBMC isolated from prostate cancer patients compared with the control
population (Mann #Vhitney test, P < 0.001). (b) HML-2 gag mRNA is significantly
elevated in PBMC from African-American (AA) controls compared with European-
American (EA) controls (Mann #Vhitney test, P < 0.001), whereas there was no
significant difference in the levels of HML-2 gag between African-American and
European-American patients (Mann #Vhitney test, P = 0.44). HML-2 gag was
significantly elevated in patients compared with population controls in both African-
Americans (Mann #Vhitney test, P < 0.001) and European-Americans (Mann

Whitney test, P < 0.001).
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Table 3 - Logistic regression analysis of the association betweétML -2 gag mRNA levels in PBMC and a prostate
cancer diagnosis

Univariate Analysis

Multivariable Analysis 3

Multivariable Analysis fi

Multivariable Analysis If

OR 95% Pvalue n OR 95% Pvalue n OR 95% Pvalue n OR 95% Pvalue n
Cl Cl Cl Cl
Gag 133 1.24 <0.000 42 13 126 <0.000 427 1.49 1.35 <0.000 358 1.67 1.42 <0.000 148
mMRNA - 1 9 6 - 1 - 1 - 1
1.43 1.47 1.65 1.96
Logistic regression comparing high vs. laML-2 gagexpressioﬁ
Low 1 1 1 1
gag
High 585 3.67 <0.000 42 6.0 3.73 <0.000 427 10.3 5.43 <0.000 358 245 8.61 <0.000 148
gag - 1 9 2 - 1 5 - 1 2 - 1
9.36 9.72 19.8 69.8
Logistic regression to evaluate a dose response effect after stratification of -KERM-2) gag expression into quartifes
1 1 48 1 48 1 42 1 30
Quartil
e
2" 138 061 0433 57 15 069 0.280 57 153 061 0.363 43 225 050 0.288 20
Quartil - 8 - - -
e 3.11 3.62 3.81 10.1
3 414 198 <0.000 98 59 269 <0.000 96 7.15 3.01 <0.000 80 7.80 2.05 0.003 32
Quartil - 1 0 - 1 - 1 -
e 8.67 13.0 16.9 29.7
4" 128 6.30 <0.000 22 17. 8.07 <0.000 226 36.4 14.7 <0.000 193 949 22.0 <0.000 66
Quartil 7 - 1 6 3 - 1 - 1 -408 1
e 26.3 37.0 90.2
Ptrend <0.000 Ptrend <0.000 Ptrend <0.000 Ptrend <0.000
1 1 1 1

1294 cases and 135 controz’iadjusted for age at diagnosis ambe/ethnicity.3Adjusted for age at diagnosis, race/ethnicity and smoking stémis'usted for age at
diagnosis, race/ethnicity, smoking status and plasmaJamid IP10.°HML-2 gag levels were dichotomized using the median expression in the contrdéapopu
*HERWK gag levels were divided into quartiles basedHbdfl-2 gag quartile distribution in the contrglopulation.
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These data highlight the robustness of the association between-HERV
marker expression and prostate cancer. For example, an abdian geg
expression in PBMC was associated with-@lé increased odds of having

a prostate cancer diagnosis in the multivariable analysis [odds ratio (OR) =
6.02 (95% CI 3.73.72)], when compared with below mediajag
expression. In addition, our findis revealed a significant desglationship
between expression levels ldML-2 in PBMC and the likelihood of being
diagnosed with prostate canc€fable 3). Notable, those men with an
HML-2 gag expression in the highest quartile had a more thaifolti2
increased odds [OR =12.87 (95% CI-2&25)] of being diagnosed with
prostate cancer when mopared with men in the lowest quartile of PBMC
HML-2 expression. After adjustment for age at diagnosis and
race/ethnicity, this relationship remained, and men wihkIL-2 gag
expression levels in the highest quartile had a-fdld@increased odds of
beingdiagnosed with prostate cancer in the multivariable logistic regression
analysis [OR =17.3 (95% CI 837.0)]. Next, we examined the effects of
treatment oHML -2 expression in the PBMC of prostate cancer patients but
found no significant difference in pression between men who had
received prior treatment and those withouFigure 22 - Comparison of
HML-2 gag mRNA expression in PBMC isolated from the blood of prostate

cancer patients by treatment stafigiure 22).

Additional analyses showed thRML-2 gag expression in the PBMC of
prostite cancer patients did not correlate with PSA levels at diagnosis
6SHDUPDOQYVYLPKR.92). Thus, they appear to be independent
markers. We also examined if the time from diagnosis to blood draw had an

effect onHML-2 gag expression in patients but did not find a significant

relationship between these two varial{legure 23).

Likewise, HML-2 gag expression did noiffir significantly depending on
Gleason score at diagnogBigure 24). In contrast, an analysis by stage
showed thatHML-2 gag expression was significantly higher in stage Il

patients than in stage P(= 0.034)(Figure 25 while no difference was

82



found between patients willbw stage disease (stage | or Il) and the few

patients with high stage disease (stage Il or V).
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Figure 22 - Comparison of HML -2 gag mRNA expression in PBMC
isolated from the blood of prostate cancer patients by treatment status

HML-2 gag mRNA expression did not differ significantly whether patients were
either treatment naive (n=140), received chemotherapy alone (n=2) the figure does
not show hormone therapy, received radiotherapy alone (n=120) or had received
both (n=9). (Mann Whitney test).
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Figure 23 Comparison of HML -2 gag mRNA expression in prostate

cancer patients according to days from diagnosi® blood draw.

No significant difference was detected in HML-2 gag mRNA expression depending
on the length of time between diagnosis and blood draw for the HML-2 gag
PHDVXUHPHQW .UXVNDO :DOOLV WHVW 3-hoc test foLQFOXGLQJ

multiple comparisons testing).
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Figure 24 - Comparison of HML -2 gag mRNA expression in prostate

cancer patients between different Gleason scae

No significant difference was detected in HML-2 gag mRNA expression depending

RQ

post-hoc test for multiple comparisons testing).
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Figure 25 - Comparison of HML -2 gag mRNA expression in prostate

cancer patients between different pathological stages (pStage).

A significant increase (1.9-fold) in HML-2 gag expression was detected in pStage Il
tumours when compared with pStage | tumours (Mann Whitney test, P = 0.034),
No significant difference was detected in HML-2 gag mRNA expression when

comparing pStage | and pStage Il to pStage Il or pStage IV tumours.

4.2.2 HML -2 gag mRNA is elevated in AfricarAmerican controls
compared to EuropearAmerican controls
African-American men are at an increased risk of developing prostate
cancer, and are also at an increased risk of diagnosis with advanced disease
when compred with Europeadmerican men. We therefore examined
whether race/ethnicity influences the associatiorHML-2 gag mRNA
with prostate cancer. The analysis showed glagtexpression is associated
with a prostate cancer diagnosis in both populationggr¢lable 4) but as
shown in Figure 21, AfricanrAmerican population controls expressed
significantly moreHML-2 gag mRNA in their PBMC than European
American population controls. Levels #fML-2 gag message were not

different by ace/ethnicity in the case population, suggesting that aberrant
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HML-2 gag expression in PBMC of prostate cancer patients is similar

irrespective of race/ethnicity.

Table 4 - Race/ethnicity-stratified logistic regression analysis of the
association betweetdML -2 gag mMRNA levels and prostate cancer

Univariate Analysis Multivariable Analysis*
OR 95% Pvalue N OR 95% Pvalue n

Cl Cl
African -American men
1% 1 14 1 14
Quartile**
2 229 051 0279 26 218 048 0311 26
Quatrtile 10.28 9.84
3 484 122 0025 58 528 1.32 0.019 56
Quatrtile 19.2 21.1
4" 15.30 3.95 <0.0001 119 15.61 4.01- <0.0001 119
Quatrtile 59.3 60.8

Prena <0.001 217 Pirenda <0.001 215
EuropeanrAmerican men
1% 1 34 1 34
Quartile
2 1.16 0.42 0776 31 137 048 0558 31
Quatrtile 3.17 3.87
3¢ 6.31 227 <0.0001 40 7.54 2.60 <0.0001 40
Quatrtile 17.55 21.8
4" 17.78 6.82 <0.0001 107 20.60 7.56 <0.0001 107
Quatrtile 46.4 56.2

Prena <0.001 212 Prens <0.001 212

*Adjusted for age at diagnosis. EfML-2 gag levels were divided into
guartiles based onHML-2 gag quartile distribution in the control

population.
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4.2.3 Association of HML -2 gag mRNA with a prostate cancer

diagnosis increases with ageral is most robust in older men

The sensitivity of PSA testing decreases with age, partially due to an
increase in the prevalence of benign prostate hyperplasia (BPH) which also
elevates PSA. @ determine whethddML -2 gag expression is predictive of
prostate cancer across all age group, we performed a stratified analysis
comparing the association ¢fML-2 gag according to age groups. We
stratified men into three groups similar sized groupss ddeto 59 (n=128),

ages 60 to 69 (n=179) and ages 70 or older (n=120). The findings from the
univariate logistic regression analysisTiable 5 show that whileHML-2

gag is predictive of prostate cancer across all ages, the strength of the

association increased with age.
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Table 5 - Age-stratified logistic regression analysis of the association
betweenHML -2 gag mRNA levels and prostate cancer

Univariate Analysis Multivariable Analysis
OR 95%CI P N OR 95%ClI P n
value value
Men of 4159 years of age
1®Quartil 1 12 1 12
eZ
2" 11 025 0.88 18 122 0.27 0.795 18
Quartile 2 4,91 5.60
3¢ 31 0.76 0.113 26 4.67 1.02 0.047 26
Quartile 5 13.00 21.38
4" 98 256 0001 72 1196 292 0.001 72
Quartile 37.55 48.92
I:)trend <0.00 I:)trend <0.00
01 01
Men of 6069 years of age
1% 1 23 1 23
Quartile
2" 1.07 032 0912 22 154 042 0513 22
Quartile 3.63 5.54
3¢ 415 143 0009 45 553 1.7% 0.003 45
Quartile 12.04 17.09
4" 13.2 458 <0.00 89 1952 6.13 0.001 89
Quatrtile 9 38.57 01 62.12
I:)trend <0.00 Ptrend <0.00
01 01
Men of 70 years of age and older
1* 1 13 1 13
Quartile
2" 3.0 040 0.233 17 296 048 0.239 17
Quartile 18.24 18.06
3 825 149 0.015 25 9.07 159 0.013 25
Quatrtile 45.42 51.71
4" 220 433 <0.00 65 2394 457 <0.00 65
Quatrtile 0 111.7 01 1254 01
Ptrend <0.00 I:>trend <0.00
01 01

'Adjusted forace/ethnicity."HML-2 gag levels were divided into quartiles based
onHML:2 gag quatrtile distributions in the control population.
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HML-2 gag was most predictive in men aged 70 or older, indicating that
combiningHML -2 testing with PSA testing may imprevhe efficacy of
prostate cancer detection in these older men. This remained true in the
multivariable analysis after adjusting for race/ethnicity. To determine if
there is a modifying effect of age at diagnosis on the association between
HML-2 gag expression and prostate cancer, we performed a statistical
interaction test, first on the three individual age categorieskih -2 gag
quartile expression, but found that thgeRcionwas not significant (P values
ranged between 0.4D96). We then dichotisedage into high/low with

the median as cutoff and assessed the modifying effect of the age variable
on the association betwedtiML-2 gag expression and prostate cancer
within eachHML -2 expression quartile (quartiles as describedable 5).

The test showed that age at diagnosis has a statistically significant
modifying effect on the association &fML-2 gag with prostate cancer
within eachHML-2 gag quartile expression (QRnteracion = 0.049; Q3
Pinteraction= 0.019; Q4Pinweraciion= 0.017). These results are suggestive, but
not definitive, of a stronger associationHifiL -2 with prostate cancer with

increasing age.

4.2.4 Association of HML-2 gag mRNA expression with the risk of
prostate cancer is modified by smoking status
The smoking status was available for 270 cases and 89 poptbased

controls in this cohort (total n = 359), categedas current smoker, former
smoker or never smoker. Moreover, pack years smoked information was
available for 358 of them. While smoking status or pack years did not
directly correlate with the level dML-2 gag expression in the blood
samples, smoking &tus was found to modify the associatiorHdL -2 gag
expression with a diagnosis of prostate cancer. As showiralite 6, the
strength of the associah betweerHML -2 gagand disease was found to be

highest in current smokers while lowest in never smokers.
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Table 6 - Logistic regression analysis of the association betweé&tML -2
gag mRNA levels and prostate cancer by smoking status

Univariate Analysis Multivariable Analysis
OR 95%Cl P N OR 95%Cl P n
valu valu
e e
Never Smokers
Gag 141 121 <00 12 143 122 <00 121
MRNA 163 001 1 1.67 001
(continuo
us)
Gag 8.07 3.03 <00 12 938 333 <00 121
mMRNA 215 001 1 26.4 001
(median)

Former Smokers

GagmRNA 14 127 <00 17 148 129 <00 173

(continuou 4 163 001 3 1.69 001

s)

Gag mRNA 13. 6.27- <00 17 174 7.29 <00 173
(median) 8 304 001 3 41.8 001
Current Smokers

Gag 193 131 000 64 235 133 000 64
MRNA 2.87 1 4.16 3
(continuo

us)

Gag 255 456 000 64 302 440 000 64
MRNA 142 1 208 1
(median)

'Adjusted for age at diagnosis and race/ethnicityML-2 gag levels were
dichotomized using the median expression in the control population.
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When stratified by pack years of smoking, there was an increase in the
strength of the association betwdeNIL -2 gag expression and disease with

an increase in pack years of tobacco exposure
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Table 7). Because of these modifying effects of smoking on the association
betweenHML -2 gag expression and disease, we performed an interaction
analysis. An test for interaction between smokingustatndHML-2 gag
expression in prostate cancer development with HERYalf expression
categorsed as high/low (dichotonsied at the median) indicated no
statistically significant interaction betweétML-2 gagand former smoker
status Pinteraction = 0.40) orHML-2 and current smoker statuBiferaction =

0.26). We also performed an interaction test between pack years exposure
(dichotomsedat the median) angag expression levels (dichotos@dat the
median). The detected interaction (or modifyinfipeff of tobacco exposure)

did not reach statistical significancBineraction = 0.096). Therefore while
HML-2 gag in PBMC is more closely associated with prostate cancer
among heavy smokers than light or never smokers, there may not be a direct
interaction betweenHML -2 expression and smoking exposure on prostate
cancer risk. A larger and more appropriately powered study would be
required to test this and show that such an interaction exists.
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Table 7 - Logistic regression analysis of the association betweg&tML -2
gag mRNA levels and prostate cancer by pack years

Univariate Analysis Multivariable Analysis*
OR 95% Pvalue n OR 95% Pvalue n
Cl Cl
0 Pack years
Gag 1.40 1.21- <0.0001 120 1.43 1.22 <0.0001 120
MRNA 1.63 1.67
(continuo
us)
Gag 7.97 299 <0.0001 120 9.29 3.30 <0.0001 120
MRNA** 21.2 26.1
(median)

1-20 Pack years

Gag 145 1.23 <0.0001 112 1.46 1.23 <0.0001 112
MRNA 1.71 1.73

(continu

ous)

Gag 11.4 4.18 <0.0001 112 149 4.90 <0.0001 112
MRNA 31.3 45.6

(median)

>21 Pack years

Gag 156 1.32 <0.0001 123 1.61 1.33 <0.0001 123
MRNA 1.87 2.96

(continu

ous)

Gag 243 8.63 <0.0001 123 26.5 8.44 <0.0001 123
MRNA 68.4 83.1

(median)

"Adjusted for age at diagnosis and race/ethnicitH¥L-2 gag levels were

dichotomsedusing the median expression in the control population.
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4.2.5 Prostate cancer patients with elevatedHML -2 gag show
increased serum expression of viral response IF8land IP10
expression.

To determine whether elevation 6fML-2 gag mRNA in PBMC from

prostate cancer results in the secretion of viral response interferons and

inflammatory cytokines, we measured the expression ofJIFNLO, TNFD

DQG ,/ LQ SODVPD RI D VXEVHW RI SURVWDWH FDQF

found that the plasma levels of the viral response cytokinesJ(Fijure

26a) and its downstream effector IP1Figure 26b) were significantly

elevated in the case population with high levelsHdiL-2 gag mRNA

expression. Welid not find the same elevated levels of these cytokines in
cases with lowgag expression, or among the control population. Neither

TNF D(Figure 26c) nR U , /[(Figure 26d) were elevated in patients with

high levels otHML -2 gag mRNA. Multivariable logistic regression (Model

3) in Table 8 demonstrates that after adjusting for 15ahd IP10 levels,

HML -2 remains significantly associated with prostate cancer.
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Figure 26 - Association between highHML -2 mRNA expression and
HOHYDWHG SODV-R@Mevglt DQG ,3

30DVPD ,)1 D DQG LWV GRZQVWUHDP PHGLDWRU ,3
in patients with high gag expression compared with controls with high gag
expression (Mann+: KLWQH\ WHN W 0,00L; Mann #Vhitney test IP10, P =
0.02). Additionally, cases with high gag expression had significantly higher levels of

SODVPD ,)1 FRPSDUHG ZLWK FDVHV ZLWK ORZ JDJ
association of gag expression with tumour necrosis factor-. F RU ,/G ZDV
observed.

Additionally we examined the impact of IRMr IP10, on the association of
HML-2 gag mRNA with prostate canc€Fable 8). The univariate logistic

regression showed that high levelsHiflL -2 gag mRNA are more strongly
96
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associated with prostate cancer in patients with highJsNP10, when
compared to those with low IF3br IP10. Notable, IFNor IP10 levels
above the median in the absence of high levelbiML -2 gag, were not

found to be associated with prostate cancer. These associations upheld in the
multivariable analysis after adjusting for age at diagnosis, race/ethnicity and

smoking stats.
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Table 8 - Logistic regression analysis of the impactof IFN DQG ,3
levels on the association diML -2 gag mRNA with prostate cancer

Univariate Analysis Multivariable Analysis*
OR 95% P N OR 95% P n
Cl value Cl value

IEN - JEffects’

Gag Low/ 1.0 31 1.0 30
IFN JLow

GagLow/ 0.74 0.16 0.691 20 0.77 0.1F 0.746 20
IFN JHigh 3.35 3.62

Gag High/ 9.52 3.2 <0.00 46 114 3.636.0 <0.00 46
IFN JLow 28.3 01 01

Gag High/ 26.8 8.1- <0.00 52 312 8.9 <0.00 52
IFN JHigh 88.5 01 109.8 01

IP10 Effects

Gag Low/ 1.0 27 1.0 26
IP10 Low

GagLow/ 151 0.36 0.575 24 159 0.36 0.543 24
IP10 High 6.44 7.09

Gag High/ 155 4.49 <0.00 48 16.0 4.45 <0.00 48
IP10 Low 53.4 01 57.8 01

Gag High/ 30.2 8.20 <0.00 50 41.7 10.3 <0.00 50
IP10 High 1112 01 168.5 01

'Adjusted for age at diagnosis, race/ethnicity and smoking statiél -2 gag

levels and IFNJwere dichotonmsedinto low/high with the median as cutoff.

4.2.6 Detection ofHML -2 env typel and type Il mRNA transcripts in

a subset of the PBMC.
We designed primers specific to the envHdL -2 type | andHML-2 type
Il viruses. Type | and type Il are distinguished by a 292bp deletion in the
env gene (type I)Figure 27 shows that both type | and type Il env mRNA
were elevated in the PBMC of the cancer patients, indicating thaiMte
2 re-activation may arise from multipleIML-2 loci in prostate cancer

patients.
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Figure 27 - Comparison of HML -2 env type | and env type Il mRNA
expression in a subset of PBMC isolated from the blood of healthy

controls (n=79) and prostate cancer patients (n=159).

HML-2 env type | and env type Il mMRNA were significantly elevated in PBMC
isolated from prostate cancer patients when compared with PBMC isolated from
the control population (Mann Whitney test rype i env, P = 0.026; Mann Whitney test
Type lenvs P = 0.003).

4.2.7 HML -2 env protein is expressed in prostateumours.

We used immunohistochemistry to assess whether prastateis express

the HML-2 env protein using whole tissue sections to examine protein
localization and a tissue microarray (TMA) for scoring. Cdesiswith our
findings analyzingHML -2 expression levels in PBMC, expression of the
HML-2 env protein intumouss varied considerably among patierfigyure

28a-d shows thatHML-2 env protein expression is cytoplasmic and
membrane located, and also localizing toward the lumen of the gland. Env
protein expression levels were significantly higher in Afridanerican

patients than Europeakmerican patientgFigure 28e), and 61% of the
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African-American patients presented wittumous that had high env
expression (above median) while only 40% of timaouss from European
American patients fell into the same categd?y<(0.001). In contrast, we

did not detect aberrartiML-2 env expression in prostate tissues from
patients with BPH (not shown). Western blot analysis of cell extracts further
corroborated th@resence of botRiIML -2 gag andHML -2 envelope protein

in human prostate cancer cells, while expression was low to absent in the

nontumoutigenic RWPEL cells(Figure 28f).
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Figure 28 - HML -2 expression in human prostate adenocarcinomas.

HML-2 expression in human prostate adenocarcinomas. Shown is IHC analysis of
four invasive adenocarcinomas for expression of HML-2 envelope (env) protein
using the monoclonal anti-envelope antibody, 6H5. (a) Scattered positivity for HML-
2 env expression in the tumour epithelium, showing a low to moderate antigen
expression as indicated by the brown chromogen deposits. (b #) Locally intensive
staining for env expression in the tumour epithelium. Staining shows a cytosolic to
membrane distribution with a more intensive staining of cancer cells toward the
luminal side of the cancerous gland (c and d). a and b: Magnification: x100. ¢ and
d: Magnification: x400. Inset: higher resolution image for the env protein-positive
tumour epithelium. Counterstain: Hematoxylin. (€) Immunostaining for env protein
in human prostate tumours using a tissue microarray that included tumours from

both African-American (n = 105) and European-American patients (n = 272). On
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average, tumours from African-American patients showed a higher expression of
the HML-2 env protein than tumours from European-$PHULFDQV 6XMs{GHQWIIV W
< 0.001). (f) HML-2 gag and env protein expression were detected in human
prostate cancer cell lines (CWR22, 22Rvl, PC-3 and DU145) but were not
detected in the non-tumourigenic human prostate cell line, RWPEL. An extract
from the HML-2-positive T47D human breast cancer cell line were included as a

positive control.
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4.3 Discussion
Our study makes the novel observation tHML-2 mMRNA expression is
aberrantly increased in PBMC from prostate cancer patients when compared
with healthy male controls. Thus, the evaluation of bilbadedHML-2
expression may serve an early disease detection biomarker in prostate
cancer. Moreover, the expression as HNML-2 as an early disease
biomarker may perform better in older than younger men, whereas the
sensitivity of PSA testing decreases with age. Thus, congoHML-2
testing with PSA testing may improve the efficacy of prostate cancer
detection in this age group. Other studies have observed the presence of
autoantibodies tdHML-2 gag in sera from prostate cancer patients and
described the aberrant expressad HML-2 mRNA and proteins in prostate
cancer tissuefGoering et al., 20%1Ishida et al., 2008Reis et al., 2013
Hence, our observation of aberrantly increased blumaskd expression of

HML-2 in prostate cancer patients is consistent with these previous findings.

Prostate specific antigen (PSA) testing is the gold standardréstape
cancer screening. The traditional -oft for an abnormal PSA level is 4.0
ng/ml. One of the major problems is that PSA has poor discriminating
ability in men with symptomatic BPH versus those with prostate cancer
(You et al., 201D Additionally, PSA levels rise as men grow older, which
can lead to increased false positive PSA tests and unnecessary biopsies
(Gulati et al.,, 2011 Consistent with these data, PSA levels displayed a
slight albeit norsignificant increase with agat diagnosis in our patient
FRKRUW 6SHDUPDQYV UKRHML-2 gag&xpressiondkiL O H

QRW LQFUHDVH ZLWK HLWKHU DJH DW GLDJQRVLYV

IRU

3 RU WKH DJH RI UHFUXLWPHQW -IRU WKH FRQ

0.04, P=0.61). Currently the American Urological Association only
recommends the use of PSA screening in asymptomatic men between the
ages of 55 to 6@Carter, 2013 Our data suggest that blcbdsedHML-2 is

a candidate biomarker for the detection of prostate cancer, potentially with a
focus on older men. Future research must determine its predictive value in

conjunction with PSA testing.
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Incidence and mortality rates of prostate cancer are
significantly higher in men of African ancestry when compared with men
from other population grgs in the United States, the Caribbean and the
United Kingdom(Martin et al., 2018 This cancer health disparity may
relate to unknown causative factors that influence disease pathology in men
of African ancestry and induce a more aggressive disease among them.
Therefore, we examinedML-2 expression irtumouss and blood samples
from bah AfricanrAmerican and Europeafimerican patients. Indeed, we
found thatHML -2 expression in prostatemouss is significantly higher in
the AfricanAmerican patients, when compared with EuropAarerican
patients, based on the immunohistochemical arsalysHML-2 envelope
protein expression in these tissues. However, we did not findHiiat-2
message levels are significantly different in PBMC from these two patient
groups. AccordinglyHML-2 as biomarker should perform similarly among
these patientddowever, we found that baseline levelsH¥IL-2 mRNA in
PBMC of healthy controls were greater in AfrieAmericans than
EuropearAmericans. Currently we do not know why Africdmerican
men may express higher baseline levelsibl-2, norwhat effects, if any,
there may be. However, it is known that retroviral reactivation is induced by
both hormone exposure and streggalling(Hohn et al., 2013Serafino et
al., 2009 WangJohanning et al., 2003and thesesignalling pathways
could become more commonly activated in Afridamerican men.
Additionally, Macfarlane and Simmonds reported that the frequency of
allelic variation in the variousiML-2 germline loci is greater in African
populations than populations from Europed Asia (Macfarlane and
Simmonds, 200¢4 Furthermore, others reported significantly higher
insertion frequencies of HERK113 (21%) and K115 (35%) in African
Americans compared with EuropeAmericans (K113 9% and KL5 6%)
within the United State@lha et al., 2009Because AfricartAmericans may
have inherited a greater number of polymorgtiML -2 loci than European
Americans, this would increase the number HIfIL-2 loci that are
potentially transcribed, leading to a higher baseline expressiotiBiL -2
encoded genes from these loci.
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Cigarette smoking is not associated with early disease development
in prostate cancgiGiovannucci et al.1999 Hickey et al., 200}, but it is
associated with an increased risk of fatal prostate c&@Goevannucci et al.,
1999 Huncharek et al., 201Kenfield etal., 201). It is also associated
with increased risk of biochemical recurrence and metagidsi®ira et al.,
2013. Gabriel et al. previously showed that exposure of both normal human
dermal fibroblasts and benign human uroepithelium to urine fromermur
smokers increased the transcription of HERW(HML-6), indicating that
HML-2 may be induced by tobacco metabolii@abriel et al., 2010
however the authors did not specifically test HiL-2 family. A recent
study by Prueitt et al. found an antigenic response to nicotine from smoke in
prostate cancer in the form of immunoglobulin deposits in tumauodsan
increased risk of metastasi®rueitt et al.,, 208). Because of these
observations, we decided to evaluate the influence of smoking on the
application ofbloodbasedHML -2 expression as a disease biomarker. We
had smoking status and pagiar information for a large subset of subjects
in our casecontrol study, and therefore assessed the impact of smoking
status on the associationldML -2 with prostate carer. This analysis led to
the finding thatHML-2 was more predictive of prostate cancer in current
smokers, and the association increased in strength with increasegepask
smoked. The underlying mechanism for this modifying effect of smoking on
the rehtionship betweetML-2 and prostate cancer remains unclear, and
we could not demonstrate a statistically significant interaction between
smoking,HML -2 and risk of prostate cancer in this study. Yet, we think our
observation could be of particular signdnce because those patients who
are current smokers tend to develop a more aggressive disease than other
patients, as already pointed out by us, and improved disease detection at an
early stage for this patient group may have a significant impact iningduc

disease mortality.
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The finding that radiotherapy did not affé¢ML -2 expression levels in the
cohort is in conflict with previous findings frogoni et al who discovered
that gammarradiation led to increases in HM2 expression in prostate
cancer cell linegAgoni et al., 2013 This discrepancy is probably due to
the fact that certain physiologically mechanisms @ristivo which are not
found in cancer cell lines which alter the way in which radiation affects

HML-2 expression.

We also observed that elevatetML-2 mRNA in the PBMC of
prostate cancer patients wassaciated with increased serdRN Jand its
effector IP10.It has been previously reported that patients WAL -2-
positivetumouss exhibit a humoral response HL-2. RakoftNahoum et
al identified HML-2-specific T cells in seminoma patients, tldsplay
elevated IFNJ secretion in response tdML-2 gag peptides(Rakoff
Nahoum et al., 2006 WangJohanning et al also showed that breast cancer
patients mount antHML -2 responses, including production of aHERV-
K(HML-2) env IgG, production of IFNand a Thelper cell cytokine
response signature including increased production ¢, ILL-6, IL-8 and
IP10 during in vitro stimulation of BC PBMC witRHML -2 antigen(Wang
Johanning et al., 2008In this context, the finding of an interferon response
in patients with an elevated blobdsedHML -2 message is consistent with
a humoral response tbHIML-2 that was observed by others, indicating
aberrantHML -2 expression n prostate cancer patients not only affects
tumour immunobiology but rather triggers a systemic antiviral response.
The relationship of this antiviral response with disease outcome is still
largely unknown, buReis et al (2013) observed tlf&aB8% of patiats with
prostate cancer had serum antibodies to theHMb-2 protein encoded by
the ch22911.23 locysand these patients tended to have a more aggressive
disease and a higher disease mortgRgis et al., 2013 We previously
reported differences in the prostatamour immunobiology between
African-American and Europeafimerican men(Wallace et al., 2008
Prostatetumouss from AfricarAmerican men were characteed by the

activation ofimmune response and hasfencepathways. Johnston et al
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2001 reported that activated macrophages display increased expression of
HML-2, HERV-W and HERVH mRNA, indicating that HERV reactivation

may occur as a consequence of an elevated immune aleftyston et al.,
2007). A frequent activation of immune response pathwayanmuss from
African-American men may therefore contribute to the increased expression
of HML-2 env protein in theséeumous that we observed in thaurrent

study.

The levels oHML-2 gag and env protein seenfigure11 andFigure12
do notcorrelatewith the levels shown by western blotting in figuigure
28. This may be due to non specifimtiing of the antibody irFigure 11
andFigure12 as RWPEL would not be expected to express Hglprotein
as it is a non tumourigenic prostate cell line. Also, the-emt antibody
used inFigure 28 was different to that used the other figuregnd so this

may be the reason behind the conflicting results.

One of the limitations of this study isuoinability to tell where
exactly the elevatetHML-2 expression arises from in our PBMC from
prostate canceHIML-2 has previously been reported as being expressed at
basal levels in healthy PBMC, with aberrant expression occurring in
leukaemiacells (Brodsky et al., 1993&epil et al., 2002Medstrand et al.,
1992. However, circulatingumourcells (CTCs) are detectable in the blood
of prostate cancer patients (approx8 per 7.5ml of blood), with higher
levels of CTCs correlating with bone and visceral metastabelgott et al.,
2013. Prostate CTCs reflect the biology of the cancer with the CTCs gene
signatures switching from ARn to ARoff within the first month of
androgen deprivation therapy, indicating their sensitivityinacators of
tumour response to treatmeriMiyamoto et al., 2012 When isolating
PBMC from blood, CTCs may also be pulled down in the PBMC fraction
(Kallergi et al., 200). Therefore PBMC with high levels diML-2 in
prostate cancer patients may potentially reflei¥lL-2-positive CTCs.
Another potential source ¢ML-2 is from exosomes secreted toynouss.
Exosomes are nanoscale membrane vesicles which are secreted from cells
and are thought to be important intercellular communicators, or, in a cancer
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setting, drivers ofnetastatic sprea@@hery et al., 2002 A recent study has
now implicated HERVSs in this process, with the finding tHRML-2 mRNA

is selectively packagedtmtumourexosomes and that this genetic material
can be transferred to normal ce{Balaj et al., 201}l Exosomes can be
found abundantly in the blood of patients and may contributeirteour
dissemination(Zhang and Grizzle, 20}4 Future work will focus on
investigating these ptions and identifying the specifitiML-2 loci
responsible for elevateHML-2 in the PBMC of prostate cancer patients
and will also evaluate the relative contribution of CTCs and exosomes to the

HML -2 expression signal in PBMC from cancer patients.

In sumnary, we made the novel observation that blbadedHML -
2 expression is a candidate early detection biomarker for prostate cancer
that, may specifically improve disease detection among older men.
Furthermore, we obtained evidence that this test wouldmer§imilarly in
African-Americans and Europeakmericans. Lastly, aberranHML-2
expression seems to occur more frequently in both healthy Adrican
Americans and AfricasAmericans with prostate cancer than in their
EuropearAmerican counterparts. While niguing, these data need to be

further studied.
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Chapter 5

Cloning and overexpression of
HML -2 in prostate cell lines
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5 Functional analysis ofHML -2 Rec

HML-2 is defined as a complex retrovirus because of its expression of the
accessory proteins Rand Np9(Downey et al., 2015 These two proteins

are transcribed from spliced transcripts of type Il and type | HML
respectively. These proteins are of upmost interest due to their many links
with diseases such asnc&r and autoimmunitgDowney et al., 2016 Rec
(formally known as €©RF) is a 14 kDa protein which shares functionally
homology with the HIV1 rev protein in that its main function is to shuttle
unspliced mRNA out of the nucle@Bannert and Kurth, 2004It does so

E\ ELQGLQJ WR 5HF UHVSRQVH HOHPHQWYV 5F5(V
MRNAs. Such a function is critical in the regulation of a retrovirus as it
allows a balance bsten the translation of proteins from spliced transcripts
and also from full length ond€offin et al., 199Y. It is not known if Rec

preferentially shuttles type | transcripts over type II.

A number of studies have identified Rec as a putative oncoprotein in cancer.
Firstly, Boeseet al discovered thastable overexpression of Rec in Hat

Rat fibroblast cells led to cellular transformation and that Rec could support
tumour formation in nude mic@oese et al., 2000 These tumours were
large and pleomorphic and infiltrated the subcutaneous fat. The same group
built upon this work by finding that mice which were transgenic for Rec
were prone to seminomas and developed lesions which resembled
carcinomain situ (Galli et al., 200% They concluded thaRec may lead to
carcinogenesis via its repression of theanyc oncogene through its
interactions with the transcriptional repressor PLZF. Furthermore, they
found that Rec could lead to the derepression of the AR through its ability to
form a trimeric comfex with theAR and its repressor TZHKaufmann et

al., 2010. Similarly, Hankeet al also discovered that Rateracted with a
repressor of the AR known as hS@Tanke et al., 2013 They found that

Rec binding of hSGT led to a significant increase in AR activity.

These studiegtparticularly those concerning the ARed us tobelieve that

Rec may play a role in prostate cancer. We hypothesised that via its

repression of the AR, Rec can contribute to androgen independent prostate
110
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cancer by dysregulating androgen signalling. We set out to functionally
characterize Rec in prostatancer. To begin we would clone the Rec gene

from prostate cancer cDNA derived from cell lines and construct a plasmid
which would allow us to overexpress Rec in nontumourigenic RWPE

prostate cells. We would then complete assays which would look for
malignant signs of transformation in cells overexpressing Rec. We also
planned to conduct a gene expression microarray which would investigate

changes in normal RWRE compared to Rec overexpressed R\WIPE

5.1 Construction of a Rec overexpressing plasmid
Our goal was to construct a plasmid via molecular cloning which would be
used to overexpress Rec in RWRprostate cells. We had no access to a
Rec antibody at this stage and so we planned to Ftag&he Rec gene.
This would enable us to functionally chaextse Rec through the use of an
anttFLAG antibody.

5.1.1 Cloning Strategy | High fidelity polymerase
Our cloning strategy involved the use of primers which would contain start

and stop codons, an N terminal FLA&ged Rec sequence as well as
restriction sites for subsequent subcloning into an overexpression vector
(Figure 29). The final amplicon was expected to be 360 base pairs in length.
The primersvere based on the ERV&HML-2 provirus. This provirus has
been previously shown by Agoet al to be expressed in DU145 prostate

cancer cellgAgoni et al., 2013a
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GACTACAAGGATGACGATGACAAA

Figure 29 - Primer design for Rec cloning

The upstream primer contains the FLAG-tagged Rec N terminal sequence and a
start codon. A Kpnl restriction site facilitates subcloning. The GA clamp allows for
the binding of the restriction enzyme to the sequence. The downstream primer
contains the Rec C terminal sequence as well as a stop codon and an EcoRI site

to facilitate subcloning.
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Figure 30 - Rec cloning optimization

Various optimization efforts were undertook to clone Rec including varying
template source and concentration, redesigning primers, varying primer

concentration and advanced methods such as touchdown PCR.

The optimisatiorworkflow for Rec cloning is shown ikigure 30. DU145
was chosen first as the cell line in which to attempt to clone Rec from due to
the previous repordf its expression of ERVI6 by Agoni et al(Agoni et

al., 2013a A high fidelity polymerase was chosen to ensure that no
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mutations were introduced into the final protein. This PCR from DU145
cDNA led to no amplification of the correct band beingestied (Figure
31).

Different sources of DU145 cDNA template were used which originate

from a different reverse transcriptase enzyme. However, this only led to the

amplification of nomspecific amplicons(Figure 32). It was decided to

redesign the downstream REELAG primer, specifically to shorten it in

order to bring its melting temperature to a tempeeatloser to that of the

upstream primer. It was hoped that this would improve the priming of Rec

from the cDNA. 7TKH p6XSHUVFULSWY VRXUFH RI '8 F'1$ ZI
This new primer set resulted in the amplification of a non specific band of

~150 bp(Figure 33). Primer dimers were also observed.

The next step was to vary the primer concentration in order to find a
concentration which would alleviatehe primer dimers and allow

amplification of the Reé¢lag band. However, the results found the same
amplification of the non specific band of ~150 bp together with the primer

dimers(Figure 34).
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Figure 31 - Cloning Rec from DU145 cDNA

Lane 1 represents 100bp ladder. Lanes 2-4 represent increasing concentrations of
'8 MEXSHUVFULSWY F'1$ WHPSODW lvidérR inDaRys@ theL FDWLRQ ZDV
reactions. The faint bands near the bottom of the gel represent primer dimers.
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Figure 32 - Cloning Rec from DU145 cDNA: Varying template and

sources

Varying amounts of template and different sources of DU145 template were

attempted. Lane 1 represents 100 bp ladder. Lanes 2,3 and 4 represent 5, 10 and

150 UHVSHFWLYHO\ RI pO\%LRY F'1$ WHPSODWH /DQHYV DQG
150 UHVSHFWLYHO\ Rl p$SSOLHG ELRV\VWHPVY WHPSODWHY /DQH
10,and 15pO0 UHVSHFWLYHO\ Rl p6XSHUVFULSWY WHPSODWH 1RQ VSl
REVHUYHG LQ WKH u$SSOLHG %LRV\VWHPVYT DQG p6XSHUVFULSWT

the band of interest of 360 bp was not seen in any lane.

116



Figure 33 - Cloning Rec using reeflagn-2 primer set

Lane 1 represents 100 bp ladder. Lanes 2- 5 represent, 22RV1, LNCap, PC3 and
DU145 cDNA templates respectively. Primer dimers can be seen at the bottom of

the gel but another band of ~150 bp is also present in all reactions.
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Figure 34 - Cloning Rec from DU145 cDNA * Varying primer

concentration

Lane 1 represents 100 bp ladder. Lanes 2-4 represent 0.5,1 and 1.25 mM
concentrations of primer respectively. Primer dimers can be seen at the bottom of
the gel. The band of interest of 360bp was not amplified but a non specific band of
~150 bp was observed in each reaction.

5.1.2 Cloning Strategy Il Touchdown PCR
It was eventually decided to attempt a touchdown PCR protocol to try and

alleviate the primer dimers that were appearing. Touchd®@R is a

technique which starts off with an annealing temperature which is greater

than the predicted tm of the primer sequenand gradually lowers this
WHPSHUDWXUH WKURXJKRXW WKH F\FOHV XQWLO WK

reached. This process helps to increase the likelihood of specific amplicons
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being produced in the early cycles of the reaction which will then tilt the
balance in favour of the final desired amplicon being produced in large
amounts at the end of the reaction at the expense of primer dimers and non

specific amplicons. However, this approach also did not result in the correct

amplicon being produceggFigure 35).

Figure 35- Touchdown PCR +Rec cloning

A touchdown PCR using different prostate cancer cell line cDNA templates was
attempted. Lane 1 represents 100 bp ladder. Lanes 2-5 represent 22RV1, LNCap,
PC3 and DU145 template respectively. A non specific band of ~150 bp was
observed in each reaction but was strongest in PC3 and DU145. The band of

interest of 360 bp was not seen.

Previously, | had used primers k7/k21 in an-RCR reaction to amplify

Rec and Np9 from prostate cancer cell line cD{®ection 3.1) (Figure

36). Template from these completed reactions was chosen for a new round
of PCR reactions with the RdELAG primers as it should be enhied for

the Rec and Np9 coding sequencése ReeFLAG primers are situated

internally of the k7/k21 primers and so they should be able to amplify the
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Rec coding sequence more easily from thispiete compared to total
cDNA which would represent the whole geno(Reyure 37). This process
should also reduce the chances of non specific amplification occufheg.
coding sequence together with the FLAG tag, start/stop codons, restriction

sites and clamp make up axpected amplicon of 360 Kbigure 38). This

k7/k21 templatavas PCR cleaned in order to remove any primers that could

be still present and interfere with the npsmer set.

The results revealed the presencamincorrect amplicon size of ~150 base
pairs being visuadiedon the gelFigure 39). A subsequent PCR using a no

template control revealed that this band was not primer dimers and so it

most likely represented Np9 or a non specific band.
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Figure 36 - Schematic of HML-2 splicing and K7/K21 primer location

7KH N DQG N SULPHUV DUH VLWXDWHG ¢ DQG

This primer set will also amplify np9 transcripts. The Rec coding sequence is
situated internally of this primer set and therefore template from a k7/k21 PCR

should be enriched for the Rec coding sequence. (adapted from (Fuchs et al.,

2013))
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121 e misc_feature 1.23 :
Mew Feature S misc_feature 4.24
Mew Feature anx misc_feature 209,315

« 1g % 20 % 30 * 40 * S0 % &0 % 70 * @&

1 @tgeaacccatcagagatgocaaagasaagcacctocgoggagacggagacatocgoaatogageaccgttgactcacaaga
80 tgaacaaaatggtgacgtcagaagaacagatgaagttgoccatccaccaagaaggcagagoocgocaacttgggcacaact
159 zaagaagctgacgcagttagctacaaaatatctagdagaacacaaagytdacacaaaccocagadgagtatgctgocttaca
238 gcottgatgattgtatocaatggtgtoctgcaggtgtacccaacagotocgaagagacagegaccatcgagaacgggocat
317 lgatgacgatggoggttttgtcgaaaagaaaagggygasatgtggggaasagcaagagagatcagattgttactgtgtot
396 gtogtagaaagaagtagacataggagactocattttgttatgtactaagaaaaattcttotgocttgagattotgttaat
475 [ctatgaccttaccocccaaccocgtgotoctotgaaacatgtgotgtgtccactcagagttgaatggattaagggcggtge
554 aggatgtgctttgttaaacagsa

Figure 37 - RecFLAG primers

The Rec-FLAG primers are situated inside the predicted k7/k21 amplicon with the
k21 primer partially overlapping that of the upstream Rec primer. Using the Rec-
Flag primers on an enriched template of cleaned k7/k21 amplicon should
theoretically increase the chances of the Rec-FLAG primers successfully
amplifying and at the same time reducing the chances of non specific binding
which may occur when the Rec-FLAG primers are used against the whole genome.
The start of the k21 primer can be seen in green and the k7 primer can be seen in
blue. The Rec-FLAG primers are seen in grey, with the forward primer overlapping
with k21.

360 361<0> Dam/Dcm
Feature t Direction Type Location
clamp B misc_feature 1.2
clamp <as misc_feature 357..360

« 10 * 20 * 30 * 40 % 50 %+ &0  * 170

1 G_aaccca tcagagatgcaaagaaaagcacctcogoggad

T4 |acggagacatogoaatcgagoaccgitgactcacaagatyaacaidaatggtgacytcagaagaacagatgaay
147 |ttgccatcocaccaagaaggoagagoogoccaacttgggoacaactaaagaagotgacgoagttagotacasaat
220|atctagagaacacaaagytgacacaaaccoCagagagtatyctycttgcagccitgatgattgtatcaatyggt
2583 |gtctgraggtgtacccaacagotcogaagagacagogaccatogagaacgggoca tga

Figure 38 - RecFLAG amplicon
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The Rec-FLAG amplicon is expected to be 360 bp in length. This consists of the
Rec coding sequence (white), the FLAG tag (blue), start and stop codons

(green/red), restriction sites (brown) and clamps (yellow).

Figure 39 - Non specific amplicon

The Rec-FLAG primers on the k7/k21 template led to the amplification of a band of
~150bp. This was 110bp shorter than the expected Rec-FLAG amplicon and so it
must represent either a non specific band or an Np9 amplicon. Lane 1 represents
100 bp ladder. Lanes 2-5 represent 22RV1, LNCap, PC3 and DU145 cDNA

templates respectively. Lane 6 represents a no template control.
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5.1.3 Cloning Strategy Il - Non FLAGtagged cloning attempt
To troubleshoot the cloning of Rec mMRNA, primers were redesigned against

Rec mRNA without any added FLAG tag or restriction sites. This would
allow for a more specific reaction to take place which would hopefully
discourage the amplification of any non specific bands. A gradient of
melting temperatures was also tested in order tonige the reaction. The
template chosen was the PC3 templatenf the original k7/k21 R'PCR
(Chapter 3). Results from these new primers revealed dngplicon of
interest at 312 bfFigure 40).

1kb 67°C 69.5°C 72°C 74.5°C 77°C 79.5°C

Figure 40 - Rec seq primers amplicon

The Rec seq primers do not contain any mismatched sequences such as
restriction sites or FLAG tags. These primers were generated to attempt to prevent
any non specific amplification which may have been due to the mismatches. The
results once again revealed a band of ~100 bp which is either a non specific band
or an Np9 amplicon. However, this time a band of the predicted size of 312bp was
also seen which represents the Rec sequence. The different lanes represent
identical reactions but with different melting temperatures tested. Highest levels of
amplification were observed in the reactions which used 74.5°C and 77°C as
melting temperatures. The 312 bp band from the 77°C lane was subsequently gel

extracted and used as a template for the Rec-FLAG primers.
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The non specific band that | had previously cloned was also present so the
312 bp band was gel extracted and cleanecuaad as a template for a PCR
reaction with the previous R&LAG primers. To circumvent the
amplification problems previously encountered with this primer set it was
decided to split the annealing temperature. The reaction was begun with 5
cycles of a lower annealing temperature which would favour the binding of
the homologous template. For the remaining 25 cycles this annealing
temperature would be increased to match the tm of the homologous primer
plus the mismatches. A gradient of melting temperatures \also
introduced to try and further optimize the reaction. This reaction provided
the predicted correct Rec amplicon of 360 (Bmure 41). This amplicon

was gel extracted and subcloned into pcDNA3.1 (+) in order to be

sequenced.

The sequencing results revealed that many mutations were p{esgme

42). Different sequenced colonies had identical sequences and thus the
mutations must have been incorporated during the amplification of Rec in
the original RTPCR reaction.

It was decided to relone Rec fromLNCap prostate cancer cell line cDNA
using the Rec sequence specific primers but with a high fidelity polymerase.
As before, this reaction would then be used as template for a subsequent
PCR reaction using the R€LAG primers. Results from this secondary
PCR revealed the same 360 bp bandcwiwas again subcloned into the
sequencing vector. The sequencing results still revealed that the sequence
contained mutations when compared to the ER8/Bequence. However,

the coding sequence only differed by one mismatch to the last set of
sequencing ults and this was most likely due to replication slippage as it

is situated at the end of a string of adenosine H&sgare 43).

A BLAST analysis of the first sequenewhich lacks the inserted adenosine
- revealed that it had 100 % identity Hiomo sapienghromosome 5 clone
CTD-2022K1, complete sequen(égure 44).
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The sequence was also run through NCBI ORF finder. This programme can
identify the presence of ORFs from any given sequence. Thd-IR&G
ORF of 342 bp was not identified by the progran{figure 45).

Figure41-Rec)/$* pVSOLW DQQHDOLQJIT

7KH 5HF HQULFKHG DPSOLFRQ IURP WKH 5HF pVHTY 3&5 ZDV XVF
further reaction with the Rec-FLAG primers. The annealing temperature was split
and a gradient was also used in order to circumvent the original problems which
were seen with this primer pair. The lanes on this gel represent identical reactions
but with different melting temperatures used. The outer two lanes represent 1 kb
ladder. The results revealed the presence of the original non specific band or Np9
amplicon but the correct band size of 360 bp was also seen which represents the

Rec-FLAG amplicon.

125



rec-flag primer amplicon from k7-k21.str from 1 to 360
Alignment to
420130001_pecdna rec_f1 T7F El0.seq from 1 teo 1204

Matches (|):326
Mizmatches (#):28
Gapa( ):85%
Tnattempted(.):0

* * * * * * *
1 G Gaacccatcagagatgcaaagaaaagoacctocgeggag 73
++ AN \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ﬂﬂ\\\
1 NN NN NN C TN C T TGGTACCAT GGACTACAR L AGACGAT GACGACAAGARCCCATCAGAGAT GCARLAGRARRGCACCTCCATGGAG 100
% % % % % % % % % %

* * * * * * * * * *

74 acggagacatcgcaatcgagcaccgtigactcacaadatgaacaaaatggtgacgtcagaagaacadatgaagttgccatocaccaagaaggcagagccyg 173

1IN IR 1 T : [ R AR : [: [N : [ IR AR RN AR RN ]
101 ATGGAGRCACCGCAGTTGAGCACCATCGRACTCACARGRTGRATAGRRTGETGAT ST C-——-AGRACAGATGARGT TGCCATCCACCARGARGRCAGRGCCE 197
. . . . . . . . .

* * * * * * * * *

174 ccaacttgggcacaactaaagaagctgac-gcagttagotacaaaata------toctagagaacacaaaggtgacacaaaccccagagagtatgotgctt 266

\\EHHHHHHEHHHHHH\II\HHHHI\H\I\‘HHHHHHHHHHHHHHHHHHHEH

198 CCGACTTGGGCACAATTRARAGRAGCTGACAG-AGTTAGCTA-RRRR-. GAGRRCACARAGGTGACACRRARCTTCAGRGRACRATGCIGITT 294
* * * * * * * * * *
* * * * * * * * * *

[
o
-

gCagccTTgatyatigratcaatggrgteTgcagytytacceaacagetcogaagagacagegaccatcgagaacgggcca NN

NN (RN NN IR IR I [N e 1
95 GCAGCTIIGATGATIGIATCARCGETIGTIGIGCAGETGTACCTAGCAGCTCCARAGAGRACAGTGACCATCGAGRRCGEEUCATGAGARTICTGCAGATATC 394
‘ . ‘ ‘ . . . . . .

%)

Figure42-Rec )/ $* pVSDQQYHDOLQJY VHTXHQFLQJ UHVXOWYV

The upper sequence represents the expected amplicon while the lower sequence
represents the actual sequencing result. The sequencing revealed many mutations

including 28 mismatches compared to the ERVK-6 coding sequence.

pcDNA-Rec-N-FIAG 1_T7.seq from 1 to 1152
Alignment to
420130001_pcdna_rec_f£1 TT7F El0.seqg from 1 to 1204

Matches (|} :1068
Mismatches (#) :63
Gaps( ):94

Unattempted(.):0

* * * * * * * * *
1 e ~~GCRTAGTAGGTTACT TAGCTTGETACCATGGACTAC-ARAGACGATGACGACRAGRACCCATCAGAGATGCARAGRARAGCACCTCCATGERAG 92
geaaeezezeaalll: 2 [NRNRNNNNNNNRRRNNN (NN RN NN R RN NN RN RN NN NN NN

1 NNNHNHNNN NN NN C TN C T TGGTACCATGEACTACA AR AGRACGATGACGACRRAGALCCCATCAGAGATGCARAGARRRGCACCTCCATGEAG 100

* * * * * * * * * *
* * * * * * * * * *
93 ATGGAGRACACCGCAGTTGAGCACCATCGACTCACRAGATCARTAGRAATGGTGATGTCAGRACACATGRACTIGCCATCCACCARGRRGGCAGACGCCACCS 192
IIIIIIIIIIIIIIII\\\\IIIIIIIIIIIIIIIIIIIIIIIIII\\\\\IIIIIIIIIIIIIIIIIIIIIIIII\\\HIIIIIIIIIIIIIIIIIII
101 ATGEAGACACCGCAGTTGAGCACCATCGACTCACARGATGARTAGAATGETGATGTCAGARCAGATGARGTIGCCAT CCACCARGRRAGECAGAGCCACCE 200
* * * * * * * * * *
* * * * * * * * * *

193 ACTTGGECACARTTARRGREAGCTGACAGAGTTAGCTARR AR AL AR -GUCTAGAGRARCACARAGETGACACARACTTCAGAGARCATGCTGTTITIGCAGCT 291
||||||||||||||||\\\\||||||||||||||||||||||||||I\\\\|||||||||||||||||||||||||\\\\\IIIIIIIIIIIIIIIIII
201 ACTTGGGCACAATTARAGAAGCTGACAGAGTTAGCTARARANARARAGCCTAGAGARCACARAGGTGACACARACTTCAGAGARCATGCTGTTTGCAGCT 300
* * * * * * * * * *

*

* * * * * * * * *
292 TTGATGATIGIATCRACGG

|

G’

CAGGETGTACCTAGCAGCTCCARAGAGACAGCGRCCATCGAGRACGEECCATGAGRATTCTGCAGRTATCCAGCAC 391

(R N R RN

CRAGGTGTRCCTAGCAGCTCCARAGAGACAGCGACCATCGRGRACGGGCCATGAGRATTCTGCAGRTATCCAGCAC 400
* * * * * * * *

[RRRRRRRNRNRRRANY
301 TTGRTGATTGIATCRACH
*

GTETG
(RRRN
GTGTG!

T
|
T
*

Figure 43 - Alignment of sequencing results

Only two mismatches were observed in the Rec-FLAG sequence. The first of these

was observed in the FLAG-tag (top row) while the second was observed within the
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coding sequence (third row) and is observed at the end of a string of adenosine

bases.

S Alignments

[BIDownload v GenBank Graphics

Homo sapiens chromosome 5 clone CTD-2022K1, complete sequence
Sequence ID: gbJAC012619.6| Length: 89196 Number of Matches: 1

Range 1: 41152 to 41451 GenBank Graphics

Score Expect Identities Gaps Strand
555 bits(300) 2e-154  300/300(100%) 0/300(0%) Plus/Minus
Query 1 GRAACCCATCAGAGATGCARAGRRARCGCACCTCCATGGAGATGGAGACACCGCAGTTGAGC &0

DL e bbb bbb e e bbb e el
Sbjct 41451 GAACCCATCAGRGATGCAARGAARRGCACCTCCATGGAGATGGAGACACCGCAGTITGAGC 41392

Query &1 ACCATCGACTCACARGATGAATAGAATGGTGATGTCAGAACAGATGARGTTIGCCATCCAC 120
N NNy
Sbjct 41391 ACCATCGACTCACRAGATGAATAGARTGGTGATGTCAGARCAGRATGRAGTTGCCATCCAC 41332

Query 121 CARGRRAGGCAGAGCCACCGACTIGGGCACAATTARAGAAGCTGACAGAGTTAGCTazaaa 180
NNy
Sbjct 41331 CRAGARGGCAGAGCCACCGACTTGGGCACAATTARAGAAGCTGACAGAGTTAGCTARARA 41272

Query 181 222aaaGCCTAGRGARCACRARGGTGACACARACTTCAGAGRACRTGCTGTTITGCAGCTT 240
R N NNy
Sbjct 41271 ARARARGCCTAGAGARCACRARAGGTGACACARACTTCAGAGRACATGCTGTITIGCAGCIT 41212

Query 241 TGATGATTGTATCRACGGIGTGTIGCAGGTGTACCTAGCAGCTCCRARRGAGACAGCGACCE 300
FERLERRERE R R B LR R Rl
Sbjct 41211 TGATGATIGIATCRACGGIGIGIGCAGGTGTACCTAGCAGCTCCRRAGAGACAGCGACCA 41152

Figure 44 - BLAST analysis of ReeFLAG amplicon

The amplicon from a Rec-FLAG PCR using a high fidelity polymerase was
sequenced and was subsequently subjected to a BLAST analysis. This revealed
that it had 100 % identity to Homo sapiens chromosome 5 clone CTD-2022K1.
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S) QRF Finder (Open Reading Frame
=WN\[@:8 Finder)

PubMed Entrez BLAST OMIM Taxonomy Structure

Anonymous

1 GenBank ~ 100 ~ Eome from: 1o/ . Length

| I ¥ 8641202 339
= +1 B 676. 996 321

= N, m935.1203 270
C——— -
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— . 43 ®m138. 338 201
= . +1 B1036.1203 168
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-1 8 20115 114
-1 @ 464.. 565 102

Figure 45 - ORF analysis of ReeFLAG sequence

The sequence from the Rec-)/$* uyVSOLW DQQHDOLQJYT H[SHULPHQW ZDV DQD
the NCBI ORF finder programme. ORFs ranging in size from 339 bp to 102 bp
were identified. However, the Rec-FLAG ORF of 342 bp was not identified by the

programme.

5.1.4 gBlocks gene fragments
At this stage we became aware of a technology called gBlocks gene

fragments. This technology allows the synthesis of gene fragments up to 2
kb and iscommonlyused in conjunction wlt Gibson assembly which is a
novel cloning method which originated in the field of synthetic biology
(Gibson et al., 200p We abandoned our attempts to clone Rec from cDNA
and instead ordered a gBlock which was identical to the Rec coding
sequence of ERV#6. The Red~-LAG primers were used dhis template in
order to introduce the FLA®Gg and restriction sites for subcloning into the
overexpression vector. We chose pcDNA3.1 (+) as our overexpression
plasmid. This plasmid can constitutively overexpress proteins in mammalian
cells and this exmssion is driven by a CMV promoter which is upstream of
the gene of interest after subcloniff§gure 46). This new construct was
sent for sequencingnd was foundo be free from any mutatior(&igure

47). ORF analysis confirmed the peexe of the 342 bp RE_.AG ORF
(Figure 48).
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PCDNA3_1 Rec-N-FLAG

5741 bp

Figure 46 - Plasmid map of pcDNA3.1(+)RecFLAG

The finished construct has the Rec sequence with an N-terminal FLAG tag being

driven by a constitutive CMV promoter.

Matches(|):352
Mismatches () :0
Gapa( ):631
Unattempted(.):0

* * * * * * *

1 c 72
FEEEEEEEEEEE TR EE R TR PP e e e TR L

1 TR ACTGAGGAG T TTACT TAGCTTGGTACCATGEACTACAAAGACGATGACGACAAGAACCCATCAGAGATGCARAGARRAGCACCTCCGCGERGAC 100

* * * * * * * * * *

73 ggagacateqeaategagaccyttgacteacaagatqaacaaaatqgtacyLeagaagaacagatqaagttgCeatecaccaagaaqgeagageeqee 112
I
101 GGAGACRTCGCARTCGAGCACCETIGACTCACRAGAT GAACRARATGTGACGTCAGAAGARCAGATGAAGTTGCCATCCACCARGRAGGCAGAGCCRCE 200

* * * * * * * * * *

* * * * * * * * * *

173 aacttgpgeacaactasagasqetqacyeagitagetacazaatatctagagaacacaaagqtyacacasaccecagagagtatqctqctigeagectty 272
I
201 AACTTGGGCACAACT AR GARGCTGACGCAGTTAGCTACARAATATCTAGRGARCACARAGGTGACACARACCCCAGAGAGTATGCTGCTTIGCAGCCTTG 300

* * * * * * * * * *

* * * * * * * *

273 352
FEEEERTEEEE TR e e e e e e e e e e e e e e e e e e e e e ey

301 ATGATIGIATCAATGEIGICTGCAGGTCTACCCRAACAGCTCCGARGAGACAGCGACCATCEAGARCGEECCRATGRGARTTCTGCAGATATCCAGCRACAGT 400

* * * * * * * * * *

Figure 47 - Rec gBlock sequence

A gblock was ordered which contained a FLAG-tagged Rec sequence and
restriction sites to facilitate subcloning into pcDNA 3.1 (+). This completed
construct was then sent for sequencing to verify its integrity. The results revealed
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that the sequence was free from mutations. The Rec sequence is highlighted in

orange with the FLAG tag in blue.

1 Genank 100 ~ Frame from to Length

+1 ®m 178..519 342
-1 B@273.503 231
-3 B 586..795 210
+1 @ 715..894 180
-1 B726.895 171
-2 @164.322 159
-2 @ 380.517 138
+2 @ 29.154 126
-2 B 605.706 102

i
!'

Length: 113 aa
[ Accept H Alternative Initiation Codons ]

Figure 48 - ORF analysis of ReegBlock sequence

The Rec gBlock sequence was also analysed using NCBI ORF finder. The correct
Rec-FLAG ORF of 342 bp was identified and is highlighted in pink. This predicts a
final FLAG-tagged Rec protein of 113 amino acids.

5.2 Transfection of RWPE-1

The next step was to optimize transfection of R\WIP&ells for uptake of
the pcDNARec plasmid. This proved to beddficult task due to the fact
that RWPEL is a notumouigenic line. Optimization of transfection was
conducted by testing different transfection reagents for their ability to
transiently transfect a GFP plasnficable 9).

Various liposomal and nelijposomal reagents were tested. This analysis
was completed using flow cytometry. This analysis led to thelipoeomal
FuGeneaeagent being selected for the transfection of RWPEhis reagent
was found to have transfection efficiencies of 73.8 % in the R\WIeélls
(Figure 49).
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Table 9 - Transfection reagents tested

Lipofectamine Thermo Fisher Liposomal 36.1
2000 Scientific
TransIT-Prostate  Mirus Bio Polymer/Lipid 32.9
mix
JetPrime Polyplus Polymer 8.7
Transfection
Fugene HD Promega Lipid mix 73.8
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Figure 49 - Optimization of RWPE-1 transfection: FUGENE reagent

Flow cytometry in conjunction with transfection of a GFP plasmid was chosen as
the technique to optimize the transfection of RWPE-1 cells. It was found that the
non-liposomal FUGENE reagent could transfect RWPE-1 with the highest efficiency
of 73.8%. The gating strategy involved firstly gating on FSC and TO-PRO 3 in
order to exclude dead cells (a). Secondly, they were gated against FSC-H and
FSC-A in order to discriminate between single cells and doublets (b). Finally, they
were gated on FSC-A and GFP in order to determine the final transfection
efficiency (c). Cells which are GFP positive shift towards the right and are seen in

quadrant Q5-UR. These cells have successfully been transfected.

The pcDNA plasmid contains a neomycin cassettehvhonfers resistance
to G418. This would be used in order to select for stable transformants.
First, a kill curve optimization experiment was conducted in order to find

the optimal dose of G418 to be used. This was found to be 200 pg/ml. This
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would represnt the dose of G418 which would kill 100 % of RWPIEells

after one week. The construct was also linearised to attempt to increase the
likelihood of stable transformants. Linearization presumably makes it easier
for the DNAto integrate into the ce(lTymms, 200).

After six weeks of selecting with G418 the polyclonal cell line R\AIPE
pcDNA-Rec was eventually created. Later on, a negative control stable line
RWPE1-pcDNA was also created by using the empty pcDNA vector to
transfect the cells followed by the same G418 treatment as with the
overexpression cell line. Protein lysates were extracted from RWPE
pcDNA-Rec and western blots were completed which probed for the
presence of FLAGagged Rec using an afLAG antibody M1. The
results revealed the presence of a faint band at 15 kDa which represents the
FLAG-tagged Rec protein (14 kDa Rec + 1 kDa FL-r«@) (Figure 50).

133



Figure 50 - RecFLAG expression in RWPE1-Rec

Protein lysates from RWPE-1-Rec cells were extracted and probed for Rec-FLAG
proteins in a western blot experiment using an anti-FLAG M1 antibody. A
simultaneous western as a negative control was completed using the M1 antibody
against FLAG in 22Rv1 protein extracts. The 22Rv1 cells revealed no expression
of FLAG as expected. The RWPE1-Rec cells revealed a band of 15 kDa which
represents FLAG-tagged Rec. The production of the RWPE-pcDNA negative
control cell line was completed subsequent to this western blot and hence was not
used instead of 22RV1 here. As expected RWPE-pcDNA did not express the 15

kDa band seen here.
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This level of expression was lower than expdctindependent westerns
were completed using new flasks of transformed cells but the faint band that
had been seen earlier could not be replicated. Amounts of up {ogh®6re
loaded on the gels but even with these large amounts no expression was
seen. Hrther, transient assays were also completed but neFR&G
proteinexpression was observed. A positive FLA&gged protein lysate of

250 kDa was sourced and westerns completed on this confirmed that the
FLAG antibody was workingFigure 51).

Figure 51 - Positive FLAG control experiment
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A positive FLAG control was sourced and used to test that the FLAG antibody was
working by western blot. Lane 1 represents protein ladder. Lane 2 represents
RWPE-1-pcDNA. Lane 3 represents RWPE-1-Rec-FLAG. The FLAG control was
only seen in the lane representing the positive control FLAG lysate. The other

fainter bands seen represent non specific staining.

Passaging of polyclonal cell lines sometimes leads to the silencing of the
transgendFreshney, 2000and so PCRs were completed to confirm that the
FLAG-tagged Rec mRNA was still being produced. The results revealed
that the RWPEL-pcDNA cell line was still overexpressing the FLAG
tagged Rec mRNA and that the nega control cell line did no{Figure

52).
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Figure 52 - PCR from RNA from RWPE-1 and RWPE-1-Rec

Lane one represents 100 bp ladder. Lane 2 represents RWPE-1 in which no Rec
band is seen, only a non specific band. Lane 3 represents RWPE-1-Rec. Here the
non specific band is still seen but the upper band is visible which represents the
overexpression of FLAG-tagged Rec. Lane 4 represents a positive control which

was a PCR conducted from the Rec construct itself.
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It was decided to attempt to create a monoclonal cell line as the low protein
expression may have been related to the polyclonality of the cell line
(Freshney, 2010 The transfection was repeated and the same G418
selection was conducted except this time cloning rings were used to attempt
to select single colonies. Theselonies were then grown in independent
flasks. Unfortunately, all attempts at growing up individual colonies were
futile, probably due to the nature of RWREells which are extremely hard

to grow from a low density seed.

We investigated whether the lowo negative protein expression in
transfected RWPH was due to proteosomal degradation. To this end, we
treated both the transfected and non transfected RWE&Is with the
proteosome inhibitor MG132 {1IM). We subsequently repeated the western
blots we completed previously, probing for expression of FL-fggged

Rec. The results did not reveal the presence of any lfgigise 53).

As a positive contl experiment for the treatment, we completed an MCL
western blot. MCLEL is a protein which accumulates in the presence of
MG132 (Rahmani et al., 2005 This western blotevealed that levels of
MCL-1 increased in a timdependent manner following MG132 treatment
(Figure 54).
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MG132 (1uM)

pcDNA pcDNA-Rec

Time (Hr) 0 4 6 0 4 6

Figure 53- MG132 treatment of transfected cell lines

RWPE-1-pcDNA and RWPE-1-Rec-FLAG were treated at 0, 4 and 6 hours with 1
MM of the proteosome inhibitor MG132 in an attempt to investigate if the lack of
transgene expression was linked to ubiquitin-mediated proteosome degradation.
No expression of Rec-FLAG was evident at 15 kDa in any of the treatments in

either cell line. Other bands in each lane represent non specific binding.
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Figure 54 - MG132 treatment

Transfected and non-transfected RWPE-1 cells were subjected to 1uM MG132
treatment which was thought would lead to expression of Rec-FLAG in the
transfected cell line if it was being degraded through ubiquitin-mediated
proteosomal degradation. The rationale behind this is that MG132 is a proteosome
inhibitor. This experiment did not yield any Rec-FLAG expression and thus a
positive control experiment was conducted in which the same two treated cell lines
were probed for MCL-1. This protein should be upregulated by MG132. The results
revealed that the MG132 treatment led to an accumulation of MCL-1 in a time

dependent manner in both cell lines. Actin was used as a loading control.

5.3 siRNA mediated knockdown of HML-2

Our attempts to overexpress Rec were intended to investigate the functional
effects of Rec alone in prostate cancer. However, FVixpresses many
other proteins such as env, gag and Np9 which may be playing a functional
role in cancer. Their effects may be exerted in unison with one another. We
were interested in investigating\w these proteins may work together to
initiate or progress the carcinogenic process. To this end, we decided to
attempt to knockdown HMi2 in a prostate cancer cell line and to

subsequently investigate the functional effects of doing so.

We ordered a siRMN which was identical to a study by Oricchei al
(Oricchio et al, 2007. This siRNA targets a conserved region within the
gag gene and should lead to the knock down of the majority of-ENaici.
This was confirmed by BLAST analysis of the sequence. We gdthis

siRNA for transfection into PC3 and DU145 cells. We completed a time
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course experiment in PC3 cells. PC3 cells were transfected with siRNA and
RNA was extracted every 24 hours for four days. The gPCR results revealed
that HML-2 gag levels dropped aft 24 hours and stayed at that level until

72 hours when they returned to normal levitggure 55). However, a
scrambled RNA control was also trangtsd and it caused gag levels to
drop to levels similar to that of the targeted siRNA after 24 hours. We also
attempted the same knockdown in DU145 cells but no differences in
expression were seen between untreated cells, cells treated with scrambled
RNA and cells treated with 10 nM d0 nM of siRNA after 24 hours
(Figure 56). Western blots were also completed to look for knockdown of
gag and env in PCand DU145 cells after siRNA transfection. However,
non specific bands were observed in each western so expression levels of

gag and env post transfection could not be deduced.
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Figure 55 - siRNA transfedion of PC3 cells

PC3 cells were transfected with 10 nM of siRNA targeting HML-2 gag. RNA was
extracted from transfected cells at 24 hour time points. Valid conclusions could not
be drawn from this experiment due to the effect which the scrambled RNA (scr)
had on the cells. Results are expressed as fold change (RQ) in comparison to a
non transfected control (ut). Error bars represent standard deviation from three

technical replicates.
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Figure 56 - sSiIRNA knockdown of HML -2 in DU145 cells

SiRNA knockdown of HML-2 in DU145 cells was attempted. RNA was extracted
after 24 hours. 10nM and 50nM siRNA against HML-2 gag did not have any effect
on gag levels compared to the untreated cells (ut) and to the scrambled RNA
control (scr). Results are expressed as fold change (RQ) in comparison to a non
transfected control (ut). Error bars represent standard deviation from three

technical replicates

5.4 Discussion
Previous research which sought to find a link between FVAnd cancer
has concentrated on the HMALaccessory proteins Rec and N{fowney
et al., 201% These putative oncoproteins have been subject to a number of
studies which have investigated their carcinogenic effectsibottro and
in vivo. Many interesting proteiprotein interactions between previously
known oncogenes and Rec and Np9 have been uncovered. Tentative links
have been made with a number of cancers, especially gertaroellirsfor
which Rec seems like it may be playing a céusarole (Herbst et al.
1998. In the context of prostate cancer, Rec has been shown to lead to the
derepression of th&R through interactions with TZFP and hS@Tanke et
al., 2013 Kaufmann et al., 2090These studies spurred our interest this
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area and we set out to define the possible functional links between Rec and

prostate cancer.

Our main tool for elucidating the function of Rec in prostate cancer was to
be a Rec overexpression construct which we would transfect into
immortalised non tumouigenic RWPEL prostate cells. The first stage of
this process was to clone Rec from prostate cancer cell line cDNA and to
subclone this into an overexpression vector. This process was complicated
by the repetitive nature of HMPR in the genome oWwhich there are 91
proviral copies preserfSubramanian et al., 2011t was also complicated

by the complex splicing pattern of HM2 which can lead to either Rec or
NP9 transcripts depending on what type of HRIlis presen{Bannert and
Kurth, 200§.

Previously, RTPCR had successfully been used to define Rec and Np9
expression in prostate cancer cell lines. This template is enriched for Rec
and Np9 transcripts. The use of the FAG primers on this template
resulted in an incorrect smaller band size which represeitteet Np9 or a

non specific band. Primer dimers were ruled out after the running of a no
template control. The preferential amplification of this smaller band over the
larger Rec band of interest is probably due to the nature of PCR itself which
has beershown to amplify shorter fragments more efficiently than longer
ones(Shagin et al., 1999This greater efficiency effectively shores up all
the available reagents during the early cycles and the larger amplicons
cannot extend propertly

The presence of mismatches in our primers for restriction sites and FLAG
tag was also a possible reason for the amplification of non specific hands.
silico analysis of the Rec coding sequence did not predict any binding sites
for the introduced sequences. However, the 91 HMloci harbour
nucleotide differences from one locus to another which they have
accumulated over millions of years of evoluti@flockerzi et al.,, 2008

This means that certain Rec coding sequenraasindeed sequences that

have not yet been discoveregeimay have been binding to the introduced
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sequences. Another possibility was that the original k7/k21 primer set was
interacting with the ReeFLAG primers to amplify spurious products.
However, this was ruled out firstly by PCR cleaning the K7/K21 template
and secondly by running a series of PCRs which mixed the primers. The
latter experiments could not repeat the amplificatiothef~150bp band and
thus it was concluded that the band was a non specific band from the Rec

FLAG primers themselves or an Np9 band.

The sequencing of the 150 bp band revealed the presence of a 139 bp
amplicon which presumably represents the ~150 bp seemh® gels.
Excluding the FLAGtag, this sequence has a total length of 101 bp but does
not contain an ORF. According to Armbruester et Idp9 has a protein
sequence of 74 amino acids which would correspond to 222 bp
(Armbruester et al., 2002This sequence is therefore unlikely to represent
Np9. Alignment of this sequence with the Rec coding sequence revealed
WKDW WKH VHTXHQFH DOLJQHG ZLWK 5HF DW ERWK Wi
of 212 bp internally. No Np9 mRNA sequence was avhalélom GenBank

for alignment analysis but a BLAST analysis did reveal that the sequence
had 93 % identity to Homo sapiens, clone IMAGE:5392784, mRNA
GenBank: BC028044.1. This cDNA clone has no known protein product but

does contain 2 ORFs.

To overcome tb problem of non specific amplification, we designed new
primers which targeted only the Rec sequence itself. PCRs with these
primers led to the amplification of the band of interest but the smaller band
was still present. It was clear that the mismatdtaes been the cause of the
preferential amplification of the smaller band. The band of interest was gel
extracted and used as template for a PCR with theHRAG primers. This

time the annealing temperatures were split, with different melting
temperaturesused at different stages of the reaction. This method was
successful in amplifying the band of interest in preference to the smaller
spurious band. The correct amplicon was subcloned into a vector and sent

for sequencing.
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At this stage the sequence contad many mutations when aligned to the
ERVK-6 prototype Rec sequence. Mutations would be expected at this stage
as the original primers would be redundant amongst the AMamily,

with each family member harbouring private nucleotide differences
(Flockerzi et al., 2008 However, the large amount of mutationd l&s to
suspect that they had been integrated at the original reverse transcriptase
step of the k7/k21 reaction which w#ida low fidelity polymerase. The
protocol was repeated with a high fidelity polymerase, this time cloning
from LNCap cells. The firal sequence once again had ssme differences

to ERVK-6 Rec. Analysis confirmedchat only one mismatch in the Rec
coding sequence was apparent betweliCap and DU145 cellsThis was

an inserted adenosine base which was situated at the end of a string of
adenosine base pairs. This insertion is most likely due to a molecular
phenomenonknown as replication slippage which is caused when a
replicating DNA polymerase enzyme mestpetitivebaseqViguera et al.,

2001).

The finding that two independent cloning procedures using cDNA
originating from two different cell lines resulted in the same sequence being
cloned is interesting and may be dieetwo reasons. Firstly, the exact
primers and reaction conditions used may preferentially clone this sequence
over others. Secondly, it may be possible that this sequence is expressed
more abundantly then others in these particular cell lines. Goetiag

found that 7 different HM2 loci were expressed in PC3 cells, with 56 %

of all transcripts originating from ER4& (Goering et al., 2015

The BLAST analysis of the sequence without the adenosisertion
revealed that the sequence had 100% identity to Homo sapiens chromosome
5 clone CTDB2022K1, complete sequence. This clone is located at-5§12
The only annotated HMR provirus in this region is that of ERVH at
5g12.3 (Marchi et al., 201% This provirus is not found in the human
reference genome and Leeal found that it was present in only 12 % of
human genomes they tesigee et al., 2012 Goering etl did not find that
ERVK-9 was expressed in any of the tumours or cell lines tested including
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PC3(Goering et al., 2005 ORF andysis found that no intact Rec ORFs
were present. Translation of a protein depends omregenceof an ORF

with a start codon and a stop codon separated by triplicate c¢daok,

1968. A single nonsynonymousmutation can disrupt an ORF by the
creation of a premature stop codon. The result of this is a truncated protein.
Other muations such as frameshift mutations can result in spurious amino
acid chains which lack any structure and will not form protéiatson,
2008. More exhaustive sequencingldfiCapand PC3 transcripts would be
needed to gain conclusive evidence that the cloned Reersagis indeed
from this locus. However, the lack of an ORF means that this provirus was

not of interest for a functional study.

The correct construct overexpressing a Rec sequence from HBRV&S
eventually created using gBLock technology. This construes
successfully transfected into RWHEcells but we found that the expression

of Rec protein in this cell line was low to negative.

We confirmed using PCR that high levels of F@AAG mMRNA were being
produed (Figure 52) and so the problem was due to the protein expression.
Other studies have also encountered difficulty in transiently overexpressing
Rec including Galliet al (Galli et al., 2005 One way of increasg the
expression of Rec would be to codon optimize the sequence. The levels of
the different tRNAs differ amongst various biological cell liektkin and
Kudla, 201). Codon optimization introduces synonymous mutations which
match each codon with the most abundant tRNA in any given cell line. This
increases the efficienayf translation and results in increased expression of
the protein of interest. This method was a&liby Hankeet al who created

a codon optinged version of the HERWK113 Rec sequence in order to
overexpress it in HEK293T cell@anke et al., 2093 The main problem

with codon optimizing a sequence in the case of a functional research study
is that you are left with a different mMRNA sequence to the wild type
sequence which may eafét certain viral restriction mechanisms, splicing or
MRNA binding(Gustafsson et al., 20p4
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It is possible that some prostate cancer clones pick up mutations which
mirror those of a codon optised Rec sequence, resulting in increased
translation of Rec. These cells may have dysregulated androgen signalling
due to the effects of high levels of Rec and this may eventually lead to
androgen independent growth. Massivparallel sequencing of Rec loci in
prostate cancer clinical samplesaynbe one way to investigate such a

phenomenon.

We also confirmed that Rec was not being degraded through ubiquitin
mediated proteosomal degradation by treating the stable cell lines with the

proteosome inhibitor MG132 and observing no increase in Reessipn.

It is also possible that viral restriction mechanisms are active in normal
prostate cells in order to keep them silent. These mechanisms may break
down in the context of a cancer cell which allows for increased expression
of Rec. This could be irastigated by looking at the activity of proteins such

as TRIM and APOBEC3G which are known viral restriction enzymes
(Huthoff and Towers, 2008 Lee et al have found that APOBEC3G can
hypermutateDNA from a HERV virus that they resurrectefLee et al.,

2008 and Esnault et al. have shown that APOBEC3G can inhibit the
retrotransposition of ERVs in mi¢gsnault et al., 2005

If Rec could be successfully overexpressed in RWIPE would be
interesting to complete a gene expression microarray study where the profile
of the non transfected RWPE cells is compared to that of the Rec
overexpressing RWRE cells. No such study hdsoked at the effects that

the Rec protein induces across a genome wide level. It is possible that many
novel proteins exist which Rec interacts with. Furthermore, high levels of
Rec mRNA may induce viral restriction programmes which may alter
immune cellsignalling. The data from such a microarray could be subjected
to gene set enrichment analysis which could elucidate the molecular
pathways which Rec expression is affecting. A monoclonal stable cell line

would be more suited than a polyclonal line in tdoatext of a microarray
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experiment because the expression would be higher and also it would be

static which would be beneficial when it comes to reproducing experiments.

Transient assays could also be completed which would investigate the
transforming potetial of Rec expression in normal RWREcells. These
assays could include cellular proliferation, invasion and wound healing
assays, as well as expression analysis of stemness genes. The activity of the
AR could also be monitored as a validation of prasistudies which have
shown that Rec expression can lead to derepression of the AR through
interactions with TZFP and hSG(Hanke et al., 2013Kaufmann et al.,

2010.

Another potential pitfall of trying to overexpress retroviral proteins in
RWPE1l is that RWPEL is a cell line which was created via
immortalization with human papillomavirus (HPV) {Bello et al., 199Y.
As previously mentioned Agoni et al. found a correlation between 2ML
positivity and HPV infectionin cervical cancer cell linegAgoni et al.,
2013, so it is possible thainserted HPV oncogenes in RWREcan

interact with HML:-2 sequences such as Rec and control their expression.

We also attempted to knockdown HML in prostate cancer cell lines
DU145 and PC3 using siRNA. The siRNA used was identical to that from a
publicaton by Oricchioet al (2007) who used the sequence to knockdown
HML-2 in melanoma cell line¢Oricchio et al., 200/ They found that
knockdown of HML:2 in these cell lines reduced themourgenic potential

of the cells when injected into nude mice. The same group also found that
HML-2 knockdownpreventedhe transition from adherent to non adherent
growth (Serafino et al., 20Q9However, we found no changes in expression
of full length HML-2 mRNA after treating prostate cancer cell lines with the
same siRNA. The reason for this may be due to the differential expression
of specifc HML-2 loci in either cell line. The HMI2 transcriptome in both
melanoma and prostate cancer has been investigated. It was found that the
transcription of HML=2 in melanoma was complex with no obvious outlier

of expression(Schmitt et al., 2013a In prostate cancer the majority of
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expression of HME2 came from a few loci including the locus 22q11.23
(Goering et al., 2005 Redesigning a consensus siRNA against the majority
loci in prostate cancer may help to knockdown H®Iin this setting. Also,

a large pool of siRNA could be uskdinstead of a single sequence which
may alsoimprove the knockdown efficiency. Another possibility is to use
the CRISPR&$6 V\VWHP WR 12Gidro thé\Vgdrfpmesd bf these
prostate cancer cell linefHsu et al., 2014 Either a consensus target
sequence could be used which would targetrttajority of the HMLE2 loci

or a single locus could be targeted allowing its specific function to be
investigated. In the melanoma study, Orrichio et al. had used a stable
knockdown system while we only attempted a transient knockdown. It is
possible thain prostate cancer cell lines a stable knockdown would be more

effective than a transient knockdown.

The production of a Rec monoclonal antibody would be also beneficial for
the future study of Rec in prostate cancer. This would alleviate the need to
epitope tag the Rec protein, allowing the function of Rec to be investigated
in a more physiologically relevant context. It would also allow Rec to be

tracked more easily in immunofluorescence experiments allowing the

subcellular localization of Rec in prostatancer to be elucidated.

Np9 should not be overlooked in the context of prostate cancer. Similar to
Rec, Np9 can relieve the transcriptional repression of {imga@ oncogene

via its interaction with PLZKDenne et al., 2007 Furthermore, Np9 can
interact with LNX which is a key molecule in the LNX/MWB/NOTCH
pathway +a pathway which has previously been implicated incean
(Armbruester et al., 2004 A global gene expression microarray together
with pathway analysis may help furthier elucidating the key molecular
pathways which Np9 influences in human health and disease.

A potential limitation of this study is that the Rec sequence is chosen from
one particular provirus, in this case that of EREKAgoniet al found that
ERVK-6 mRNA was expressed in DU145 cel(®\goni et al.,, 2013n

Goeringet al did not find that ERVK6 was expressed in any of the prostate

149



cancer primary samples or cell lines that theyetb@Boering et al., 20105
They did, however, identify that ERVV& was expressed and Mayatr al
confirmed that this provirus has an intact ORF for Réayer et al., 2004

The ERVK-4 Rec sequence has five amino acid differences to ERMiw0

of which are contained within the nuclear localization signal (NMyyer

et al.,, 2003 These amino acid differences may alter the function of each
protein and so in the future it will be important to investigate these
differences at thenolecular level.

In summary, this study has successfully produced a Rec overexpressing
construct. This construct will be of benefit to future studies which seek to
explore the role of Rec in human health and disease. This study has also
identified the expession of a Rec sequenceliNCapand PC3 cells, from a
provirus originating on chromosome 5 which most likely represents the
polymorphic ERVKSO.
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6 Overall discussion and future directions

6.1 Overall discussion

From a medical viewpoint the onset of thé'2&ntury has been notable due

to the significant increase in chronic diseagéskel et al., 2010 This
increase is in a large part due to the spread of westerdiets and
lifestyles across the worl@Kuh and BerShlomo, 200% With the increase

in disease burden comes the need for novel medicines. HERVs represent 8%
of the human genome yet we are only beginning to understand their impact
on human health and disead2@owney et al., 2016 Basic researcinto
HERVs including HML-2 will be the key to unlocking their eventual
clinical utility. As the price of genome sequencing continues to tumble,
clinical whole genome sequencing of patients will become routine
(Hamburg and Collins, 20)0This deeper understanding of the human
genome in the context of disease will help to uncover new HERV
polymorphisms and novel loci. Landmark functional studies of the whole
genome such as ENCODEonsortium, 201Pand The Cancer Genome
Atlas (TCGA) (Cancer Genome Atlas Research et al., 2G&r@ critical
generators of new hypotheses intortaun disease. Unravelling the function

of HERVs through these studies will be a catalyst for further studies into

HERVs association with disease.

Progress in biomedical research is hugely influenced by the invention of
new technologies and HERYV researchlwi no exception. The ability to
analyse HERV expression in the context of a single cell will benefit the
search for an infectious particle, while CRISBRS9 can be harnessed to

investigate the function of individual loci.

The future clinical utility ofHERVs can be broadly grouped into three

different areas: vaccines, biomarkers and new therapeutic targets.

The last few years has seen considerable progress into HERV vaccines.
Much of this progress has been made by the \Wamgnning group. They
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have sucessfully genetically engineerétML -2 chimeric antigen receptor
T cells which can selectively kill melanonfgrishnamurthy et al., 2035
Additionally, they have producedML-2 T cells from dendritic cells and
demonstrated their ability to kill breagZhou et al., 201band ovarian
cancer cells(Rycaj et al., 2016 Theoretically, it should be possible to
create these T cells to target any cancer which expréfgés2 tumour
associated antigens. The next step for these HERines will be clinical
trials to test their safety and efficacy in humans.

The future of HML:=2 as a biomarker in human disease also looks promising.
More and more studies are being published which define {2Mkpression

in greater detail in a widarray of diseasefDowney et al., 2015 Early
diagnosis will be the key to lowering global cancer burden and new early
detection biomarkers will be of immense benefit in reaching this goal
(Etzioni et al., 2008 This thesis has demonstrated the utility of HEIL
expression in the diagnosis of prostate cancer and shwatrittalso may
have the ability to improve PSA scores. Medicine has moved away from
single use biomarkers and moved towards an age of multiple biomarker
panels(Paik et al., 2004 These panels are more sensitive and specific than
any one biomarker on its own. The fact that HERVs are expressed in so
many diseases means that they stand ready to be introduced into many of
these new panels.

Discovering new targets is one of the mospariant aspects of the drug
discovery procesfverington et al., 2006In this regard, HERVs represent
a valuable untapped resource whose potential is waiting to be unlocked.
WangJohanninget al have demonstrated the immunotherapeutic potential
of an antHML-2 env antibody inbreast cance(WangJohanning et al.,
2012. They found that treatment with this antibody led to significant
decreases inetlular proliferation and apoptosis baith vitro andin vivo.
HERVs have also recently been implicated in the response of patients to
immune checkpoint blockade with the finding from Chiappineilal that
DNA methyltransferase inhibitors can lead ttte expression of dsRNA
HERV products which upregulate immune signallii@hiappirelli et al.,
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2015. Another study which has reached Phase | clinical tsie¢ksto use
antiretroviral therapy to treat patients with amyotrophic lateral sclerosis
(ALS) who express high levels of HM2 mRNA (Alfahad and Nath, 2033

More HERV drug targets are set to be discovered as we gain a greater

understanding of HERV protein expression and function.

The search for an infectious HMLis one of the biggest questions still left
unanswered in HERV resear@owney et al., 2015 There is evidence to
suggest that some HME proviruses have been active as recently as
200,000 years ag@Bannert and Kurth, 2006t is possible that a rare pool

of replicating HERVs is present in some human populations. Such pools of
retroviruses are unlikely to reach high allelic frequencies due to the
deleterious effects of insertional mutagenesis. Once again, routine clinical
whole genome sequencing may uncoverditletween diseases and active
infectious HERVs. Presumed ancestors of HERVs have been resurrected in
the lab on two independent occasigiewannieux et al., 2008.ee and
Bieniasz, 200Y. These studies are invaluable in gaining an insight into the
true function of HERVs. However, the dangers of resurrecting infectious
retroviruses should not be undermined and considerdbieal challenges

remain.

Whether HML:2 expression is a cause or consequence of cancer remains to
be seerfDowney et al., 2015 Although there is much evidence to suggest a
link between the two, conclusive proof has yet to be found. In prostate
cancer, the locus 22q11.23 was the fagiusitensive research in this regard.
Goering et al found that this locus was responsible for the majority of
HML-2 transcription in prostate cancgpoering et al., 2015 Reiset al
had discoveredhat gag protein expression originating from this locus
correlated with an immune response to prostate caRess et al., 2013
Finally, a fragment of this locus is responsible for gene fusions seen in
prostate cancer. Goerirgj al used siRNA to knockdown the expression of
this locus in prostate cancer cells but did not find that this led to any
changes in cellular proliferation or apoptosis and concluded that expression
from this locus isnostlikely an epiphenomenofoering et al., 2015

154



The beneficial aspect of HERVs to human physiolsgguld also not be
overlooked. Recent studies have highlighted the importance of HERVs to
embryonic stem cell pluripotengizu et al., 2014Wang et al., 2014and it

Is possible that many other beneficial traits remain undiscovered.

Overall, this thesis has contributed to a greater understanding of HERVSs in
prostate cancer, both in terms of basic and clinically relevant research.
Whether or not HME2 plays a functional role in prostate cancer remains to

be seen, but its potential as a clinical biomarker is obvious and warrants

further development.
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6.2 Future directions

Many questions remain unanswered in both clinical and basic -BIML

research in prostate cancer. Some of these are listed below together with

directions for future work.

Basic research

Questions

X

What induces HME2 activation in hormone negativelldenes?

Is HML-2 activation related to daifferentiation and stemness?

Are there specific loci which contribute to prostate cancer
progression or is it the collective HMZ proteome which plays a
role?

Are anttviral pathways activated by HMR expressin?

What exact cell PBMC cell types are responsible for the HML
signal?

Are HML-2 virions expressed in prostate carrcer

Future work

X

Define the role of methylation/demethylation in HMNL

silencing/activation

Clinical research

Questions

X

X

X

Do hormoneanalogue drugs such as antiandrogens have an effect on
HML -2 expression?

What role does inflammation and infection play in HM¥L
activation?

Does HML-2 expression affect response to immune checkpoint
blockade therapies?
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X Is HML-2 activation related to theyeng process?

X Is there a link between smoking and HMlactivation?

X Is an infectious HMLE2 particle present amongst humans?

x Can HML-2 represent a clinically useful vaccine?

x Do any HML-2 proteins represent potential new drug targets for the

disease?
Future work

x Validate the HML2 biomarker in a second independent cohort
x Gather data on HVH2 expression in relation to PSA scores
X Investigate the potential use of other HMLiranscripts or proteins

as biomarkers in the disease

Functional characterisation

Questions

x Does Rec expression contribute to androgen independent prostate

cell growth through effects on androgen signalling?
Future work

X Attempt to overexpress Rec in prostate cancer cell line instead of non
tumourigenic line

X Attempt to overexpress a provirather than ERVK6

x Attempt codon optimization of Rec coding sequence

X Attempt to overexpress Np9

X Attempt stable knockdown of HMPR in prostate cancer

X Attempt deletion of HME2 using CRISPRCAS9

x Develop monoclonal antibodies against Rec and Np9

X Investigatenovel interactors of Rec and Np9 in prostate cancer cells
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One of the most striking “ndings that arose from the publiThe progenitors of these retroelements were exogenous retro-
cation of the human genome sequence was the enormatrsises, which infected germline cells, subsequently became
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alongside the protein-coding component to contribute teetroviruses: £ TR-gag pro, pol, en2 3L TR. In retroviruses,
modern-day phenotypes in ways which are still being detirese open reading frames (ORFs) encode viral polyproteins,
phered. A subset of TEs, known as human endogenous retndich, after post-translational modi“cation, become the criti-
viruses (HERVs), are ancestral relics of germline infectionsc@ structural and functional proteins, such as the reverse
which the genome succumbed over the course of evolutidranscriptase or the transmembrane envelope, while the long
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1250 HERV-K activation in cancer and impact on tumor biology

Figure 1. Structure of HERV-K provirus. The full length (gag) HML-2 transcript encodes the gag, pro and pol polyproteins. A singly spliced
transcript encodes the env polyprotein, while a doubly spliced transcript encodes either the Rec or Np9 accessory proteins depending on
the presence or absence of a 292-bp deletion at the pol/env boundary—a characteristic that de nes a HML-2 provirus as either Type 1
(deleted) or Type 2 (intact). HML-2 also expresses a 1.5-kb transcript of unknown function known as the hel transcript.

terminal repeats (LTRs) specify promoter, enhancer atat fusion of the placental trophoblast and is encoded by an
polyadenylation signafsThe vast majority of HERVs haveenv gene from the HERV-W groub.Another syncytin,
acquired inactivating mutations such as stop codons or frkmown as syncytin 2,plays a similar physiological role and
meshifts, inhibiting the translation of functional proteins ands encoded by an env gene from the HERV-FRD group.
thus making the production of a full, infectious retrovirus=inally, the presence of HERVSs, in particular their LTR ele-
particle, from a single genetic locus, an impossildility. ments, has added an additional layer of complexity to our

The HERV-K group is class Il HERVs and exhibits closegeénome, in that many of these LTRs have been co-opted by
homology to betaretroviruses, which cluster as class Il retfsrotein-coding genes and serve as regulatory elements direct-
elements. It consists of 11 subgroups (HML-1 to HML-11jng tissue-speci‘c expressidn.
each as the result of a separate germline infectione of The association of HERVs with disease has garnered the
these subgroups, HML-2, has been subject to intensiv@st attention from researchers. HERVs have been implicated
research because it maintains an unrivalled coding compe-autoimmune disorders°but with con”icting reports par-
tence with many of its proviruses maintaining complete, aicularly involving multiple sclerosis (M%).-** Recent
near-complete, ORFs for all viral polyproteins (Fig.3 L)research refutes a role for deregulated HER\ElV in MS
Finally, it represents the most recently integrated HERMSsions, including the high-level-transcrib&RVWE1 locus
group into the human genome. Some HML-2 proviruses agsicoding Syncytin-1* In this review, we discuss the most
both human speci‘c and/or polymorphic indicating integrarecent developments in the “eld of HERV-K and human
tion events subsequent to the human...chimpanzee split andor biology, in particular emerging evidence of a role for
within modern humans. This likely contributes to the facHERV-K in immunomodulation and the presence of HERV-
that HML-2 is the least defective and most active retrovirl in tumor-derived exosomes, further indicating the poten-
family. In this regard, HML-2 is considered the most intertially important role of HERV-K in human carcinogenesis.
esting HERV group to study in terms of potential oncogenic
activity. HERV-K and Solid Tumors

Overall, HML-2 is represented in the genome by 91 provio date there is evidence for HML-2 activation in ovarian
ruses and 944 solitary (solo) LTRs. Solo LTRs are the resalticer>*®melanoma’*breast® ?prostate?>-2dympho-
of unequal crossing over due to highly homologous sequenas®® leukemia®® and sarcoma$ In the 1980s, Oneet al
cess Two main types of HERV-K (HML-2) are found in successfully cloned HML-2, thanks to its similarity to mouse
humans: type | is characterized by a 292 base pair deletiom@immary tumor virus (MMTV)*? They also found that
the boundary of thepol and env (envelope) genes (Fig. 1)stimulation of human breast cancer cell lines with female ste-
whereas type Il lacks it. The deletion in type | provirusesid hormones led to an upregulation of HML-2 mRNA.
leads to an alternative splicing event culminating in a prote@everal groups followed with reports of HML-2 mRNA and
known as Np9, while type Il proviruses express a completgal particle expression in breast cantet*3®wang-
accessory protein known as Rec. Johanninget al re“ned this work to produce data that accu-

HERVs play an important role in normal physiologicatately quanti‘ed HML-2 env transcripts and spliced tran-
function. For example, the protein syncytin 1 mediates cellseripts in breast tumors demonstrating elevated levels
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compared to unaffected contréfs?* They also demonstrated control, whereas HERV-K-11g23.3 and HERV-K-22q.11.21
an association between HML-2 Env protein expression @me not?’ Wallaceet al demonstrated that the HERV-Kag
breast tumors and increased risk of lymph node metastasi®RNA in peripheral blood mononuclear cells (PBMCs) is
and poor outcome in two separate US cohorts and a Chingmedictive of diagnosis with prostate cancer and correlates
cohort of breast cancer patierifs>® corroborating the “nd- with elevated plasma interferanand 1P10%
ings of Golanet al*® Most recently, Wang-Johannirgt al
demonstrated that HML-2 serum mRNA and anti-Rec antiHERV-K and Hematological Malignancies
body titers are predictive of early-stage breast cancer. Ad8Brodskyet al discovered a potential role for HERV-K in leu-
tionally, HERV-K-gag copy number tended to be higher ikemia. They showed that HML-2 pol mRNA was expressed
breast cancer patients with a primary tumor who later om the blood of patients suffering from chronic myeloid leu-
developed the metastafit. kemia (CML) and acute myeloid leukemia (AME)**Others
High levels of expression of HML-2ny rec and np9 also reported that HML-Zyag mRNA is present at higher
MRNA, and Env protein have been reported in ovarian catevels in PBMCs of leukemia patients compared to healthy
cer cell lines and tumor$, whereas in another study Np9controls®® Similar studies have reported HML-2 viral par-
mMRNA was not detectible in two ovarian tumors test:d.ticles in lymphoma® and HML-2 env expression in the H9
One possible mechanism of altered HML-2 expression uman T-cell lymphoma cell lin€. Additionally, the human
ovarian cancer may be due to alterations in its methylatidpmphotropic herpesvirus Epstein...Barr virus (EBV), which
status'® has been implicated in the development of lymphoma, was
Retrovirus-like particles and the expression of HML-2hown to induce HERV-K18env gene expression. The
mRNA and proteins are detectable in prostate cancer tissUdERV-K18 env has been reported to have superantigen
Ishidaet al isolated a HML-2 Gag protein in the serum of 4SAg) activity by several grouffs}” whereas others have
prostate cancer patient using serological recombinant cDNdund no evidence of SAg activity?® Indeed, multiple
expression cloning (SEREX) technolég¥hey subsequently HERV-K env proteins elicit antibody responé&s®A direct
detected HML-ZgagmRNA in the serum of six of nine pros- association between HERV-K18 env SAg and carcinogenesis
tate cancer patients, but failed to detect HMlg&gmRNA has yet to be shown. HML-2 expression has also been seen to
in LnCAP, DU145 or PC3 prostate cancer céllGene decrease after lymphoma therapy, indicating that it may be
fusions are a frequent occurrence in prostate cancer, teful for monitoring therapeutic resporfSe.
majority of which involve the fusion of the transcription fac-
tors ETS translocation variant (ETV1) or ETS-related geftERV-K and Melanoma
(ERG1), to the transmembrane protease, serine The prevalence of HML-pol, gagand envmRNA, and Gag
(TMPRSS2). In these fusions, the androgen-responsarel Env proteins in melanoma is well establised!®5t-%
TMPRSS2 drives expression of the ETV1 or ERG1 ondn-2002, a sequence homologous to HERV-K (HML-6) was
genes. Recently, ETV1-HERV-K fusions have been descriiéehti“ed in melanoma patients (HERV-K-MEE}.HERV-K-
corresponding to the%untranslated region (UTR) of HERV- MEL, which produces an antigen spliced from a defective
K-22011.2%8° and HERV-K17'! Additionally, the ETV1- noncoding env-like ORF, was reported in cutaneous and ocu-
HERV-K-22q11.23 fusion is also inducible in LNCaP itar melanomas, and nevi. Antibodies raised against the
response to androgéf, similar to HML-2 induction by HERV-K-MEL antigen were detectable in melanoma
estrogen and progesterone in breast cancer cell*fnes. patients®* Melanoma cell lines (SKMel-28, SKMel-1, 518A2,
Goeringet al detected signi“cant expression of HERV-KMelJuso, HS-Mel2 and JH-Mel6 and HV-Mel7), but not cul-
220g11.23 and HERV-K17 in the androgen-responsive prostaieed melanocytes (NHEM neo 5935, NHEM neo 4528 and
cancer cell lines 22Rv1, LNCaP and MDA-PC&’2dormal NHEM neo 6083), produce retrovirus-like particles that
prostate cells and androgen-insensitive prostate cancer ceMsibit reverse transcriptase activifywhich contain mature
(PC-3, DU-145 and BPH-1) exhibited expression near tiigag and Env proteins. HML-2 Pol, Gag and Efand
limit of detection?’ Expression of two other provirusesaccessory proteins Rec and Np9 have also been detected in
HERV-K-11g23.3 and HERV-K-220.11.21 was not detectabielanoma®>*Further studies sought to predict the prognos-
in prostate cancer cell lines. Assessing HERV-K-22ql1tR3value of HERV-K in melanoma and found that HERV-K
5UTR-gag envand Np9 gene expression in prostate tumorsvas a statistically signi“cant marker of acrolentiginous,
(n5 45) versusbenign tissuen5 11), the expression of themucosal and uveal melanoma. Patients with serological
5UTR-gag and env region was signi‘cantly elevated inresponse against HERV-K had a signi“‘cantly decreased
tumors compared to benign tissuéép9 was detectable only disease-speci‘c overall survival Additionally, HML-2 rec
in a subset of carcinomas (18/45). In contrast, HERV-KIRNA is expressed in melanoma cells but not in benign nevi
was reduced in prostate tumors compared to benign. Whese normal skin, indicating aberrant activation in melanoma.
HERV-K-220q11.23 and HERV-K17 were expressed, they cBurthermore, rec mRNA positivity correlated with the verti-
related with PSA levels, suggesting that HERV-K-22q11@8 growth phase of melanoma, a step that increases the risk
and HERV-K17 retroelements are under androgen-inducibié metastatic melanontd. A recent study by Schmitet al
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1252 HERV-K activation in cancer and impact on tumor biology

de“ned the HML-2 transcriptome in melanoma, identifyingand ovarian tumor® Interestingly, age was negatively associ-
23 different HML-2 loci as transcribed to varying degrees ated with HML-2 methylation in PBMCs from healthy

different patient specimens and melanoma cell [ffes. donors aged 20...88 years. The average onset of HML-2 meth-
ylation in PBMCs occurred at 40...63 years, implicating
Polymorphic HML-2 Group Members HML-2 DNA hypomethylation in agin§’ Another important

Of the 91 known HML-2 proviruses, 11 are polymorphithe epigenetic mechanism that in"uences transcriptional activity
most recent insertions (1 million years ago) include HERV-is histone modi“cation, but the in"uence of histone methyla-
K-19p12 (K113) (29% of individuals) and HERV-K-8p23.fion, acetylation or other modi“cations on HERV expression
(K115) (16% of individuals) as measured using a pool of mixedmalignancy is still unknown.
backgrounds® Other polymorphic HML-2 proviruses include: ~ Known inducers of HML-2in vitro include ultraviolet
HERV-K-11022.1 (K118), HERV-K-6q14.1 (K109), HERV-Kradiation in melanoma!®® hormones, including progester-
7p22.1a (K108R), HERV-K-8p23.1 (K115) and HERV-kone, estrogen and androgen in bré&étand prostaté® can-
1p31.1(K116)?%° in additon to HERV-K-3q13.2 (K106), cer cell lines and bone morphogenetic proteins and retinoic
HERV-K-7p22.1b (K108L), HERV-K-10p12.1 (K103), HER&cid in testicular germ cell tumor cell lin¥sUrine from
K-12g13.2 and “nally HERV-K-U219 (K105) located in thesmokers has also been shown to lead to an increase in HERV
unassembled centromeric region (Un_g1000219). expression in normal human dermal “broblasts and urothe-
It is currently not known whether inheriting speci“clium in vitro.”® Other factors that may activate or be acti-
HML-2 polymorphisms increases the risk of cancer. Burmeigated by HERV-K include infectious viruses such as BBV
ter et al investigated the frequency of the polymorphic fulland human immunode“ciency virus (HIV-T¥, and tran-
length HERV-K115 and HERV-K113 in 102 female breastription factors including NfB, NF-AT/® MITF-M,”* Sp1,
cancer cases and 102 controls, but did not “nd a signi“ca®p3®and YY17°
association with breast cancer (HERV-K-K113, 16
12.7%; HERV-K-K115, 4% 9.8%). (Note the lower preva-Possible Mechanisms of HERV-K-Induced
lence than reported abaovefor both. This suggests ethnicOncogenesis

differences in frequency of inheritané8). Insertional mutagenesis
HERVs may be oncogenida insertional mutagenesis. How-
Mechanisms of HERV Activation and Regulation ever, to date, no fully intact and infectious HERV-derived

The abundance of inactive HERVs present in our genometrovirus has been demonstratedvivo. Retrovirus-like par-
suggests that active, integrating proviruses are largely deletaies observed using electron microscopy in human placental
ous to the host. Novel intrinsic restriction factors exist whictiophoblasts,” and teratocarcinonf& and melanom were
impede retroviral infection and some of these have the abilifenti“ed as HERV-K derived. Efforts to identify an infec-
to target both exogenous and endogenous infections. AP@us HERV-K are compounded by the fact that the large
BEC proteins can inhibit viral RNA, thus blocking theimajority are partially defective and also that a somatic inte-
translation®® Additionally, APOBEC3G can hypermutate andjration event would be a relatively rare occurrehdavo
inactivate HERV DNA? Activation of these retroelementsindependent groups have succeeded in resurrecting full retro-
can therefore be an indication that cellular programs, crucidtal particles after constructing consensus sequences repre-
to a healthy phenotype, have gone awry. senting ancestors of now defunct proviruse® Although

A crucial question that needs to be addressed is whetltleese viruses were found to be only weakly infectious, these
activation of HERVs is simply an epiphenomenon or is nestudies will prove invaluable in formulating hypotheses
essary for disease progression? A large proportion of HERAgarding the potential oncogenic mechanisms of an infec-
loci have become silenceda DNA hypermethylation, an tious HERV-K (Fig. 2§38588122.123
epigenetic phenomendii. Many cancers display a globally HERV-K113 and HERV-K115 are some of the most
hypomethylated stat& thus, activation of HERVs during recently integrated HERVs in the human genome and repre-
tumorigenesis may simply be a bystander effect of this epigent obvious candidates for infectious proviruses. Betlet
netic state. It has become increasingly clear that genorimgestigated this possibility and observed that HERV-K113 is
instability, including deregulated transcription and genonmble to produce fully intact retroviral particlés vitro.2®
plasticity, is enabled as a result of epigenetic changes tHatvever, the authors concluded that an infectious HERV-
take place within tumors. Demethylation of speci“c HERK113 virus would be unlikely due to a lack of a functional
families, including HERV-W, HERV-K and HERV-H, hageverse transcriptase.
been reported in various cancérsMoreover, demethylation
of TEs correlates with their transcriptional activation in prosHERV-K Rec and Np9 as putative oncogenes
tate cancef! This indicates that where HERV transcriptionRec exhibits functional homology to the Rev protein of HIV-
is increased in cancer cells, it is likely due in part to hypom#; a nucleocytoplasmic shuttle protéitNp9 is spliced from
thylation of their LTRs. HML-2 DNA hypomethylation hasan alternative splice donor site to Rec, and shares only 14aa
been reported in melanoma cell lif8sprostate tumors’ with Rec and Env, with no homology to REvFunctional
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Figure 2. Proposed model of HERV-K (HML-2)-driven cancer progression. Global DNA hypomethylation during early-stage cancer leads to
activation of otherwise silenced TEs, including HERVs. A humoral response to HERV-K gag has been observed in some c&h@ush a
response to high levels of HERV-K protein expression may culminate in chronic in ammation. Conversely, it has been hypothesized that
HERV-K LTRs are responsive to in ammatory transcription factors—a phenomenon that may explain the high levels of HERV-K mRNA and
protein seen in some in ammatory diseases®? HERV-K (HML-2) accessory proteins Rec and Np9 have been shown to lead to the derepres-
sion of the c-myc protooncogené? while Np9 has been shown to co-activate Akt, Notch and ERK pathways in leukerfifaRec has also

been observed to lead to the derepression of the androgen receptor, which directly or undirectly causes a further increase in HERV-K tran-
scription.®® Overall, the synergistic effects of chronic in ammation and dysregulated signaling/protooncogene activation caused by HERV-K
protein expression may help to create a protumorigenic microenvironment culminating in further proliferation and metastasis. Finally, it is
important to note that an active, infectious HML-2 provirus has not been isolated to date, but the existence of such a particle cannot be
ruled out. It would potentially be oncogenicvia mechanisms such as insertional mutagenesis.

studies found that both proteins bind the promyelocytic leuseen implicated in the regulation of proliferation of cancers
kemia zinc “nger (PLZF) protein, a transcriptional repressaf the breast and prostat@ Finally, a recent study has shown
of the C-MYC proto-oncogené&?® leading to the derepressionthat Np9 acts as a critical molecular switch for co-activating
of C-MYC. Rec also binds a related protein known as testidu~catenin, ERK, Akt and Notchl and promoting the growth
lar zinc-“nger protein (TZFP), a transcriptional repressor obf human leukemia stem/progenitor cells (Fig®?®).
the AR. Rec inhibits the ability of TZFP to repress AR tran-
scription®® Hankeet al identi“ed an additional binding part- HERV-K-induced immunomodulation
ner of Rec known as human small glutamine-richh a Darwinian sense, cancerous tissue uses the in"ammatory-
tetratricopeptide repeat protein (hSGT), which also acts agigsociated milieu of the tumor microenvironment to confer a
co-repressor of the AR.Moreover, they proposed a sviciousselective advanta§&The apparent immunogenicity of HERV
cycleZ model, whereby increased cellular AR led to increageieins therefore represents a potential contributor to, or ini-
transcription at HERV-K loci and thus increased levels difitor of a chronic in"ammatory state, bene“cial to tumor sur-
Rec leading to further AR derepression. The involvement \dé¥al (Fig. 2). HML-2 antibodies have been observed in
such hormonal regulators will be interesting to study ipatients with melanom#; breast® and ovarian cancer$.In
castration-resistant prostate cancer, in which disruption bfeast cancer, studies have found that both humoral and cell-
the AR signaling axis is a key factor in development ofediated immune responses to HERVs were enhanced in
resistance. patients when compared to contrfSHERV-K18 Env protein
Reinforcing the possible importance of these proteins s been shown to elicit T-cell responses and can be upregu-
tumorigenesis was the “nding that mice transgenic for thated in response to EBV infectiéfi??and may be a prerequi-
Recgene are prone to seminonfdsNp9 has been shown to site of B-cell lymphomas.
interact with LNX,an E3 ubiquitin ligase that targets mem-  Similar to discoveries in HIV-1, HERV-K may encode env
bers of the NUMB/NOTCH pathwaff’. This pathway has proteins with immunosuppressive transmembrane domains.
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A recent study by Morozoet al identi“ed an immunosup- antigens and viral antigens are unique because they are for-
pressive HERV-K env protein, which altered cytokine expresign to the host and not subjected to preexisting antigen-
sion and suppressed immune cell proliferatiorvitro.®* speci‘c tolerancé?®1°’HML-2 exons coding for mature
Nitric oxide (NO) is an endogenous free radical signalingroteins are spread out over the genome and are a repository
molecule that has been intimately linked with in"ammationpf immunogenic retroviral gene products that can be
wound healing responses and carcef’A signi“cant associ- sreawakenedZ when genetic damage occurs through chromo-
ation between nitric oxide synthase 2 (NOS2) and HML-@me breaks, frameshifts and mutations, removing sequences
Env expression has been demonstrated in breast céhcerormally silencing protein expression.
NOS2 is an independent predictor of poor outcome in estro- HERV-K MEL is an antigenic peptide that is encoded by
gen receptor-negative breast cancer, associated with maershort ORF from a processed HERV-K (HML-6) pseudo-
phage in“ltration, deregulated p53 signaling, increasegne and has been shown to be recognized by cytotoxic T
proliferation and resistance to apopto$is’®Can HML-2 cells in human melanoni&. BCG, vaccinia and yellow fever
Env proteins mediate downstream in"ammatory effecis vaccinations are associated with a reduced risk of developing
their activation of NO signaling? Intriguinglyp-catenin, melanoma?®--*'%lthough con”icting data exist for yellow
ERK and Akt, which are activated by Njf9are also acti- fever vaccineS: It is suggested that this effect is due to anti-

vated by NO signalingf®° gen sequence homology between these vaccines and HERV-
K-MEL leading to cross-reaction between vaccine-elicited
Exosomes cytotoxic T cells and melanoma céft.Reintroduction of

An evolving hypothesis in cancer research over the last févese vaccines has been suggested as a novel method of mela-
years has been the involvement of tumor exosomes in metasma immunoprevention; otherwise, HERV-K MEL repre-
tasis®>'°* Exosomes are nanoscale membrane vesicles thaits a legitimate target for cellular immunother&gy:*2

are secreted from cells and are thought to be important inter-

cellular communicators, or, in a cancer setting, drivers Bliture Perspectives

metastatic spreatf? A recent study has now implicatedOver the course of evolution, our genome has been locked in
HERVs in this process, with the “nding that HML-2 mRNAa molecular swarZ with exogenous infectious agents. Ulti-
is selectively packaged into tumor exosomes and that thigtely, it is this very battleground, together with viral endo-
genetic material can be transferred to normal ¢&fisThe genization, which has bestowed upon us the diverse genetic
authors also demonstrated that these exosomes were enrialepertoire we possess today. Constituting 8% of our genome,
for the C-MYC protooncogene, which has been shown to these HERVs have supplied us with an additional layer of
regulated by PLZF, a target of Rec and RipBherefore, it is plasticity and physiological functionality, yet scientists now
possible that there is a link between the high levels loglieve that hidden detrimental processes fueled by HERVs
HERV-K mRNA andC-MYCin these exosomes, but furthermay be present, which are inducing chronic diseases such as
investigation will have to be done in this regard. Anotharancer and autoimmunity. As of yet, no truly infectious
important point is that HML-2-driven metastasiga exo- HERVs have been observed. However, as outlined in this
somes would not require an envelope gene, as exosomes gaiiew, a range of potential molecular mechanisms involving
entry to target cellsia a plasma membrane fusion event. Irthe retroviral proteins may be aiding and abetting both
essence, exosomes could potentially empower the abunddao®r formation and metastasis. Ultimately, it is likely that

of defective HERVs with a new-found infectivify. many of these mechanisms are working synergistically to
produce these effects, and the heralding of a single molecular
HERV-K viral proteins as potential vaccines event induced by a HERV protein is improbable.

Although the direct oncogenic effects of HERVs in cancer Ascribing a causative role for a particular agent to a dis-
remain to be fully elucidated, there is potential for their ussase has long been a challenging task. Criteria such as Hills
as diagnostic or prognostic biomarkers and for immunotherariteria-** and Koches postulates have been formulated to
peutic purposes including vaccines. Independent groups haderess this problem. These criteria have recently been
demonstrated a strong association between HERV-K antibad“ned and built upon in light of HERVs-postulated role in

ies and clinical manifestation of disease and therapeutioman disease>*'®1" However, even if a direct link
responsé>2° Antibodies recognizing synthetic HERV-K pro-between HERVs and carcinogenesis is never established, their
teins were detected at a very low frequency in the serapoésence may be highly advantageous in terms of the imple-
healthy donorg®2?Humoral anti-HERV-K immune response mentation of novel biomarkers for cancer. Further work will
may provide additional prognostic information to that ofneed to effectively correlate their presence with various dis-
established melanoma markéts® Data from these studies ease stages and also make the necessary comparisons against
reveal a signi“‘cant inverse correlation between serologiegbld standardZ biomarkers. Equally promising is the poten-
anti-HERV-K reactivity and patient survival probability intial to take advantage of tumor-speci‘c HERV expression for
melanoma patients. Among the different classes of tumiire use of targeted immunotherapies. Wang-Johaneinal
antigens recognizable by the immune system, mutated sklive demonstrated the potential of anti-HML-2-Env
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antibodies in inhibiting tumor growth and inducing apopto-has yet to be established. Generally, retroviruses induce
sis, bothin vitro and in in vivo mouse xenograft modelé. tumours by insertional mutagenesis targeting speci“c onco-
This work represents a major milestone in research ingenes, as is the case with HEVThis is an unlikely mecha-
HERVs and cancer and it is likely that targeting Env in mism though in the case of HML-2. Evidence does suggest
similar fashion in other cancers will be equally effectivithat Rec and Np9 may be putative oncogenes, but whether
However, it remains imperative that these studies are ev@lg or Env are also oncogenic is not known. In exceptional
uated in a clinical setting. Additionally, it may also be possiases such as Jagsiekte sheep retrovirus (JSRV) the Env prg
ble to conjugate these antibodies to cytotoxic drugs ftin has been found to be causal (ovine pulmonary adenocar-
increased effe¢t® Similarly, Krauset al demonstrated that cinoma)*?? However, it is unlikely that HML-2 Gag or Env
HML-2-Env-targeted vaccine reduced renal tumor metastabiave a similar causal effect; potentially they may in"uence
in a murine modet® Novel therapies, such as these, are kegrcinogenesis by activating or perturbing in"ammation
to making inroads toward a future cure for the increasinglesponses against cancer.
complex and multistep disease that is cancer. However, theirlt is our belief that within the next decade these genetic
safety must be assessed given the newly established rolesepfattersZ will have “rmly established themselves within the
HERV-K in embryonic stem cells and iPS cElfsyhich may modern multistep model of cancer progression and their
have implications for pregnancy. Their role in adult steraxpression will be viewed as an eenabling characteristicZ of
cells is not currently known. cancer, giving new meaning to the famous words of Nobel
Several limitations exist in the “eld of cancer-relatethureate J. Michael Bishop when he stated that <the seeds of
HERV-K research, including a lack of adequately poweredncer are within us-#
patient population studies to determine the role of HERV-K
in the etiology of cancer, and/or its association with metasta-
sis, therapeutic response and overall patient survival. A gagknowledgements
exists in our knowledge as to which HERV-K loci are speciﬂ'_his work was supported by the Galway University Foundation (RNR1008

cally activated in cancer. A recent study by Schatital has to F.J.S. and S.A.G.); the Health Research Board of Ireland Clinical Research
y ) y by Facility, Galway (RSU004 to R.F.D. and F.J.G.); the Department of Defense

de“neq the HML-2 transcripto_me in. melangma, ider_ltifyinggreastCancer Research Program (BC113114 to F.J.W.); Breast Cancer Cam-
23 loci as transcribet, and it is an imperative that similar paign UK (2013MayPR019 to S.A.G. and F.J.S.) and the Irish Cancer Society
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Elevated HERV-K mRNA expression in PBMC is associated with a prostate cancer
diagnosis particularly in older men and smokers

Tiffany A.Wallace’, Ronan F.Downey', Caleb J.Seufert, it as the second leading cause of cancer death in men in the cojntry (1
Aaron Schetter, Tiffany H.Dorsey, Carol A. Johnson, Epidemiological studies identi ed aging, disease family history, race/
Radoslav Goldmar?, Christopher A.Loffredo?, Peisha Yan, ethnicity and obesity and diet as being signi cant risk factors for the
Francis J.Sullivan“4, Francis J.Gileg, Feng Wang- development of the diseasg.(@ther studies suggest that in ammation
Johanning®, Stefan :’-\mb§ and Sharén AGlynn-* and infections contribute to disease developmedj.(®ore recently,

the reactivation of endogenous retroviruses in the HERV-K family has
Laboratory of Human Carcinogenesis, Center for Cancer Research, National ~ been associated with a prostate cancer diagnosis (5-7).

Cancer Institute, National Institutes of Health, Bethesda, MD 20892, USA, Human endogenous retroviruses (HERVS) represent the remnants
!Prostate Cancer Institute, Biosciences Research Building, National University  of ancient germline infections by exogenous retroviruses (reviewed
of Ireland Galway, Dangan, Corrib Village, Galway, Ireld@ipartment of in ref. 8) and today compose ~8% of the human genome (9). For the

Oncolpgy, Lombardi Comprehensive Cancer Center, Georgetown University, most part, they have become defective over time via the accumula-
Washington, DC 20057-1465, USiRepartment of Pathology and Lahoratory ion of inactivating mutations and through silencing by epigenetic

Medicine, The University of Texas Health Science Center at Houston, Houston, T. - .
77030, USA/Department of Radiation Oncology, Galway University Hospital, echanisms such as DNA methylation (10). The HERV-K (HML-2)

Galway, Ireland andViral Oncology, Center for Cancer and Metabolism, Stanford §ubgr0up (herea.lfter referred tq as HERV'K) IS unigue among HERYVS,
Research Institute |nternati0na|' Menlo Park’ CA 94025’ USA n that a pl’OpOI’tIOﬂ Of ItS ConStItuent pI’OVIrUSES l’etaln Complete Open
*To whom correspondence should be addressed. Tel: +353 91 49 4242 reading fra_mes for all retroviral genes (8). Furthermqre, a selection of
Fax: +353-91-494pz42- s ' these proviruses are human speci ¢ and polymorphlc (11).
Email: sharon.glynn @nuigalway.ie Th_e genetic structure of an intact HERV-K provirus consists of open
Correspondence may also be addressed to Stefan Ambs. Tel: +1 301 496 reading frame§ for the retroviral genes: a9, pol and eny anked by
4668: Fax: +1-301-496-0497: two long terminal repeats that regulate their expression (12). HERV-K
Email: ambss@mail.nih.gov consists of two major types de ned by the presence or absence of a
292 base pair deletion at the junction of the pol andgenes, which
fuses their reading frames)(8ype 1 HERV-K proviruses harbor the
deletion, whereas type 2 remains intagt four HERV-K transcripts
have been described to date: full length jgagssenger RNA (mMRNA),
singly spliced enmRNA, doubly spliced rdop9 mRNA and the ‘hel
transcript that lacks any known function (13). High levels of HERV-K
MRNA and protein have been observed in a variety of cancers, includ-
ing germ cell, breast, ovarian, lymphoma and melanoma, but a causal
link to any of these diseases remains to be identi edlg)}4HERV-K
transcripts have also been detected in prostate cancer cell lines (16) and
tissues (pand a humoral response to the HERV-K gag protein has been
observed in sera from prostate cancer patientsH{&thermore, this
immune response correlated with disease progresgiandieating that
an in ammatory immune response to HERV-K, which does not eradi-
cate the HERV-K expressing tumor, may promote disease progression.
We hypothesized that HERV-K reactivation could serve as a non-
invasive early disease detection marker for prostate cancer and there-
fore evaluated HERV-K expression in tumor and blood samples.
Because peripheral blood mononuclear cells (PBMC) can provide
a suitable surrogate to an individual’s health status (17) and distinct
PBMC gene expression pro les have been observed in a number
of non-hematological cancers (18), we analyzed HERV-K mRNA
expression in PBMC from prostate cancer patients and healthy vol-
unteers using a case—control design. We also evaluated whether
HERV-K reactivation may occur differently in patients of American
and European ancestry. Using this approach, we observed differences
in HERV-K reactivation between African-American and European-
American men and found that blood-based HERV-K expression is a
candidate early detection biomarker for prostate cancer.

Aberrant expression of subgroup k human endogenous retroviruses
(HERV-K) has been observed in prostate cancer. This subgroup is
unique because it encodes sequences in the human genome contain-
ing open reading frames for near intact retroviruses. We hypoth-
esized that HERV-K reactivation could serve as a non-invasive early
disease detection marker for prostate cancer. We evaluated HERV-K
gag messenger RNA (mRNA) expression in blood samples of
African-American and European-American men using a case—con-
trol design via quantitative real-time PCR. Additionally, we exam-
ined HERV-K envelope protein expression in prostate tumors by
immunohistochemistry. HERV-K envelope protein was commonly
upregulated in prostate tumors, but more so in tumors of African-
American than European-American patients (61% versus 40%,
P < 0.01). Examining HERV-K gag expression in peripheral blood
mononuclear cells (PBMC) from 294 cases and 135 healthy men, we
found that the abundance of HERV-K gag message was signi cantly
higher in cases than controls and was associated with increased
plasma interferon- . Men with gag expression in the highest quar
tile had >12-fold increased odds {odds ratio = 12.87 [95% con -
dence interval 6.3-26.25]} of being diagnosed with prostate cancer
than those in the lowest quatrtile. Moreover, our results showed that
HERV-K expression may perform better as a disease biomarker in
older than younger men (whereas the sensitivity of prostate-speci ¢
antigen (PSA) testing decreases with age) and in men with a smok-
ing history compared with never smokers. Combining non-invasive
HERV-K testing with PSA testing may improve the ef cacy of pros-
tate cancer detection specically among older men and smokers
who tend to develop a more aggressive disease.

) Materials and methods
Introduction

Subject recruitment and collection of PBMC

&election criteria for cases (n = 270) and population-based controls (n = 91)
NBat participated in the National Cancer Institute (NCI) study: prostate cancer
patients were eligible for the study when a diagnosis of prostate cancer has
Abbreviations: CTC, circulating tumor cell; INF, interferon; HERV, human endog- been made within 2 years prior to recruitment; resided in Maryland and adja-
enous retroviruses; IHC, immunohistochemistry;IL, interleukin; IRB, Institutional cent counties in Pennsylvania, Delaware, Virginia, or District of Columbia,
Review Board; mRNA, messenger RNA; NCI, National Cancer Institute; OR, oddsf they were born in the USA; were either African-American or European-
ratio; PBMC, peripheral blood mononuclear cells; PSA, prostate-speci ¢ antigen. American by self-report; had a working home phone number; were physically
and mentally able of performing the interview; were not severely ill; spoke
Joint rst authors. English uently and were able to give informed consent and did not reside
*Joint last authors. in an institution such as a prison, nursing home or shelter. Male population

Itis estimated that prostate cancer will account for 28% of all new canc
diagnoses in USA men in 2013 with ~30 000 deaths expected, ranki
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controls were frequency matched on age and race to cases and had the sameee normalized to an 18S rRNA reference gene (RefSeq accession number
eligibility criteria with the exception that they could not have a personal his-NR_003286) using the delta Ct method. Values were displayed as the mean of
tory of cancer, radiation therapy or chemotherapy. Controls resided in theuplicate samples.
greater Baltimore area and adjacent counties in Maryland. Selection criteria ) )
for cases (n = 23) and hospital-based controls (n = 44) that participated i¥easurement of cytokines in human plasma samples
the Georgetown study: Prostate cancer patients were eligible for the studyleparinized plasma was collected from prostate cancer patients and population-
when a diagnosis of prostate cancer has been made by the attending physicibased controls in the NCI study and stored at 80°C. Plasma interfetbif~ ),
and these patients resided in the District of Columbia or its adjacent statd®10, tumor necrosis factor- and interleukin-1 (IL-1 ) concentrations were
of Maryland or Virginia. Patients were self-reported as African-American anddetermined at a Leidos Biomedical Research Inc/NCI core facility using the
were physically and mentally capable of providing informed consent. Malehuman electrochemiluminescence immunoassays from Mesoscale Discovery
hospital controls were frequency matched on age to cases and had the sa(@aithersburg, MD) under standardized conditions. Ultrasensitive multiplex
eligibility criteria as cases with the exception that they could not have a perelectrochemiluminescence immunoassay plates were custom designed and were
sonal history of cancer. No signi cant difference was found between the age analyzed on the MesoScale Discovery 6000 instrument, following manufacturer’'s
diagnosis/recruitment in Georgetown Cohort versus the NIH cohort (P = 0.29assay and analysis protocols.
overall or when comparing African-Americans alone (P = 0.87). ) ) )
Blood was drawn at time of recruitment. PBMC were collected from bothImmunohistochemistry for HERV-K envelope expression
prostate cancer patients ¥r294) and men without a diagnosis of the disease Immunohistochemistry (IHC) for HERV-K envelope protein expression was
(n=135). The cells were isolated from whole blood by standard coll-hypaqueperformed on formalin- xed, paraf n-embedded tissue sections using stand-J
density gradient centrifugation and stored at 80°C. Men with prostate canceard protocols. We performed IHC on whole section tumors to examine proteir§
were recruited between 2004 and 2008 under two Institutional Review Boartbcalization. These tumors were obtained from patients recruited into the NC&
(IRB)-approved protocols (NCI IRB #05-C-N021 and Georgetown University study (IRB #05-C-N021). For IHC scoring, a tissue microarray (race/ethnic-S.
IRB #2003-013) and had a prostate cancer diagnosis within the last 2 years priity) was obtained from the NCI Cooperative Prostate Cancer Tissue Resourc
to recruitment (median time between diagnosis and recruitment = 206 daysiwo cores were scored per case on the tissue microarray and the average scgre
range 0-714 days). These patients had prostate cancer at time of recruitetween the two was calculated. Most tumors (304 out of 310) on the TMAZ
ment and came to the hospital for consultation or to seek treatment includingere of acinar adenocarcinoma histology, whereas the others had ductal c&
prostatectomy, radiation therapy, or androgen ablation therapy. The subjectsnoma histology. Slides were deparaf nized, blocked with normal serum=
were recruited at four hospitals: the Veterans Affairs Medical Center and thaccording to the VECTASTAIN® ABC protocol, and incubated with 1:200 §
University of Maryland Medical Center in Baltimore City, the Department diluted mouse monoclonal 6H5 antibody raised against the HERV-K envelopg-
of Urology at the Georgetown University Hospital and the Washington DCprotein. This antibody was puri ed from a hybridoma cell supernatant and theg
Veterans Affairs Medical Center. All completed an informed consent. Controlsspeci city for the HERV-K envelope protein was demonstrated as describe%«
were either population-based controls<(191) recruited under the NCI IRB  previously (22). After washing steps and incubation with a biotinylated secg.
approved protocol #05-C-N021 (NCT00342771) (19), or they were menondary antibody, sections were incubated with VECTASTAIN® ABC reagent2
without a previous cancer diagnosis (by self-report) visiting the Georgetowrcontaining an antibiotin antibody labeled with peroxidase and stained withs
University Hospital (r= 44), accompanying other people or coming for a rou- peroxidase substrate solution for desired stain intensity. 2
tine checkup. The latter were recruited under the Georgetown University IRB- )
approved protocol #2003-013. All controls completed an informed consentCell lines
Prostate-speci c antigen (PSA) test results were available for 287 of the 29RWPE1, DU145, PC-3, 22Rv1 and CWR22 were sourced from the Americarz
prostate cancer patients; they were not available for the controls. Both cases afigbe Culture Collection (Manassas, VA) and cultured according to recommeng.
controls completed interviewer-administered questionnaires but only the NCléations. In brief, CWR22 and 22Rv1 were cultured in RPMI 1640 medium3
based study collected information on smoking history from study participantswith L-glutamine (Sigma #R8758) and supplemented with 10% fetal bovine=
Information on smoking was available for 359 subjects (270 cases, 89 controlserum Sigma #F7524). DU145 was cultured in minimum essential mediun‘_g_
and was categorized into current, former, and current smokers, or into packix) with Earle’s (Gibco #22561-021) supplemented with 10% fetal bovineg
years. A never smoker was de ned as a subject who did not currently smokserum. PC-3 was cultured in F12 nutrient mixture (HAM) medium, with @
and also smoked <100 cigarettes in his lifetime. A past smoker did not smoke-glutamine (Gibco #21765-029) supplemented with 10% fetal bovine serum<
cigarettes in the 6 months prior to enrolment. Race/ethnicity was self-reportedRWPE1 was cultured in keratinocyte medium, supplemented with epidermaf«
growth factor and Bovine Pituitary Extract (Gibco #17005-042). All ve cell g
RNA Isolation from PBMC and detection of HERV-K gag mRNA lines were authenticated by LGC standards (United Kingdom) in May 2013

Total RNA was isolated using the TRIZOL reagent according to the manufacVia short tandem repeat pro ling and were found to be the correct cell lines. &

I0's

turer’s instructions. Five hundred nanograms of RNA was reverse transcribegiestern blot analysis Q
and the complementary DNA was added to the quantitative real-time PC : . . 6 . =
assays. Previously published primers were used to amplify HEgagiran- %ells were seeded in £0F dishes at a cell density of 1 x*ifler dish and £

grown for 3 days. Cells were rinsed twice with cold phosphate-buffered salings
and lysed directly on the dish with cold radioimunoprecipitation assay buffer(:;)

; : Thermo-Scienti ¢ Pierce, Ireland #89900) supplemented with protease-inhibi ®
were used as an internal standard reference. Data were collected using

; . : s (Thermo-Scienti ¢ Pierce, Ireland, #78410), scraped and spun at 14 00
ABI PRISM® 7500 Sequence Detection System. Normalized expression Waa for(15min at 4°C. Supernatant was coIIected)and s?ored at 28°C for West-g'
?rilﬁqu:ﬁgeg CL‘ISIT/gILtJhees ((:zogparatlve @ethod and fold changes were derived ern blot analysis of protein expression. Extracted protein was quanti ed usin

a bicinchoninic acid assay kit. HERV-K env and HERV-K gag levels were -
Detection of HERV-K Env type | and Env type Il transcripts in a subset of gﬁgift(i?o::%tﬁ; BsrngI\g \E)VraIT; gloﬁgtr:n?%?gzl;;?g ;nno:iz_mgg\)ﬂ? gjgamlg
cases and controls ) ) o mouse monoclonal antibody (LifeSpan Biosciences, Seattle, Washington, D
RNA was treated with TURBO DNAse (Ambion, Biosciences, Ireland) for 4| 5.c65287), respectively. Both antibodies were diluted 1:1000 in 5% skimmed
30 min at 37°C to eliminate genomic DNA. DNase was inactivated usingmilk reconstituted in 1x Tris-buffered saline (pH = 8) 0.1% Tween. These dilu
50mM ethylene diamine tetra-acetic acid at 75°C for 10 min. First strandtions were added to the transfer membrane and shaken overnight at 4°C, follow-
complementary DNA synthesis was performed onglof RNA using a Tetro  ing a 1h room temperature blocking in 5% skimmed milk in Tris-buffered saline.
cDNA Synthesis Kit (Bioline, MyBio, Ireland) primed with random hexam- Mouse monoclonal anti-actin antibody (Thermo-Scientic Pierce, Ireland
ers. Quantitative PCR took place in a StepOne Plus real-time PCR systepn 0624754) was used to con rm even protein loading. Secondary antibodies
(Applied Biosystems, Biosciences, Ireland) together with Sensifast SYBRysed were Goat Anti-Mouse horseradish peroxidase (Thermo-Scienti ¢ Pierce,

scripts (F, 5 -AGC AGG TCA GGT GCC TGT AACATT-3; R, 5-TGG TGC
CGT AGG ATT AAG TCT CCT-3) (20). In addition, primers speci c for 18s

HI-ROX (Bioline, MyBio, Ireland) and the following primers, -GTAT Ireland #31430) and detection was imaged on the Alpha Imager imaging system.
TTCTTCGGACCTGTTCTTG-3 envl forward, 5GGAG ATGGTAA CACC o .
AGTCACAT-3; envl reverse, B5GATAACGATACCCAATGGAAAT-3; Statistical analysis

env2 forward, 5CAAAATGGTGACGTCAGAAGAA-3; env2 reverse, 5 Data analysis was performed using the Stata/SE 11 (Stata Corp, College
CAGG CATAG GGAGACTTACCAC-3 Thermal cycling consisted of enzyme  Station, TX) and GraphPad Prism 5 (GraphPad Software, San Diego, CA) sta-
activation (95°C for 2 min), followed by 40 cycles of both denaturation andtistical software packages. All statistical tests were two sided. P <0.05 was con-
annealing/extension (95°C for 5 s and 60°C for 15 s, respectively). Subsequesidered statistically signi cant. The? and Fisher's exact tests and univariate

melt curve analysis was carried out using the following conditions: 95°C for 15and multivariable logistic regression were used to analyze dichotomized data
min, 60°C for 1 min and 95°C for 15 min. Gene expression levels in all sampleand to calculate odds ratios (ORs). The multivariable models were adjusted for
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age at diagnosis and race/ethnicity. An interaction test was performed in thalthough HERV-K gagmRNA is detectable in the PBMC of both
logistic regression model to assess statistical interactions between variablesontrols and prostate cancer patients, HERV-K Ilgagls were sig-
The Mann—-Whitney test was used to compare the differences of both plasmg cantly elevated in patients compared with controls. Univariate
cytokine levels and HERV-K hased expression values between groups.  5nq myltivariable logistic regression analyses further showed that
HERV-K gag mRNA expression is associated with a diagnosis of
Results prostate cancer irrespective of whether the analysis was conducted
usinggagexpression as a continuous variable or comparing high ver
HERV-K gag mRNA is elevated in the PBMC of prostate cancekus low values of HERV-K ga@vhen using either median or quartile
patients values of HERV-K gagas cutoffsTable 1). These data highlight the
We compared HERV-K gagxpression in total RNA isolated from robustness of the association between HERV-K marker expression
PBMC collected from men without a cancer diagnosis (n = 135) anénd prostate cancer. For example, an above mediamgagssion
prostate cancer patients (n = 294) using quantitative real-time PCR. The PBMC was associated with a 6-fold increased odds of having a
characteristics of the controls and cases are shown in Supplementgpyostate cancer diagnosis in the multivariable analysis [OR = 6.02
Table 1, available at Carcinogene€dline. Figure 1A shows that (95% con dence interval 3.73-9.72)], compared with below median
gag expression. In addition, our ndings revealed a signi cant dose
relationship between expression levels of HERV-K in PBMC and the
likelihood of being diagnosed with prostate cancer (Table I). Notable,
those men with an HERV-K gagxpression in the highest quartile had
>12-fold increased odds [OR =12.87 (95% con dence interval 6.3—
26.25)] of being diagnosed with prostate cancer compared with men
in the lowest quartile of PBMC HERV-K expression. After adjustment
for age at diagnosis and race/ethnicity, this relationship remained, and
men with HERV-K gagexpression levels in the highest quartile had a
17.3-fold increased odds of being diagnosed with prostate cancer in
the multivariable logistic regression analysis [OR =17.3 (95% con-
dence interval 8.1-37.0)]. Next, we examined the effects of treat-
ment on HERV-K expression in the PBMC of prostate cancer patients
but found no signi cant difference in expression between men who
had received prior treatment and those without it (Supplementary
Figure 1, available a€arcinogenesi€Online). Additional analyses
showed that HERV-K gagxpression in the PBMC of prostate cancer
patients did not correlate with PSA levels at diagnosis (Spearman’s
rho = 0.01, P = 0.92). Thus, they appear to be independent mark-
ers. We also examined if the time from diagnosis to blood draw had
an effect on HERV-K gagexpression in patients but did not nd a
signi cant relationship between these two variables (Supplementary
Figure 2, available at Carcinogene8isline). Likewise, HERV-K gag
expression did not differ signi cantly depending on Gleason score
at diagnosis (Supplementary Figure 3, availabl€aitcinogenesis
Online). In contrast, an analysis by stage showed that HERV-K gag
expression was signi cantly higher in stage Il patients than in stage
I (P = 0.034;Supplementary Figure 4, available at Carcinogenesis
Online), whereas no difference was found between patients with low-
stage disease (stages | or Il) and the few patients with high-stage dis-
ease (stages Il or IV).

HERV-K gag mRNA is elevated in African-American controls
compared with European-American controls

African-American men are at an increased risk of developing prostate
cancer and are also at an increased risk of diagnosis with advanced
disease, compared with European-American men. We therefore exam-
ined whether race/ethnicity in uences the association of HERV-K gag
mRNA with prostate cancer. The analysis showed thatexages-
sion is associated with a prostate cancer diagnosis in both population
groups (Supplementary Table 2, available at Carcinogefesise),
but as shown in Figure 1B, African-American population controls
i . o ) expressed signi cantly more HERV-K gagRNA in their PBMC
Fig. 1. Comparison of HERV-K gag'RNA expression in PBMC isolated than European-American population controls. Levels of HERV-K gag
from the blood of healthy controls (n = 135) and prostate cancer patients message were not different by race/ethnicity in the case population,

(n =294) using previously published gadRNA primer set. (a) HERV-K - : S B
gag mRNA was signi cantly elevated in PBMC isolated from prostate suggesting that aberrant HERV-K gagpression in PBMC of pros

cancer patients compared with the control population (Mann—-Whitney test, tate cancer patients is similar irrespective of race/ethnicity.
P <0.001). (b) HERV-K gagnRNA is signi cantly elevated in PBMC from
African-American (AA) controls compared with European-American (EA)  Association of HERV-K gag mRNA with a prostate cancer

cpntrols (I\/_Iann—Whitney test, P <0.001), Wherea_\s there was no signi cant diagnosis increases with age and is most robust in older men
difference in the levels of HERV-K gdsetween African-American and

European-American patients (Mann-Whitney test, P = 0.44). HERV-K gag The_ sens't'v'_ty of PSA testing decrea}ses with age, Pa”'a"Y due Fo
was signi cantly elevated in patients compared with population controls in &N increase in the prevalence of benign prostate hyperplasia, which
both African-Americans (Mann—Whitney test, P < 0.001) and European-  also elevates PSA. To determine whether HERV-K gggession is
Americans (Mann-Whitney test, P < 0.001). predictive of prostate cancer across all age group, we performed a
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Logistic regression analysis of the association between HERV-KngRIgA levels in PBMC and a prostate cancer diagnosis
OR (95% con dence

Logistic regression to evaluate a dose response effect after strati cation of HERV-K (HML-2) gag expression intd quartiles

1st quartile
fHERV-K gaglevels were divided into quartiles based on HERV-K gagrtile distribution in the control population.

dAdjusted for age at diagnosis, race/ethnicity, smoking status and plasma IFN and IP10.
*HERV-K gaglevels were dichotomized using the median expression in the control population.

Logistic regression with HERV-K gag coded as a continuous variable (pafu@)

294 cases and 135 controls.
bAdjusted for age at diagnosis and race/ethnicity.
cAdjusted for age at diagnosis, race/ethnicity and smoking status.

Table I.
Gag mRNA
Low gag
High gag
2nd quartile
3rd quartile
4th quartile

Elevated HERV-K mRNA in expression in prostate-cancer-associated PBMC

strati ed analysis comparing the association of HERV-K gagord-

ing to age groups. We strati ed men into three similar-sized groups,
ages 41-59 (n = 128), ages 60-69 (n = 179) and ages +70 (n = 120).
The ndings from the univariate logistic regression analysigainle

Il show that although HERV-K gags predictive of prostate cancer
across all ages, the strength of the association increased with age.
HERV-K gag was most predictive in men aged %70, indicating that
combining HERV-K testing with PSA testing may improve the ef -
cacy of prostate cancer detection in these older men. This remained
true in the multivariable analysis after adjusting for race/ethnicity. To
determine if there is a modifying effect of age at diagnosis on the
association between HERV-K gagpression and prostate cancer, we
performed a statistical interaction test, rst on the three individual age
categories with HERV-K gag quartile expression but found that the
PineractionWas not signi cant (P values ranged between 0.40 and 0.96).
We then dichotomized age into high/low with the median as cutoffo

and assessed the modifying effect of the age variable on the assoCH:-
tion between HERV-K gagxpression and prostate cancer within eachd
HERV-K expression quartile (quartiles as describedaible 11). The ?’%
test showed that age at diagnosis has a statistically signi cant mode
fying effect on the association of HERVgfag with prostate cancer g
within each HERV-K gag quartile expression (QgcRcion= 0.049; 3
Q3 Pyyeracion = 0-019; Q4 P .= 0.017). These results are sug- €
gestive, but not de nitive, of a stronger association of HERV-K with g\,
prostate cancer with increasing age. g
]
Association of HERV-K gag mRNA expression with the risk of é
prostate cancer is modi ed by smoking status <

The smoking status was available for 270 cases and 89 populatio@-
based controls in this cohort (total n = 359), categorized as currer§
smoker, former smoker or never smoker. Moreover, pack-year®
smoked information was available for 358 of them. Although smok-&
ing status or pack-years did not directly correlate with the level ofZ
HERV-K gag expression in the blood samples, smoking status wasg

found to modify the association of HERV-K gagpression with a 3

diagnosis of prostate cancer. As showmdhle I, the strength of the ¢
association between HERV-K gagd disease was found to be highest Z-
in current smokers, whereas lowest in never smokers. When strat?;,
ed by pack-years of smoking, there was an increase in the strengtf
of the association between HERV-K gaxpression and disease <
with an increase in pack-years of tobacco exposure (Supplementasy
Table 3, available at Carcinogene€isline). Because of these modi-
fying effects of smoking on the association between HERV-K gag
expression and disease, we performed an interaction analysis. A tebt
for interaction between smoking status and HERV-K gagres-
sion in prostate cancer development with HERV_K gagression
categorized as high/low (dichotomized at the median) indicated n
statistically signi cant interaction between HERV-K gagd former
smoker status (B .cion = 0-40) or HERV-K and current smoker sta-
tuS (Pyeracion = 0-26). We also performed an interaction test between2.
pack-years exposure (dichotomized at the median) ancexags-
sion levels (dichotomized at the median). The detected interactiots
(or modifying effect of tobacco exposure) did not reach statisticaks
signi cance (R eracion = 0-096). Therefore, although HERV-K gay =
PBMC is more closely associated with prostate cancer among heavy
smokers than light or never smokers, there may not be a direct interac-
tion between HERV-K expression and smoking exposure on prostate
cancer risk. A larger and more appropriately powered study would be
required to test this and show that such an interaction exists.

pue

a1das@o femGo

19

Prostate cancer patients with elevated HERV-K gag show increased
serum expression of viral response IFN and IP10 expressions

To determine whether elevation of HERV-K gatRNA in PBMC

from prostate cancer results in the secretion of viral response INFs
and in ammatory cytokines, we measured the expression of IFN,
IP10, tumor necrosis factor- and IL-1 in plasma of a subset of pros-
tate cancer cases and controls. We found that the plasma levels of
the viral response cytokines, IFN (Figure 2A) and its downstream
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Table Il. Age-strati ed logistic regression analysis of the association between HERV-KB&MA levels and prostate cancer

Univariate analysis Multivariable analysis
OR (95% con dence P value N OR 95% con dence P value n
interval) interval
Men aged 41-59
1st quartil& 1 12 1 12
2nd quartile 1.12 (0.25-4.91) 0.880 18 1.22 (0.27-5.60) 0.795 18
3rd quartile 3.15 (0.76-13.00) 0.113 26 4.67 (1.02-21.38) 0.047 26
4th quartile 9.8 (2.56-37.55) 0.001 72 11.96 (2.92-48.92) 0.001 72
Prend <0.0001 Pyend <0.0001
Men aged 60-69
1st quartile 1 23 1 23
2nd quartile 1.07 (0.32-3.63) 0.912 22 1.54 (0.42-5.54) 0.513 22
3rd quartile 4.15 (1.43-12.04) 0.009 45 5.53 (1.79-17.09) 0.003 45
4th quartile 13.29 (4.58-38.57) <0.0001 89 19.52 (6.13-62.12) 0.001 89
Pirend <0.0001 Prend <0.0001
Men aged +70
1st quartile 1 13 1 13
2nd quartile 3.0 (0.40-18.24) 0.233 17 2.96 (0.48-18.06) 0.239 17
3rd quartile 8.25 (1.49-45.42) 0.015 25 9.07 (1.59-51.71) 0.013 25
4th quartile 22.00 (4.33-111.7) <0.0001 65 23.94 (4.57-125.4) <0.0001 65
Piend <0.0001 Pirend <0.0001

2Adjusted for race/ethnicity.
PHERV-K gaglevels were divided into quartiles based on HERV-K gagrtile distributions in the control population.

Table Ill. Logistic regression analysis of the association between HERV-KNRNA levels and prostate cancer by smoking status

Univariate analysis Multivariable analysis
OR (95% con dence P value N OR (95% con dence P value n
interval) interval)
Never smokers
Gag mRNA (continuous) 1.41 (1.21-1.63) <0.0001 121 1.43 (1.22-1.67) <0.0001 121
Gag mRNA (median) 8.07 (3.03-21.5) <0.0001 121 9.38 (3.33-26.4) <0.0001 121
Former smokers
Gag mRNA (continuous) 1.44 (1.27-1.63) <0.0001 173 1.48 (1.29-1.69) <0.0001 173
Gag mRNA (median) 13.8 (6.27-30.4) <0.0001 173 17.4 (7.29-41.8) <0.0001 173
Current smokers
Gag mRNA (continuous) 1.93 (1.31-2.87) 0.001 64 2.35(1.33-4.16) 0.003 64
Gag mRNA (median) 25.5 (4.56-142) 0.001 64 30.2 (4.40-208) 0.001 64

@Adjusted for age at diagnosis and race/ethnicity.
PHERV-K gaglevels were dichotomized using the median expression in the control population.

effector IP10 (Figure 2B) were signi cantly elevated in the caseavailable at CarcinogenesBnline, shows that both type I and type Il
population with high levels of HERV-K gamRNA expression. We  env mRNA were elevated in the PBMC of the cancer patients, indicat-
did not nd the same elevated levels of these cytokines in cases witing that the HERV-K reactivation may arise from multiple HERV-K
low gag expression, or among the control population. Neither tumorloci in prostate cancer patients.
necrosis factor- (Figure 2C) or IL-1 (Figure 2D) was elevated in
patients with high levels of HERV-fagmRNA. Multivariable logis-  HERV-K env protein is expressed in prostate tumors
tic regression (Model 3) iffable | demonstrates that after adjusting we used IHC to assess whether prostate tumors express the HERV-K
for IFN and IP10 levels, HERV-K remains signi cantly associated env protein using whole tissue sections to examine protein localiza-
with prostate cancer. Additionally we examined the impact of IFN tion and a tissue microarray for scoring. Consistent with our ndings
or IP10 on the association of HERV-K gag mRNA with prostate can-analyzing HERV-K expression levels in PBMC, expression of the
cer (Supplementary Table 4, available at Carcinoger@siisie). The  HERV-K env protein in tumors varied considerably among patients.
univariate logistic regression showed that high levels of HERV-K gag:igure 3A-D shows that HERV-K env protein expression is cytoplas-
MRNA are more strongly associated with prostate cancer in patientgic and membrane located, and also localizing toward the lumen of
with high IFN or IP10, compared with those with low IFN or IP10.  the gland. Env protein expression levels were signi cantly higher in
Notable, IFN or IP10 level above the median in the absehce of hlgmfrican_American than European-American patients (Figure 3E),
levels of HERV-K gag was not found to be associated with prostatend 61% of the African-American patients presented with tumors
cancer. These associations upheld in the multivariable analysis aft@fiat had high env expression (above median), whereas only 40% of
adjusting for age at diagnosis, race/ethnicity and smoking status.  the tumors from European-American patients fell into the same cat-
) o egory (P < 0.001). In contrast, we did not detect aberrant HERV-K
Detection of HERV-K env type | and type Il mRNA transcripts in a eny expression in prostate tissues from patients with benign prostate
subset of the PBMC hyperplasia (data not shown). Western blot analysis of cell extracts
We designed primers specic to the env of HERV-K type | and further corroborated the presence of both HERV-K gag and HERV-K
HERV-K type Il viruses. Type | and type Il are distinguished by aenvelope protein in human prostate cancer cells, whereas expression
292 bp deletion in the env gene (type I). Supplementary Figure 5yas low to absent in the non-tumorigenic RWPEL cells (Figure 3F).
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Fig. 2. Association between high HERV-K gagRNA expression and elevated plasma IENd IP10 levels. Plasma IFNg) and its downstream mediator IP10
(b) were signi cantly increased in patients with high gagpression compared with controls with high gagression (Mann—Whitney test IFNP < 0.001;
Mann-Whitney test IP10, £0.02). Additionally, cases with high gagpression had signi cantly higher levels of plasma Ifldmpared with cases with low gag
expression. No signi cant association of gagpression with tumor necrosis factofe) or IL-1 (d) was observed.

Discussion compared with healthy male controls. Thus, the evaluation of blood-

) based HERV-K expression may serve an early disease detection bio-
Our study makes the novel observation that HERV-K mRNA expreSiarier in prostate cancer. Moreover, the expression as of HERV-K as

sion is aberrantly increased in PBMC from prostate cancer patientgy, early disease biomarker may perform better in older than younger
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Fig. 3. HERV-K expression in human prostate adenocarcinomas. Shown is IHC analysis of four invasive adenocarcinomas for expression of HERV-K envelope
(env) protein using the monoclonal anti-envelope antibody, 6H5. (a) Scattered positivity for HERV-K env expression in the tumor epithelium, showing a low to
moderate antigen expression as indicated by the brown chromogen deposits. (b—d) Locally intensive staining for env expression in the tumor epithelium. Staining
shows a cytosolic to membrane distribution with a more intensive staining of cancer cells toward the luminal side of the cancerous gland (c and d). a and b:
Magni cation: x100. ¢ and d: Magni cation: x400. Inset: higher resolution image for the env protein-positive tumor epithelium. Counterstain: Hematoxylin. (e)
Immunostaining for env protein in human prostate tumors using a tissue microarray that included tumors from both African-American (n = 105) and European-
American patients (n = 272). On average, tumors from African-American patients showed a higher expression of the HERV-K env protein than tumors from
European-Americans (Student’s t-test, P < 0.001). (f) HERV-Kayadyenv protein expression were detected in human prostate cancer cell lines (CWR22,

22Rv1, PC-3 and DU145) but were not detected in the non-tumorigenic human prostate cell line, RWPE1. An extract from the HERV-K-positive T47D human
breast cancer cell line were included as a positive control.
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men, whereas the sensitivity of PSA testing decreases with age. Thushservations, we decided to evaluate the in uence of smoking on
combining HERV-K testing with PSA testing may improve the ef - the application of blood-based HERV-K expression as a disease bio-
cacy of prostate cancer detection in this age group. Other studigsarker. We had smoking status and pack-year information for a large
have observed the presence of autoantibodies to HERV-K gag in sesaibset of subjects in our case—control study and therefore assessed the
from prostate cancer patients and described the aberrant expressiompact of smoking status on the association of HERV-K with pros-
of HERV-K mRNA and proteins in prostate cancer tissues (5,6,24)tate cancer. This analysis led to the nding that HERV-K was more
Hence, our observation of aberrantly increased blood-based expregredictive of prostate cancer in current smokers, and the association
sion of HERV-K in prostate cancer patients is consistent with theséncreased in strength with increased pack-years smoked. The underly-
previous ndings. ing mechanism for this modifying effect of smoking on the relation-
PSA testing is the gold standard for prostate cancer screeninghip between HERV-K and prostate cancer remains unclear, and we
The traditional cutoff for an abnormal PSA level is @gfml. One could not demonstrate a statistically signi cant interaction between
of the major problems is that PSA has poor discriminating ability insmoking, HERV-K and risk of prostate cancer in this study. Yet, we
men with symptomatic benign prostate hyperplasia versus those witthink our observation could be of particular signi cance because those
prostate cancer (25). Additionally, PSA levels rise as men grow oldempatients who are current smokers tend to develop a more aggressive
which can lead to increased false positive PSA tests and unnecedisease than other patients, as already pointed out by us, and improved
sary biopsies (26). Consistent with these data, PSA levels displayetisease detection at an early stage for this patient group may havech
a slight albeit non-signi cant increase with age at diagnosis in oursigni cant impact in reducing disease mortality. 2
patient cohort (Spearman’s rho = 0.09=P.13), whereas HERV-K We also observed that elevated HERV-K mRNA in the PBMC of 5
gag expression did not increase with either the age at diagnosis fqurostate cancer patients was associated with increased serum IFI&
the cases (Spearman’s rho = 0.01, P = 0.91) or the age of recruitand its effector IP10. It has been previously reported that patients wit&
ment for the controls (Spearman’s rho = 0.04, P = 0.61). Currently, HERV-K-positive tumors exhibit a humoral response to HERV-K.
the American Urological Association only recommends the use oRakoff-Nahounet al. (39) identi ed HERV-K-speci ¢ T cells in sem-
PSA screening in asymptomatic men aged between 55 and 69 (27homa patients, which display elevated IFN secretion in responsé&
Our data suggest that blood-based HERV-K is a candidate biomarkéo HERV-K gag peptides. Wang-Johanning et al. (40) also showeg
for the detection of prostate cancer, potentially with a focus on oldethat breast cancer patients mount anti-HERV-K responses, inclu
men. Future research must determine its predictive value in conjunéng production of anti-HERV-K(HML-2) env immunoglobulin G,
tion with PSA testing. production of IFN and a T-helper cell cytokine response signature.
Incidence and mortality rates of prostate cancer are signi cantlyincluding increased production of IL-2, IL-6, IL-8 and IP10 during g
higher in men of African ancestry compared with men from otherin vitro stimulation of breast cancer PBMC with HERV-K antigen. 2
population groups in the USA, the Caribbean and the United Kingdonin this context, the nding of an INF response in patients with ang
(28). This cancer health disparity may relate to unknown causativelevated blood-based HERV-K message is consistent with a humora
factors that in uence disease pathology in men of African ancestryresponse to HERV-K that was observed by others, indicating abeS
and induce a more aggressive disease among them. Therefore, want HERV-K expression in prostate cancer patients not only affect
examined HERV-K expression in tumors and blood samples fronmtumor immunobiology but also triggers a systemic antiviral responseg
both African-American and European-American patients. IndeedThe relationship of this antiviral response with disease outcome is stif
we found that HERV-K expression in prostate tumors is signi cantly largely unknown, but Reis et al. (5) observed that 6.8% of patients™
higher in the African-American patients, compared with European-with prostate cancer had serum antibodies to the gag-HERV-K proteig_
American patients, based on the immunohistochemical analysis afncoded by the ch22g11.23 locus, and these patients tended to hav§ a
HERV-K envelope protein expression in these tissues. However, wanore aggressive disease and a higher disease mortality. We previougy
did not nd that HERV-K message levels are signi cantly different reported differences in the prostate tumor immunobiology betweerg
in PBMC from these two patient groups. Accordingly, HERV-K as African-American and European-American men (41). Prostate tumors
biomarker should perform similarly among these patients. Howeverfrom African-American men were characterized by the activation ofy
we found that baseline levels of HERV-K mRNA in PBMC of immune response and host defense pathways. Johnston et al. (42)
healthy controls were greater in African-Americans than Europeanreported that activated macrophages display increased expression of
Americans. Currently, we do not know why African-American men HERV-K, HERV-W and HERV-H mRNA, indicating that HERV reac- 95—’
may express higher baseline levels of HERV-K, nor what effects, iftivation may occur as a consequence of an elevated immune activit
any, there may be. However, it is known that retroviral reactivation isA frequent activation of immune response pathways in tumors frong
induced by both hormone exposure and stress signaling (13,29,30\frican-American men may therefore contribute to the increasedy
and these signaling pathways could become more commonly activategkpression of HERV-K env protein in these tumors that we observe
in African-American men. Additionally, Macfarlane and Simmonds in this study.
reported that the frequency of allelic variation in the various HERV-K  One of the limitations of this study is our inability to tell where §
germline loci is greater in African populations than populations fromexactly the elevated HERV-K expression arises from in our PBMC~
Europe and Asia (31). Furthermore, others reported signi cantlyfrom prostate cancer. HERV-K has previously been reported as bei
higher insertion frequencies of HERV-K113 (21%) and K115 (35%)expressed at basal levels in healthy PBMC, with aberrant expressiqn
in African-Americans compared with European-Americans (K113 9%occurring in leukemia cells (43—-45). However, circulating tumor cells*®
and K115 6%) within the USA (32). Because African-Americans may(CTCs) are detectable in the blood of prostate cancer patients (~2—8
have inherited a greater number of polymorphic HERV-K loci thanper 7.5 ml of blood), with higher levels of CTCs correlating with bone
European-Americans, this would increase the number of HERV-Kand visceral metastasis (46). Prostate CTCs re ect the biology of
loci that are potentially transcribed, leading to a higher baselinghe cancer with the CTCs gene signatures switching from AR-on to
expression of HERV-K encoded genes from these loci. AR-off within the rst month of androgen deprivation therapy, indi-
Cigarette smoking is not associated with early disease developmenating their sensitivity as indicators of tumor response to treatment
in prostate cancer (33,34), but it is associated with an increased rig¢7). When isolating PBMC from blood, CTCs may also be pulled
of fatal prostate cancer (33,35,36). It is also associated with increasetbwn in the PBMC fraction (48). Therefore, PBMC with high lev-
risk of biochemical recurrence and metastasis (37). Gabriel et akls of HERV-K in prostate cancer patients may potentially re ect
(38) showed previously that exposure of both normal human dermaiERV-K-positive CTCs. Another potential source of HERV-K is from
broblasts and benign human uroepithelium to urine from currentexosomes secreted by tumors. Exosomes are nanoscale membrane
smokers increased the transcription of HERV-K (HML-6), indicating vesicles that are secreted from cells and are thought to be important
that HERV-K may be induced by tobacco metabolites; however, théntercellular communicators or, in a cancer setting, drivers of meta-
authors did not speci cally test the HERV-K family. Because of thesestatic spread (49). A recent study has now implicated HERVs in this
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process, with the nding that HERV-K mRNA is selectively packaged 10.Schulz,W.Aet al. (2006) Methylation of endogenous human retroelements
into tumor exosomes and that this genetic material can be transferred in health and disease. Curr. Top. Microbiol. Immunol., 310, 211-250.
to normal cells (50). Exosomes can be found abundantly in the bloo§l-Moyes,D.et al. (2007) Insertional polymorphisms: a new lease of life for

of patients and may contribute to tumor dissemination (51). Future , ‘;’;‘:}‘:}geft”ﬁft ;‘T”(‘;‘(’Jiggfhig gyémi’;gz‘ilaj;ﬁ;ﬁggz?heu”rggh2e3r; d3ozgi_r\303ui
work will focus on investigating these options and identifying the spe- retroviral families. Annu. Rev. Genomics Hum. Genet., 7, 149-173.

ci ¢ HERV-K loci responsible for elevated HERV-K in the PBMC of 13 50 0 et al, (2013) HERV-K(HML-2), the Best Preserved Family of

prostate cancer patients and will also evaluate the relative contribution yggys: Endogenization, Expression, and Implications in Health and

of CTCs and exosomes to the HERV-K expression signal in PBMC pisease. Front. Oncol., 3, 246.

from cancer patients. 14.Ruprecht,K.et al. (2008) Endogenous retroviruses and cancer. Cell. Mol.
In summary, we made the novel observation that blood-based Life Sci., 65, 3366-3382.

HERV-K expression is a candidate early detection biomarker for prosi5.Downey,R.F.et al. (2014) Human endogenous retrovirus K and cancer:

tate cancer that may speci cally improve disease detection among innocent bystander or tumorigenic accomplice? International Journal of

older men. Furthermore, we obtained evidence that this test WO“'% '(B:\ancglt. d‘i':llo-%ggfgl)c-sggoi’; [Epl;bHahead Oép(;'”t]- Retrovirus K
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Lastly, aberrant HERV-K expression seems to occur more frequently (HERV-K) Transcripts in Human Prostate Cancer Cell Lines. Front. Oncol.,

. . . ; - . 3, 180.
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