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Comprehensive identification of genes driven by
ERV9-LTRs reveals TNFRSF10B as a re-activatable
mediator of testicular cancer cell death

U Beyer'?5, SK Kronung'*, A Leha®, L Walter* and M Dobbelstein*"’

The long terminal repeat (LTR) of human endogenous retrovirus type 9 (ERV9) acts as a germline-specific promoter that induces
the expression of a proapoptotic isoform of the tumor suppressor homologue p63, GTAp63, in male germline cells. Testicular
cancer cells silence this promoter, but inhibitors of histone deacetylases (HDACs) restore GTAp63 expression and give rise to
apoptosis. We show here that numerous additional transcripts throughout the genome are driven by related ERV9-LTRs. 3' Rapid
amplification of cDNA ends (3’RACE) was combined with next-generation sequencing to establish a large set of such mRNAs.
HDAC inhibitors induce these ERV9-LTR-driven genes but not the LTRs from other ERVs. In particular, a transcript encoding the
death receptor DR5 originates from an ERV9-LTR inserted upstream of the protein coding regions of the TNFRSF10B gene, and it
shows an expression pattern similar to GTAp63. When treating testicular cancer cells with HDAC inhibitors as well as the death
ligand TNF-related apoptosis-inducing ligand (TRAIL), rapid cell death was observed, which depended on TNFRSF10B expression.
HDAC inhibitors also cooperate with cisplatin (cDDP) to promote apoptosis in testicular cancer cells. ERV9-LTRs not only drive a
large set of human transcripts, but a subset of them acts in a proapoptotic manner. We propose that this avoids the survival of
damaged germ cells. HDAC inhibition represents a strategy of restoring the expression of a class of ERV9-LTR-mediated genes in
testicular cancer cells, thereby re-enabling tumor suppression.
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Long terminal repeats (LTRs) derived from endogenous
retroviruses represent 8% of the human genome." LTRs are
mostly ‘selfish’ without obvious use for the host, however,
during evolution, some LTR-derived promoters were inserted
upstream of functional genes, possibly regulating gene
expression to benefit the host organism.?

We have recently identified a prominent example of such an
LTR-driven gene. The human tumor suppressor TP63 carries
an endogenous retrovirus type 9 (ERV9)-LTR upstream of its
protein-coding sequences.® ERV9-LTR promoter activity is
highest in human testis, and that is where a germline-specific,
transcriptionally active (GTA) isoform of p63 is found. GTAp63
is capable of inducing apoptosis upon genotoxic stress,
possibly contributing to enhanced protection of the germline
from permanent damage to its genome.*

During the development of testicular cancer, GTAp63 is
efficiently downregulated by transcriptional silencing. How-
ever, its transcription can be restored by inhibition of histone
deacetylases (HDACs),® and this treatment also induces
apoptosis. These findings at least suggest an alternative route

of treating testicular cancer, although this would require
clinical validation. Of note, however, the currently available
treatment of this cancer already confers a high cure rate,
making it difficult to balance risks and benefits when
introducing new treatment regimens.

The ERV9-LTR promoter activity in the germline and its
inducibility by HDAC inhibitors (HDACI) prompted us to test
whether more human genes are subject to regulation by
ERV9-LTRs that inserted upstream of them. Furthermore, we
asked whether additional genes of this kind contribute to
apoptosis, particularly in the context of HDAC inhibition in
germ cell tumors. Besides TP63, ERV9-LTRs were also
previously observed to induce the expression of ZNF80,>®
ADH1C,” DHRSZ® and IRGM.° Within the hemoglobin beta
locus, an ERV9-LTR initiates transcription from the locus
control region.'®'? The fact that ERV9-LTRs are inserted
roughly 3000 times in the human genome,'®'* raises the
possibility that more genes are regulated by them.

Using rapid amplification of cDNA ends (RACE) and next-
generation sequencing (NGS), we identified a large set of
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ERV9-LTR-derived transcripts. One of them originates from
the gene TNFRSF10B that encodes the death receptor
5 (DR5) alias Killer. Like GTAp63, LTR-driven TNFRSF10B
transcripts are found in testicular cells and are induced by
HDAC inhibition in testicular tumor cells to mediate apoptosis.
Combined treatment of testicular cancer cells with an HDACi
and the clinically used therapeutic drug cDDP synergistically
induced cancer cell death.

Results

ERV9-LTR-driven genes are induced by HDACIis in
testicular cancer cells. First, a BLAST search of the human
genome, using the LTR sequence upstream of TP6332
identified a set of candidate genes for ERV9-LTR-mediated
regulation, in particular CGREF1, GBP5, IRGM, KCNN2 and
PGPEP1L (Supplementary Figure S1 and Supplementary
Table S1). This search was not meant to be comprehensive,
but the candidates that were found served to examine the
characteristics of ERV9-LTR-driven gene expression. In
particular, we tested whether they would respond to HDACI
in testicular cancer cells, as GTAp63 did.>

To reveal testicular HDACi-responsive genes, we analyzed
mRNA expression patterns in GH testicular cancer cells
treated with trichostatin A (TSA). As shown in Figures 1 a and
b, more than 1400 genes were strongly induced by 18 h of
treatment (5-fold induction or more), and for some genes, the
hybridization signal was increased more than 50-fold
(Figure 1b; Supplementary Tables S2 and S3). Strikingly,
among the genes that responded most strongly, we found
several of those that were previously found by BLAST search
to carry an ERV9-LTR shortly upstream of their known exons
(Figure 1b). Expression analysis by quantitative RT-PCR of the
candidate LTR-driven genes showed a strong induction
(several hundred fold) upon TSA treatment of GH cells
(Figure 1c). Hence, a number of genes respond strongly to
HDAC inhibition in GH cells, and among them, there are
several that may be driven by an ERV9-LTR.

RACE reveals novel transcripts initiated by ERV9-
LTRs. We then used 3 RACE to identify a larger set of
transcripts that originate from ERV9-LTRs, depicted in
Figure 2a. We took advantage of the fact that all RNAs
sought here have a common 5-portion, that is, the
transcribed region of the LTR. GH cells were treated with
TSA for 18 h to enhance the synthesis of LTR-driven mRNAs.
RNA from human testes served as an additional template for
the RACE experiment. To strongly enrich for transcripts that
contained an ERV-LTR sequence in their 5 end, we
performed 3 RACE. A large pool of cDNAs was obtained
using eight different PCR forward primers corresponding to
the transcribed portion of the ERV9-LTR (Supplementary
Table S4); four of those were degenerated, as the LTR
sequences of different target genes are not identical. The
pool of PCR products from each RACE reaction was
visualized by agarose gel electrophoresis (Supplementary
Figure S2) and then subjected to NGS. To generate the NGS
library, a further amplification step of the RACE products with
three different forward primers corresponding to the end of
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the ERV9-LTR was performed; the products from human
testes were labeled with the multiple identifier MID1, those
obtained from TSA-induced testicular cells were labeled with
MID2. Two independent runs of sequencing resulted in
53343 or 74 646 reads for run 1 or run 2, respectively.
Reads with a minimum frequency of 2 were sorted by
their MID; the MID-specific sequence was cut and the
remaining sequences were blasted against the human
genome, obtaining 935 genes with an upstream ERV9-LTR
promoter from normal testes, but only 280 genes in the
TSA-treated testicular cancer GH cells (Supplementary Table
S5). Interestingly, 86 transcripts of known genes were
exclusively identified in the cancer-derived cells, but not in
normal testis.

Strikingly, numerous genes corresponding to the ERV9-
LTR-driven transcripts had also been found inducible by HDAC
inhibition in testicular cancer cells in our previous array
hybridization. As displayed in the Venn diagram (Figure 2b),
1.8% (26/1428) of the genes induced by TSA in GH cells were
also identified as expressing an ERV9-LTR-driven transcript
upon the same treatment. Additionally, when comparing the
LTR-associated transcripts from normal testes with the TSA-
inducible genes, 11.5% (50/434 genes) of the testicular LTR-
containing transcripts were found TSA-inducible in GH cells.
Table 1 shows the 18 genes that express a transcript with a
5’ end corresponding to the transcribed portion of the ERV9-
LTR in normal testis as well as TSA-treated testicular cancer
cells, and that were also at least fivefold inducible by TSA in
testicular cancer cells. Notably, and as expected, TP63 is
among these genes.

Functional annotation of the 18 identified genes showed
enrichment of the genes in two main processes: apoptosis and
immunity. According to gene ontology (GO) annotations, 6 of
18 genes function in cell death regulation: CSF3, NR1H4,
PTPN13, TMOD1, TNFRSF10B and TP63. Immunity-
associated genes are CCR4, CSF3, IER3, NR1H4, TENM1
and TNFRSF10B. Using the PROTEOME tool (Biobase) we
looked for further associations between our candidate genes.
Figure 2c depicts those genes that are involved in cellular
signaling pathways, along with the associated network.
Notably, 9 of the 18 genes were associated with neoplasms
in their annotations. Examples include TNFRSF10B, inducing
apoptosis in various solid tumors,'®™'® PTPN13 being
upregulated in pancreatic cancer and Ewing sarcoma,?%?’
or [ER3 and CCR4 that have a role in myelodysplastic
syndromes and lymphoma, respectively.?22 In addition, TP63
contributes to tumorigenesis in several cancers.?*

We conclude that a number of genes, mainly involved in
immunity and apoptotic regulation, display similar expression
characteristics as GTAp63 by virtue of an ERV9-LTR
integrated upstream of them.

The TNFRSF10B locus contains an ERV9-LTR that gives
rise to testicular transcripts. Treatment of testicular cancer
cells with HDACi not only results in the induction of ERV9-
LTR promoter activity, but also in rapid apoptosis.®?52® We
therefore attempted to identify ERV9-LTR-driven genes that
may contribute to programmed cell death. Strikingly,
TNFRSF10B, encoding the death receptor 5, was among
the HDACi-responsive and ERV9-LTR-downstream genes
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Figure 1 Induction of ERV9-LTR-associated genes by HDAC inhibition in testicular cancer cells. (a) Induction of gene expression in testicular cancer cells upon HDAC
inhibition. Testicular tumor-derived cells of the line GH were treated with 500 nM TSA for the indicated periods of time. Treatment with the solvent DMSO served as control. mRNA
levels were determined by array hybridization. The heatmap shows the top 50 genes that were upregulated upon TSA treatment. Results from two independent experiments are
shown. For every displayed gene, the Z-score was calculated: blue, the measured intensity of the sample is lower than the mean intensity of all samples; yellow, the measured
intensity of the sample is higher than the mean intensity of all samples. Normalized expression data are shown in Supplementary Table S2. (b) Specific genes are upregulated by
more than 50-fold. The scatter plot depicts mean log, intensities from the oligonucleotides on the array, each corresponding to a specific gene, comparing TSA-induced cells with
control cells from the experiment described in (a). Red, differentially expressed transcripts with a fold change (FC) of at least 50; circles, genes that are situated close to an ERV9-
LTR in the genome (Supplementary Table S1). Logarithmic FC values of differentially expressed genes upon 18 h of TSA are shown in Supplementary Table S3. (c) Expression of
candidate ERV9-LTR-driven genes (of (b) and Supplementary Table S1; array data are shown in Supplementary Tables S2 and S3) is enhanced by TSA treatment. GH cells were
treated for 18 h with increasing concentrations of TSA or with the solvent DMSO. Quantification of target gene mRNA levels was performed by real-time RT-PCR, normalized to
RPLPO. Mean expression ratios of three independent experiments. P-values were calculated using Student’s ttest (ns: P> 0.05, *P<0.05, **P<0.01, **P<0.001). Expression
levels in human normal testes were determined for comparison. Note the logarithmic scale

>
Figure 2 Identification of human transcripts that start at the ERV9-LTR using 3' RACE and NGS experiments. (a) Experimental design to identify human ERV9-LTR-driven
transcripts. Human transcripts with LTR sequences at their 5-end were first reversely transcribed with a modified oligo(dT) primer, then amplified by RACE-PCR using diverse
forward primers specific to the transcribed portion of the ERV9-LTR and the reverse Universal Primer Mix (UPM), obtaining a pool of PCR products that were then analyzed by
NGS. The primers to produce the NGS library contain Junior454-specific sequences. MID, multiple identifier: MID1, identifier for RACE products from normal human testis; MID2,
identifier for RACE products from TSA-treated testicular cancer cells. (b) The Venn diagram shows the overlap of genes identified by RACE and NGS from testis and from TSA-
treated testicular cancer cells, as well as TSA-induced genes (fold change, FC > 5) determined using array analyses (Figure 1a). The FC of expression (array hybridization) and
the numbers of NGS reads for each candidate gene are listed in Table 1 and the NGS raw data is shown in Supplementary Table S5. While ERV9-LTR transcripts from 433 genes
were identified in normal testes, only 150 LTR transcripts were detected in TSA-treated testicular cancer cells. Eighteen TSA-inducible genes harbor ERV9-LTR-derived
transcripts and were identified by RACE-NGS, both in testes and in testicular tumor cells. While the tumor suppressor TP63 was previously shown to contain an upstream LTR
promoter driving GTApB3 expression in testicular germ cells,' an ERV9-LTR-driven transcript was also found to arise from the proapoptotic TNFRSF10B gene and this was
chosen for subsequent functional analysis. (€) Interaction network of candidate genes involved in cell signaling. A gene ontology search of the 18 candidate genes (of Figure 2b)
identified nine of these genes (red circles) having a role in intracellular signaling pathways. The PROTEOME software generated an interaction network based on PubMed-
indexed literature, with genes depicted as circles and interaction between different genes as arrows. Green arrows indicate transactivation of the target gene or activation of the
target protein, while black arrows mark other kinds of interactions, e.g., protein binding. Gene products within the network function in apoptosis, directly or indirectly, as exemplified
by the p53 family of proteins or the tumor necrosis factor (TNF) superfamily
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(Figure 2b; Supplementary Tables S3 and S5). Analysis
of the exact TNFRSF10B transcripts that originate
from the ERV9-LTR showed that these transcripts
comprise the protein-coding portion of the TNFRSF10B
gene, representing translatable mRNAs (Figure 3a and

a

LTR transcripts s —\/\/\,
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Supplementary Figure S3). Thus ERV9-LTR-driven tran-
scripts of the TNFRSF10B gene contain the sequences
encoding the death receptor DR5.

Expression analysis of TNFRSF10B in a variety of human
tissues revealed the expected, ubiquitous pattern of the total
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without the context of endogenous retroviral LTRs and their
regulatory activities. We addressed whether HDACis induce
TNFRSF10B expression in testicular cancer cells and
whether this mediates apoptosis. As expected, treatment of
GH cells with TSA led to strong enhancement of the LTR-
driven TNFRSF10B transcripts, as revealed by quantitative
RT-PCR (Figure 5a). While total TNFRSF10B mRNA was
increased ~ 10-fold, the LTR-driven transcripts were induced
several hundred fold. A similar induction of the TNFRSF10B
LTR transcripts was seen in other testicular cell lines (NCCIT,
Susa, 1618-K) upon HDAC inhibition (Figures 5b and c),
while total TNFRSF10B mRNA levels were increased ~ 10—
20-fold in these cells (Supplementary Figure S5A). Treatment
of testicular cancer cells with the clinically used HDACi SAHA
had a similar effect on LTR-driven TNFRSF10B transcription
(Figure 5c). In contrast, transcription of the TNFRSF10A
gene, that encodes the death receptor DR4 and, according to
the Repbase CENSOR tool (http://www.girinst.org/censor/),®3
has no ERV9-LTR within its genomic region, was not
increased in GH cells upon TSA treatment (Supplementary
Figure S5B). As enhanced surface expression of DR5 upon
p53 activation by Nutlin 3a was recently shown, we tested
how this compound affects the different transcripts of
TNFRSF10B. In contrast to the strong induction of the LTR
transcripts by TSA, Nutlin 3a treatment only resulted in a
moderate induction of overall TNFRSF10B expression in
testicular cell lines (Supplementary Figure S5C), as
expected,® but did not induce the LTR-driven transcripts.
The p53-responsive element within TNFRSF10B was pre-
viously mapped to intron 1 of TNFRSF10B,%® according to the
traditional nomenclature. We therefore propose that p53
induces the previously described, non-LTR-driven transcript
of TNFRSF10B but not the LTR-dependent transcripts. The
RT-PCR assay detects both transcripts, resulting in a
moderate increase in total DR5-encoding mRNA upon Nutlin
treatment. The strong induction of TNFRSF10B expression
from the LTR promoter thus represents a specific response to
HDAC inhibition.

Finally, we investigated the contribution of the TNFRSF10B
gene to the apoptosis of testicular cancer cells. DR5 protein
expression in GH cells was diminished by transfection of two
different siRNAs. To investigate whether DR5 is essential
for apoptosis, we stimulated cell death using either TSA
(12 h, 500 nM) or the DR5 ligand TRAIL (10 h, 50 ng/ml), ora
combination of both. Knockdown efficiencies are shown in
Supplementary Figure S5D. Cells transfected with control
siRNA survived poorly when treated with the combination,
as detected by measuring cell confluency at diverse time
points after treatment. The combination of TSA with TRAIL
reduced clonogenic survival to a greater extent than either
compound alone. In contrast, specific depletion of DR5
attenuated death induction and allowed long-term cell
survival (Figure 5d,Supplementary Figure S5E). This was
also observed by western blot analysis of PARP-1 and
caspase 3 cleavage, indicators of apoptosis (Figure 5e,
Supplementary Figure S5F). Treatment of GH cells with TSA
and TRAIL resulted in nearly complete cleavage of PARP-1
in control-transfected cells. Importantly, cell survival was
rescued by depletion of DR5. Moreover, combined treatment
of testicular cells with TSA and TRAIL had a synergistic
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effect on cell viability (Supplementary Figure S5G). Hence,
apoptotic death of testicular cancer cells is efficiently
induced by HDAC inhibition, in combination with a death
ligand.

The drug cDDP is the mainstay of current testicular cancer
therapy, nevertheless not all patients are cured, and tumor cell
resistance is not uncommon.*® Moreover, cDDP displays
considerable toxicities (such as nausea, infertility and hearing
loss).3"39 Therefore, we addressed whether combined
treatment of HDACi and cDDP could cooperate to enhance
testicular cancer cell death. Testicular cancer cells were
treated with HDACi alone, or in combination with cDDP, and
cell viability was quantified (Figure 5f; Supplementary Table S7).
In all tested cells, combined treatment of HDACi and cDDP
enhanced cell death as compared with cDDP treatment
alone. Notably, for the combination of 100 nM TSA and cDDP,
the Non-Constant Combination Index (Cl), calculated as
previously described,*® went down to 0.5-0.7, indicating a
robust synergistic effect of combined treatment with
HDACi and cDDP on testicular cancer cell death. This
synergism might be used to clinically improve testicular cancer
treatment.

Discussion

Our results strongly suggest that Hominoids use the ERV9-
LTR to drive a broad range of genes, mostly in the male
germline. At least some of these genes enhance the apoptotic
potential of germline cells, strongly suggesting that ERV9-LTR
enhances the rigidity of surveillance by pushing damaged
germ cells readily into apoptosis. Together, ERV9-LTR-driven
genes thus confer a guardian function for the germline of male
Hominoids.

Not all identified ERV9-LTR-induced genes are known to
directly induce cell death. Their functions in the context of the
male germline may indirectly contribute to proper reaction in
the face of damage. For instance, IRGM, a member of the p47
immunity-related GTPases family, is a mediator of autophagy
as part of a defense mechanism that acts on intracellular
pathogens,*'*2 but is also involved in Crohn’s disease,**** a
chronic inflammatory bowel disease. We propose that
ERV9-LTR-mediated /IRGM expression may also enhance
the defense mechanisms of germ cells against intracellular
pathogens and/or contributes to the regulation of inflammatory
responses in the testes. Another immune modulator is the
immediate early response protein IER3, being associated with
inflammatory stress and inflammatory diseases.*>*® In addi-
tion, itis conserved in rodents and humans, where it enhances
apoptosis upon DNA damage, p53 activation or diverse stimuli
such as TNFa, TRAIL or irradiation.*” |ER3-deficient mice
exert increased genomic instability due to sustained DNA
lesions.*®

Similar functions in inflammation and/or cell death may
apply to additional ERV9-LTR-driven genes, such as CCR4,
NR1H4 and PTPN13. In gastric cancer, TNFa leads to
aberrant chemokine receptor CCR4 expression, which
then suppresses immune reactions against the cancer
cells, a phenomenon known as tumor-induced immuno-
suppression.*® The transcription factor NR1H4 protects
gastric cells against inflammation-induced DNA damage.®°
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The Fas-associated phosphatase PTPN13 inhibits the expres-
sion of Fas at the cell surface, thereby regulating apoptotic
signaling. Its expression has been also linked to testicular
germ cell apoptosis in mammals, during spermatogenesis and
also after treatment with Mono-(2-ethylhexyl) phthalate
(MEHP). MEHP induces an increase in PTPN13 expression,
and concomitant massive germ cell death.>' In humans,
PTPN13 expression is also necessary for DNA damage-
induced apoptosis of prostate cancer cells.>?

LTR TNFRSF10B locus, minus strand

Endogenous retroviruses are generally regarded as ‘selfish’
genetic elements that spread throughout the genome during
evolution much like an infectious disease. Consistently,
there were ‘outbreaks’ of ERV9 mobilization during recent
primate evolution.®?”®® Nonetheless, we propose that at least a
subset of ERV9 insertions were beneficial for the host, allowing
enhanced germline protection in the face of prolonged
lifetime and fertility of male individuals, as compared with more
ancient primates. The work presented here suggests that this
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association of ERV9 with such surveillance genes has occurred
more than once, perhaps representing a prerequisite for human
evolution. The importance of other primate-specific endogen-
ous retroviral elements has been recently shown, reporting that
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HERV-H-regulated transcription is essential for the self-renewal
of human pluripotent stem cells.>*

From the evolutionary perspective of an endogenous
retrovirus, it is sensible to display activity in germline cells,
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Figure 4 Insertion of the ERV9-LTR adjacent to TNFRSF10B in hominoid primates. (a) PCR amplification of the region comprising the ERV9-LTR and TNFRSF10B exon 1
sequences from genomic DNA of primates, yielding a specific product in Hominidae and Hylobatidae but not in other primates. Binding of the primers TNFRSF10B LTR_for’ and
‘upstream TNFRSF10B_rev’ is shown in the upper scheme; sequences are given in Supplementary Table S4. In contrast, a portion of the TNFRSF10B gene was amplified from
all primates. (b) Timing of primate evolution and ERV9-LTR insertion adjacent to TNFRSF10B. The pattern and sequence of the TNFRSF10B-associated ERV9-LTR in primate
genomes indicates that the insertion of the ERV9-LTR upstream of TNFRSF10B occurred in the ancestor of Hominoidea, during the time prior to Hominidae separation from
Hylobatidae, roughly 18 million years ago

<
Figure 3 Expression of the death receptor gene TNFRSF10B, encoding Killer/DR5, from an upstream ERV9-LTR. (a) Architecture of the human TNFRSF10B gene, including
10 exons (red arrowheads). The newly identified ERV9-LTR (grey box) is located upstream of the previously described promoter. The region surrounding the LTR and
TNFRSF10B exon 1 is shown with a zoom, depicting three different transcripts that are generated from the LTR promoter and alternatively spliced (red lines). The start site of LTR
transcription (TSS) is shown by a large arrow, primers for amplification of distinct TNFRSF10B LTR transcripts are indicated by small arrows. Expression of the known and the
three newly identified transcripts all result in the synthesis of the same protein, using the start codon located within exon 1. (b) Quantification of TNFRSF10B mRNA expression in
a panel of normal human tissues. Real-time RT-PCR was performed using primers that either bind to the region between the LTR and exon 1 (LTR transcript 2; upper panel), or to
exons 3 and 4 (total TNFRSF10B mRNA,; lower panel). TNFRSF10B mRNA levels were normalized to RPLPO. While similar levels of total TNFRSF10B mRNA were detected in
all tissues, the LTR-driven transcript was mainly detected in two different samples of testicular tissue, and in the small intestine. Oligonucleotide sequences are given in
Supplementary Table S4. (¢) Induction of HERV-regulated transcription upon HDAC inhibition in GH testicular cancer cells is specific for LTRs belonging to the HERV-9 subfamily.
Total RNA was isolated from GH cells treated with the solvent DMSO or increasing concentrations of the HDACis TSA or SAHA. Expression of mRNA levels of diverse HERV
promoter-driven genes was quantified by real-time RT-PCR, normalized to RPLPO. HDAC inhibition significantly induced the transcription of six HERV-9 LTR-associated genes
(upper panel). In contrast, transcription of genes driven by LTRs of the HERV-E, HERV-H or HERV-K subfamilies was rather downregulated upon HDAC inhibition (lower panel).
Mean expression ratios of three independent experiments. P-values were calculated using Student’s ttest (ns: P>0.05, *P<0.05, **P<0.01, ***P<0.001). Note the
logarithmic scale
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as only these cells will be passed on to the next generation and
thereby perpetuate a successful virus re-insertion. Consis-
tently, the ERV9-LTR shows germline-specific promoter
activity even in zebrafish, as shown by a transgene where
this LTR drives the expression of a green fluorescent protein
reporter.>®> The mechanisms that lead to testis-specific
expression appear to involve the transcription factors NF-Y
and Sp1,%® but may also be governed by the expression of
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keep up the levels of DR5 in the male germline, thereby
enhancing genomic surveillance in these cells.

Testicular cancer cells are capable of silencing ERV9-LTR
promoter activity, and this abolishes several tumor-
suppressive mechanisms. However, the use of HDACis
overcomes this phenomenon and may thus represent a viable
approach to sensitize testicular cancer cells. Of note, these
cancers are already amenable to platinum-based chemother-

apy with a high success rate.®' Nevertheless, 20% of patients
with metastatic disease cannot be cured,®? and cDDP displays
severe toxicities, for example, neurotoxicity.>”2° This work
indicates that HDACi and cDDP synergistically induce cell
death in several testicular cancer-derived cell lines (GH, Susa,
1618-K). This raises the perspective of clinically using HDACis
on testicular cancers that do not respond sufficiently to current
standard therapeutic regimens. The HDACi SAHA (Valproat)
is FDA-approved, albeit for treating cutaneous T-cell
lymphoma,®® and this drug also induced ERV9-LTR-driven
transcription® and cooperated with cDDP to induce cancer cell
death. Although we do not propose changing the current first-
line therapy, HDACis may restore a tumor-suppressive
mechanism that acts on a range of genes and thus could
sensitize initially non-responding testicular cancers.®*

antisense transcripts.>” In any case, the virus appears to take
advantage of ancient mechanisms for testicular transcription,
to push the expression of its own genome, but also to re-assort
this promoter activity with novel cellular genes.

Our study shows that an ERV9-LTR stimulates the synthesis
of the death receptor 5 from the TNFRSF10B gene in testicular
cancer cells. Ablation of TNRSF10B expression by RNA
interference impairs apoptosis upon TRAIL addition, indicating
that TRAIL-induced apoptosis in testicular cancer cells largely
relies on DR5 expression. Moreover, ligand-independent
death via DR5 has been observed upon endoplasmic
reticulum (ER) stress, where unfolded protein response
mediator CHOP increases transcription of TNFRSF10B,
leading to apoptosis via caspse-8 activation.®® Thus, depend-
ing on the context, LTR-driven expression of TNRFSF10B may
even contribute to apoptotic susceptibility in the absence of a
ligand.

TNFRSF10B is not only regulated through the upstream
ERV9-LTR. Rather, this gene was one of the first to be
identified as p53-responsive, and DNA damage induces
TNFRSF10B (termed KILLER/DR5 by then) in a p53-
dependent manner.®* The induction of DR5/TRAIL-R2 as a
response to DNA damage is not limited to primates but has
been observed in rodents as well. Importantly, even in rodents,
DR5 is a major determinant of germ cell death upon DNA
damage to testes.?®®° This argues that the inducibility by p53
is the evolutionary older mechanism to enhance DR5 levels in
testes. Only later, when Hominoids evolved, the insertion of
the ERV9-LTR added an even more efficient mechanism to

Materials and methods

Cell culture. GH cells were maintained in Dulbecco’s Modified Eagle medium
supplemented with 10% FBS. TSA (dissolved in DMSO) was added as indicated, with
corresponding amounts of DMSO alone added to controls. In experiments involving
siRNA transfection and drug treatment, cells were first reversely transfected using
Lipofectamine 2000 (Life Technologies, Darmstadt, Germany), incubated for 36 or
38h, and then treated with either TSA and/or TRAIL for 12 or 10 h, respectively. Cells
were transfected with SiRNAs specifically targeting the TNFRSF10B gene, DR5_A or
DR5_B, or with the scrambled control sSIRNA SSC2 (all Ambion, Darmstadt, Germany)
at a final concentration of 30 nM.

Array hybridization. Total RNA isolated from cells using TRIzol reagent (Life
Technologies) were processed using the Low RNA Input Linear Amplification Kit
Plus (Agilent, Waldbronn, Germany). Samples were hybridized in duplicates on
Agilent Human 4x44K arrays. Cy3 intensities were then detected using the Agilent
DNA microarray scanner at 5 micron resolution. Differential gene expression was

<
Figure 5 TNFRSF10B expression contributes to apoptosis of testicular cancer cells upon HDAC inhibition. (a) HDAC inhibition increases the expression of TNFRSF10B from
the LTR promoter, as detected by quantitative real-time RT-PCR. Total RNA was isolated from GH cells treated for 18 h with the indicated concentrations of TSA or DMSO as
control. cDNAs were amplified with primers corresponding to total TNFSRF10B or the three distinct LTR transcripts. Mean values, normalized to RPLPO, and standard deviations
from three independent experiments are shown. P-values were calculated using Student’s ttest (ns: P> 0.05, *P<0.05, **P<0.01, **P<0.001). Notably, the relative level of
LTR-derived mRNAs are upregulated by several 100-fold upon TSA treatment (logarithmic scale). (b) Strong induction of the TNFRSF10B transcription from the LTR promoter
was also seen upon TSA treatment of NCCIT testicular cancer cells, as determined by quantification of the TNFRSF10BLTR transcript 2 mRNA level. (¢) TNFRSF10B expression
from the LTR promoter was also increased upon treatment of testicular cancer cells with the HDACi SAHA, a clinically used chemotherapeutic drug. Susa or 1618-K testicular
cancer cells were treated with increasing concentrations of TSA or SAHA, or the solvent DMSO. Quantification of TNFRSF10B LTR transcript 2 expression by real-time RT-PCR,
normalized to RPLPO. Notably, SAHA treatment had a similar effect on LTR-driven transcription as compared with TSA treatment (logarithmic scale). (d) Depletion of DR5
diminished TSA- and TRAIL-induced apoptosis in testicular cancer cells. After transfection of GH cells with siRNAs targeting DR5 or the control scrambled siRNA SSC2, cells
were treated with TSA, or the DR5 ligand TRAIL, or a combination of both. Treatment was performed for 12 h (TSA) or 10 h (TRAIL), washed out at day 1, and cell survival upon
treatment was assessed by monitoring of cell confluency consecutively for 4 days. A representative result of three independent experiments is shown; the results of the other two
experiments are displayed in Supplementary Figure S5E. Only the combination of TSA and TRAIL led to strongly suppressed cell survival, and this was rescued specifically by the
knockdown of DR5. (e) Immunoblot analysis of cells transfected and treated with TRAIL and/or TSA, as described in the legend to Figure 5d. Apoptosis was determined by
staining PARP1 and cleaved caspase 3. Beta-actin and Ponceau staining served as controls. In comparison with single treatments, the combined treatment with TRAIL and TSA
markedly enhanced PARP1 and caspase 3 cleavage. This effect was rescued in DR5-depleted cells. (f) Synergistic effect of combined treatment of testicular cancer cells with the
HDACi TSA and cDDP; the latter drug represents the mainstay of current therapy to eliminate testicular cancer. Testicular cancer cells were treated with the solvent DMSO or
increasing concentrations of TSA and/or the indicated concentrations of cDDP. Cell viability was determined 24 h post treatment by luminometric ATP quantification. Mean values
of three independent experiments are shown. For each sample treated with the combination of TSA and ¢cDDP, the Non-Constant Combination Index (Cl) was calculated.*'
Notably, in all cell lines, treatment with TSA synergistically enhanced cell death induced by cDDP treatment (mean Cl values indicated in red). Cl < 1: synergism; Cl = 1: additive
effect; Cl > 1: antagonism
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assessed using ANOVA modeling, non-linear local regression normalization and
component wise ttests.

3 RACE was performed using the SMART RACE Kit (Clontech, Takara Bio, Saint-
Germain-en-Laye, France). In brief, 3RACE cDNA was generated from normal
human testicular RNA (Life Technologies) or mRNA isolated from TSA-induced GH
cells using the modified oligo-dT primer provided within the kit. cDNAs with the
SMART oligo sequence at their 3’ end were amplified with different ERV9-LTR specific
forward primers (Supplementary Table S4) and the Universal Primer Mix (Clontech)
as reverse primer.

GSJunior 454 next-generation sequencing. Each purified RACE
product was reamplified with forward primers binding to the 3" portion of the
ERV9-LTR (Supplementary Table S4) and a nested reverse primer using the
Advantage2 PCR kit (Takara Bio). The GSJunior 454 library was prepared pooling
purified reamplified RACE products to equimolar amounts using the Lib-L library
preparation kit (Roche, Mannheim, Germany). One-way sequencing was then
performed on the GSJunior 454 instrument (Roche).

Quantitative mRNA analysis by qRT-PCR. Total RNA was isolated using
TRIzol (Life Technologies), followed by reverse transcription with Moloney Murine
Leukemia Virus reverse transcriptase (NEB, Frankfurt Main, Germany) and a mixture
of oligo(dT) and random nonamer primers. A SYBR Green master mix including Taq
polymerase (Primetech ALC, Minsk, Belarus) was used for real-time PCR. The primer
sequences are shown in Supplementary Table S4. PCR conditions were as follows:
initial denaturation 2 min at 95 °C, followed by 40 cycles of 95 °C for 15s and 60 °C
for 60 s. Gene expression levels were normalized to RPLPO as reference gene and
calculated using the 2 24C method.

Amplification of genomic DNA. Genomic DNA isolated from human cells
or diverse ape species was PCR-amplified with Taq polymerase (Fermentas,
Thermo Scientific, Schwerte, Germany; initial denaturation 3 min at 95 °C, 32 cycles
of 20s at 95°C, 25s at 58 °C and 25 s at 72 °C, followed by 5 min at 72 °C). PCR
products were analyzed by agarose gel electrophoresis. Primer sequences were as
follows: TNFRSF10B LTR_for 5'-GAACATCAGAAGGAACAAACTCC-3', Upstream
TNFRSF10B_rev 5'-GTGTCCCTGCACCNTTGCTAC-3’; TNFRSF10B exon5_for
5’-GTACNCCCTGGAGTGACATC-3', TNFRSF10B exon5_rev 5'-ATGATGATGC
CTGAGANNG-3'.

Immunoblot analyses. Total protein was isolated by scraping the cells
directly in 5x diluted Laemmli sample buffer (0.35M Tris, pH 6.8, 30% Glycerin,
10% SDS, 9.3% DTT, 0.02% Bromphenol blue), sonication for 5 min and boiling at
95°C for 5min. After separation by SDS-PAGE, proteins were transferred to
nitrocellulose, followed by overnight incubation with antibodies diluted in PBS
containing 5% dried milk and 0.1% Tween 20. Antibodies were rabbit anti-PARP
(9542; Cell Signaling, New England Biolabs, Frankfurt Main, Germany, 1:1000),
rabbit anti-caspase-3 (9662; Cell Signaling, 1:500), rabbit anti-cleaved caspase-3
(9661, Cell Signaling, 1:500) and mouse anti-beta-actin (ab6225; Abcam,
Cambridge, UK, 1:15,000). Primary antibodies were detected by peroxidase-
coupled secondary antibodies (Jackson Immunoresearch, Newmarket, UK) and
chemiluminescence (Pierce, Thermo Scientific).

Clonogenic cell survival. GH cells (1.3x10°%) were reversely transfected
with either 30 nM control siRNA SSC2 or 15nM DR5_A or DR5_B, filled up with
15nM SSC2. 24 h after transfection, the growth medium was changed and cell
confluence was assessed using the Celigo cytometer (Cyntellect, San Diego, CA,
USA) (first measurement, t=0). Thirty-six hours after the initial transfection, the
cells were treated with TSA and/or TRAIL; 12 h thereafter, the medium was changed
again, and cell confluency was measured for the second time (t = 1). Subsequently,
the medium was changed every 24 h, followed by cell confluence measurement
(t=2 to t=5). Experiments were performed three times independently.

ATP-luminometry to measure cell viability. Cells (2000 (GH or Susa)
or 2700 1618-K) were seeded per well in 96-well plates. Forty-eight hours after
seeding, the cells were treated with TSA (25nM, 50 nM, 100 nM) and/or cDDP
(1 M, 10 uM) and/or TRAIL (25 ng/ml, 50 ng/ml) for 24 h. All treatments were
performed in triplicates. Next, cell viability was determined using the CellTiter-Glo
luminescent cell viability assay kit (Promega, Madison, WI, USA), measuring the
amounts of ATP in cell lysates in luciferase assays. The luminescence was
quantified using a DLReady Centro LB 960 luminometer (Berthold Technologies,
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Bad Wildbad, Germany). Experiments were performed three times independently.
For each experiment, synergistic drug effects were quantified by calculating the
combination index (Cl), as had been previously described by Chou and Talalay,*"
using the software CompuSyn (ComboSyn, Inc., Paramus, NJ, USA).
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