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ABSTRACT

It is challenging to identify the causes and con-
sequences of retrotransposon expression in hu-
man disease due to the hundreds of active ge-
nomic copies and their poor conservation across
species. We profiled genomic insertions of retro-
transposons in ovarian cancer. In addition, in ovar-
ian and breast cancer we analyzed RNAs exhibiting
Bayesian correlation with retrotransposon RNA to
identify causes and consequences of retrotranspo-
son expression. This strategy finds divergent inflam-
matory responses associated with retrotransposon
expression in ovarian and breast cancer and identi-
fies new factors inducing expression of endogenous
retrotransposons including anti-viral responses and
the common tumor suppressor BRCA1. In cell lines,
mouse ovarian epithelial cells and patient-derived tu-
mor spheroids, BRCA1 promotes accumulation of
retrotransposon RNA. BRCA1 promotes transcrip-
tion of active families of retrotransposons and their
insertion into the genome. Intriguingly, elevated
retrotransposon expression predicts survival in ovar-
ian cancer patients. Retrotransposons are part of a
complex regulatory network in ovarian cancer includ-
ing BRCAT1 that contributes to patient survival. The
described strategy can be used to identify the reg-
ulators and impacts of retrotransposons in various
contexts of biology and disease in humans.

INTRODUCTION

Nearly one-half of the human genome is derived from trans-
posable elements (1). Most transposable elements in hu-
mans are retrotransposons (1). Transcription of a genomic
retrotransposon produces an RNA copy, which is reverse-
transcribed and inserted into a new genomic location, in
a process termed retrotransposition (2). In humans, there
are three major classes of retrotransposons: A/u, a primate-
specific class of Short-Interspersed Elements, Long IN-
terspersed Element-1 (LINE-1) and Human Endogenous
Retroviruses (HERV) (1). A large proportion of retrotrans-
posons are mutated or truncated and incapable of retro-
transposition (1). For example, of thousands of LINE-1,
only 80-150 copies are highly active (1). Transcription of
LINE-1 is usually initiated by RNA polymerase II from
an internal promoter within its SUTR. This promoter is
regulated by DNA methylation of adjacent CpG islands
and transcription factors including YY1 and SOX2 (3-5).
In the cytoplasm, LINE-1 RNA is translated into ORF1p
and ORF2p proteins which associate in cis with LINE-1
RNA (1). This ribonucleoprotein complex is imported into
the nucleus where LINE-1 is thought to integrate within a
new genomic location by target-primed reverse transcrip-
tion (2). Briefly, ORF2p contains endonuclease activity that
produces an ssDNA nick in the target DNA (2). The ex-
posed 3’ sequence anneals to the LINE-1 RNA polyA tail
to prime reverse transcription by ORF2p (2). Subsequently,
DNA repair processes are presumed to help produce the
second DNA strand and repair DNA breaks to finalize ge-
nomic insertions of LINE-1, which are frequently truncated
at the 5" end (1).

Alu elements are ~300 nt and are frequently embedded
within introns, 3’UTRs of genes or in intergenic regions (6).
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When Alu elements are embedded within other transcripts,
they are frequently transcribed by RNA polymerase II (6).
When transcribed independent of other RNAs, RNA poly-
merase I transcribes them. A/u elements do not encode
proteins, but rather hijack LINE-1 ORF1p and ORF2p to
mediate their retrotransposition (6).

Transposable elements diverge enormously in type and
location between species, and transposable elements ac-
count for ~25% of genetic differences between individual
humans (7). De novo retrotransposon insertions can occur
in exons, introns or regulatory regions of the genome, dis-
rupting their function, or providing new promoter and en-
hancer regions (8,9). Similarly, the evolutionary drift caused
by transposable elements may also occur during tumor evo-
lution (10). In tumors, LINE-1 insertions have been identi-
fied in tumor suppressors such as APC (11), ST18 (12) and
PTEN (13), suggesting that retrotransposon insertions pro-
mote genetic heterogeneity in tumors and at times may in-
stigate tumorigenesis or promote tumor growth (10).

Transcription of RNA from retrotransposons is usually
repressed by heterochromatic processes (10), but are in-
duced in stem-cell-like populations (10). This does not al-
ways lead to increased rates of retrotransposon insertion,
due to cellular defense systems including RNA silencing
systems (piIRNA) and RNA-DNA nucleases like TREX
(10). Retrotransposon intermediates such as the RNA-
DNA hybrids formed by reverse-transcription, can also
have consequential impacts by inducing release of type I
interferons that may drive inflammation in aging, Aicardi-
Goutieres syndrome and some tumors (14,15). Induction of
retrotransposons in tumors, by treatment with inhibitors of
their heterochromatic repression, activates type I interfer-
ons and immune responses and promotes tumor elimination
(16). Whether constitutive levels of retrotransposons in pa-
tient tumors induce type I interferons or they have beneficial
impacts remains unclear. Understanding the full range of
consequences of retrotransposon expression in tumors and
the factors which control their expression is one of the prin-
cipal areas of current investigation. Identifying the effects
of retrotransposons in contexts like human cancer presents
challenges because the large number and diversity of ge-
nomic copies prevents easy use of research tools such as
CRISPR or siRNA to repress them, while over-expression
risks inducing non-physiological effects.

To overcome some of these challenges we employed
Bayesian correlation analysis of retrotransposon expression
using RNA sequencing data from The Cancer Genome At-
las (TCGA) alongside analysis of de novo LINE-1 inser-
tions. This permitted identification of multiple factors con-
trolling and induced by retrotransposon including BRCA1
and suggested that retrotransposon expression is associated
with survival of ovarian cancer patients independent of ef-
fects on type I interferons and immune responses.

MATERIALS AND METHODS

Reverse transcriptase-quantitative polymerase chain reac-
tion (RT-qPCR) was performed after RNA isolation from
cells using TRIzol (Invitrogen). RNA samples were DNasel
(Qiagen, 79254) treated in Figures 2, 3 and 6. cDNA was
prepared in Figures 4 and 5 using Oligo(dT) and dNTPs

with M-Mulv RT (NEB#M0253) and in Figures 2, 3 and
6; Supplementary Figures S4 and 5 using MiScript II Re-
verse Transcriptase system (Qiagen). GoTaq qPCR Master
Mix (Promega A6002) was used for gPCR with primers spe-
cific to human or mouse as listed in the Supplementary Ta-
ble S3. Relative quantities were calculated using the AACt
method, normalized to the geometric mean of B-actin and
GAPDH unless otherwise indicated.

Cells and reagents

HeLa (CCL2, ATCC), HEK 293T cells (CRL-3216, ATCC)
were cultured in Dulbecco’s-modified Eagle’s medium con-
taining 10% fetal bovine serum and 2mM L-glutamine.
ES2 and MOSE cells (from Dr Barbara Vanderhyden) were
cultured in Modified McCoy’s 5a Medium with 10% fetal
bovine serum and ‘MOSE medium’ as described in (17),
respectively. Lipofectamine 2000 (Invitrogen) was used to
transfect Poly I: C (R&D, 4287/10) or the following plas-
mids into cells: pEGFP-N1 (a gift from S. Pfeffer, Stras-
bourg), 99 RPS-GFP PUR, 99 RPS-GFP JM111 PUR,
pCEP 5UTR ORF2 no-Neo, Alu-neo™, pcDNA3.1, and
HA-ORF1 (gifts from J. Goodier), L1-neo-TET (18) (Ad-
dgene # 51284). Silencer Select siRNAs (Life Technologies,
Supplementary Table S4) were transfected using RNAiMax
at a concentration of 10 nM (Life Technologies).

Western blotting

After lysis (RIPA buffer) proteins were resolved on 8%
(w/v) acrylamide gels, transferred to PDVF membrane
(IPVH00010, EMD Millipore), blocked with 5% milk in
TBST (1h) and probed with primary antibody in TBST
overnight at 4°C. The primary antibodies (Supplementary
Table S5) were detected with anti-IgG-HRP and HRP sub-
strate (WBLURO100A, EMD Millipore) using ImageQuant
LAS 4000 system (GE Healthcare). Quantification of blots
was performed using total intensity of an area encompass-
ing the maximum band size using the Image Studio Lite
Ver 5.2 software (LI-COR Biosciences) and normalized to
Tubulin after subtracting background.

Cancer spheroid in vitro cultures

A panel of primary ovarian cancer cell lines, derived
from ascites of patients with high-grade serous histology
(IRB-approved protocol #2007P001918/MGH), with con-
firmed BRCA1 mutations (N = 4) or wild-type (N =
4) status by clinical SNaPshot™ genotyping, was used.
Briefly, low-passage primary cancer cells were grown in
RPMI1640 (Gibco) with B27 supplement (Life Technolo-
gies), penicillin/streptomycin (Life Technologies), without
any serum additives as previously described (19).

LINE-1 retrotransposition assay
LINE-1 assay was performed as previous (20) with modifi-
cations described briefly in Supplementary Methods.

Alu retrotransposition colony formation assay

Alu assay was performed as previous (20) with modifica-
tions described briefly in Supplementary Methods.



Northern blot

A protocol for Northern blot detection of LINE-1 previ-
ously described (21) was followed with the following modifi-
cations. RNA from ES2 cells was treated with DNase I (Qi-
agen, 79254) and diluted in loading buffer. RNA samples
were heated at 70°C for 10 min and run on a 1% formalde-
hyde agarose gel. RNA was capillary transferred (22) to
Nylon membrane (Roche, 11417240001) overnight in 6x
Saline Sodium Citrate (SSC) buffer at room temperature.
RNA was crosslinked to the membrane with 120 mJ UV
using a Stratalinker 2400. Membrane was pre-hybridized
for 30 min at 42°C in 30% formamide, 1X Denhardt’s solu-
tion, 1% sodium dodecyl sulphate, 1 mM NaCl and 1 pl/ml
salmon sperm DNA and RNase free water.

Probes specific for LIHS were generated using two ap-
proaches. First, twelve 21-23 nt oligonucleotides were de-
signed to recognize the 900 nt 5" end of L1HS specifically
at regions absent from L1PA or with sequence differences
compared to L1PA. As a loading control 12 short oligonu-
cleotides complementary to GAPDH mRNA were used.
Probes recognizing L1HS or GAPDH were pooled and la-
beled with 3>Py-ATP as described (23). All sequences are in
Supplementary Table S7.

As an alternative, L1HS was detected using a probe
recognizing the 486 nt in the SUTR of L1HS. Probe
DNA was amplified from HEK293T DNA by PCR us-
ing Taqg DNA polymerase (BioBasic) using primer pairs 5'-
geggaggaggagccaagat and 5 -ccggetgctttgtttaccta for L1HS;
and 5-accacagtccatgecatcac and 5'-gcttgacaaagtggtegttg
for GAPDH, respectively. PCR products were gel-purified
using the Qiagen PCR cleanup kit. Radiolabeled probes
were generated as described (24). Briefly, 25 ng of clean PCR
product in 30 wl water with 125 ng random hexamer de-
oxynucleotide primers (IDTDNA) was heated for 2 min in
a boiling water bath and snapped cold on ice. dATP, dGTP
and dTTP (Applied Biosystems, 250 wM final concentra-
tion) were added to 10 pl of 5x random priming buffer
(250 mM Tris—Cl pHS8.0, 25 mM MgCI2, 100 mM NacCl,
10 mM Dithiothreitol, | M HEPES pH 6.6), 5 pl [«-32P]
dCTP (10 mCi/ml, 3000 Ci/nmol; Perkin Elmer) and the
reaction brought to 50 pl with water. Five U of Klenow
DNA polymerase (NEB) were added (60 min, room tem-
perature) and the reaction was terminated with 10 wl stop
buffer (50 mM Tris—Cl pH 7.5, 50 mM NaCl, S mM EDTA,
0.5% w/v SDS). Labeled probe heat denatured before use in
northern blots. Probes were incubated with rotating mem-
branes overnight at 42°C. Membranes were washed twice in
5x SSC and once in 1x SSC.

Co-immunoprecipitation (Co-IP) and RNA immunoprecipi-
tation (RIP)

Cells were washed in cold phosphate-buffered saline, lysed
and scraped in RIPA lysis buffer or RNA immunoprecipi-
tation (RIP) lysis buffer. Cell lysate was incubated inverting
for 20 min at 4°C and centrifuged at 1000 x g, 5 min to
exclude insoluble materials. Supernatant was incubated in-
verting 20 min at 4°C with 10 .l of pre-washed protein G-
Dynabeads to pre-clear. Beads were removed using a mag-
netic support (12321D, Thermo Fisher Scientific) and su-
pernatant protein content was measured. Equal amounts
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of protein mass were incubated with equal amounts of anti-
body of interest and its corresponding nonspecific [gG con-
trol antibody for 3-4 h at 4°C. A total of 20 p.l wet volume of
protein G-Dynabeads were added to each IP for a further
1 h at 4°C. Beads were collected and washed with 200 .l
RIPA buffer or RIP wash buffer three times at least. Co-1Ps
samples were processed for western blot analysis and RIP
samples were TRIzol (Invitrogen) RNA isolated as in the
manufacturers’ protocol.

Chromatin immunoprecipitation (ChIP) and DNA-RNA im-
munoprecipitation (DRIP)

Protocol for chromatin immunoprecipitation (ChIP) (25)
and DNA-RNA immunoprecipitation (26) was followed
with minor modifications described in Supplementary
Data.

Pulse labeling of RNA with ethynyl uridine

Pulse labeling was performed using the Nascent RNA
Click-iT kit (Life Technologies) according to the manufac-
turer’s instructions. Briefly, cells were plated at 2.5 x 103
per well in a 6-well plate and transfected with siRNA the
following day. Seventy-two hours after transfection, ethynyl
uridine (0.2 mM) was added. Media was changed after 1 h
incubation and RNA was extracted 1 h later using TRIzol
(Invitrogen). RNA (5 wg) was labeled with biotin (0.5 mM
Biotin Azide per sample). Pulse-labeled, biotinylated RNA
(500ng) was captured using Dynabeads Streptavidin T1
magnetic beads and used as a template for cDNA synthesis
using MiScript II Reverse Transcriptase system (Qiagen).

Statistical analysis

Two-tailed t-test, and two-way ANOVA were employed to
evaluate the statistical significance of experiments where ap-
propriate in GraphPad Prism software on a minimum of
three independent biological replicates. A P-value of <0.05
was considered statistically significant. Significance was de-
noted as follows: * P-value < 0.05, ** P-value < 0.01, *** P-
value < 0.001, **** P-value < 0.0001.

Bioinformatics, retrotransposon insertions, RNA levels and
methylation

Detailed methods are available in the Supplementary Data.

RESULTS

To assess retrotransposon insertions in tumors of patients
with serous ovarian adenocarcinoma we used The Mobile
Element Locator Tool (MELT) (27). This tool uses genome
sequencing reads which span the junction between a retro-
transposon and the reference genome to map the sites of
retrotransposon insertions. Genome sequencing data from
TCGA with matched normal and ovarian tumor samples
was available from 54 patients with >20x coverage that
approaches saturation in identifying retrotransposon inser-
tions using MELT (Supplementary Figure S1A). Retro-
transposon insertions catalogued in other genomes by the
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European database of L1-HS retrotransposon insertions
(EUL1DD) (28,29), and therefore likely inherited, were
eliminated. Retrotransposon insertions in regions with fre-
quent mapping errors were also eliminated, leaving 1813
LINE-1 insertions. Insertions found in both tumor and nor-
mal tissues (1,121), were eliminated as germline insertions
specific to the patient or restricted populations. The 692
remaining insertions were considered to be tumor-specific.
Ovarian tumors exhibited a range of 0 to 64 de novo tumor-
specific LINE-1 insertions (Figure 1A and Supplementary
Table S1A). While most ovarian tumors had an evenly dis-
tributed range of between 0 and 30 tumor-specific LINE-
1 insertions, three patients exhibited much higher numbers
of LINE-1 insertions (40-64, Figure 1A). The number of
patient-specific LINE-1 insertions in normal tissue was far
higher than in tumors and did not correlate with the num-
ber of LINE-1 insertions in tumors (Figure 1B and Sup-
plementary Table S1A). This suggests that the number of
tumor-specific LINE-1 insertions is minimal compared to
those likely inherited in rare populations or accumulated
over the patient’s lifetime.

LINE-1 insertions rarely impact tumor suppressors or onco-
genes in ovarian cancer

LINE-I insertions in ovarian tumors distributed broadly
over chromosomes (Figure 1C and Supplementary Dataset
1), but clusters of insertions were observed, even after ex-
cluding those in repetitive sequences prone to mapping arte-
facts (e.g. microsatellites) within a sliding 500 bp window as
potential errors in mapping insertion sites. The highest den-
sity of novel LINE-1 insertions in ovarian cancer was in a
region encoding MHC class I HLA-DR (Supplementary
Figure S1B), with other insertions clustered on chromo-
some 20 (neighborhood of LINC01597) and chromosome
3 (neighborhood of EPHA3) among others (Supplemen-
tary Table S1B and Dataset 1). This suggests that LINE-1
may have a propensity to insert in certain genomic regions.
Alternatively, insertions in regions, such as HLA-DR and
EPHAZ3, which have been associated with ovarian cancer
growth (30,31), may provide a competitive advantage se-
lected during tumor evolution.

Of 692 LINE-1 insertions in ovarian cancer genomes, 30
disrupted exons of protein-coding genes (Supplementary
Table S1B), a rate of gene-disruption significantly greater
than random chance (30/692 insertions = 4.3% in exons,
1.1% of genome contains exons, P > 0.001 Fisher’s test) in
agreement with previous research. There was no enrichment
for insertions in genes that were previously (32) found to be
essential for or promote proliferation (Figure 1D). Two de
novo LINE-1 insertions interrupted the putative oncogenes
MMS22L and BCLI11A and putative tumor suppressors
ARHGEF12 and NEBL (33). This suggests that LINE-1
insertions in tumor suppressors may in rare cases exert se-
lective pressure in ovarian cancers, but that in general new
LINE-1 insertions in ovarian cancer only infrequently and
randomly disrupt tumor suppressors, oncogenes or essen-
tial genes by interrupting their coding regions.

New tumor-specific LINE-1 insertions could also impact
tumor progression by altering DNA methylation, or acting
as promoters, enhancers or inhibitors of expression of prox-

imal genes. Genes proximal to tumor-specific LINE-1 inser-
tions (10 kb) tended to have lower RNA expression and
DNA methylation (Figure 1C and Supplementary Dataset
2). In a small number of cases new LINE-1 insertions were
observed proximal to genes frequently mutated in cancer
(BAZ1A, WT1) or a probable tumor suppressor in ovar-
ian cancer (VGLL3), however among these genes, only lev-
els of VGLL3 mRNA ranked in the lower percentiles (Sup-
plementary Dataset 2). This suggests that in rare cases new
insertions of LINE-1 can impact expression of tumor pro-
moting genes.

Together, the presented evidence suggests that in most
cases of ovarian cancer new LINE-I insertions have min-
imal impact on tumorigenesis or tumor progression. While
the three patients with unusually high numbers of tumor-
specific LINE-1 insertions succumbed early to disease, in
general there was no correlation between number of LINE-
1 insertions and patient survival in ovarian cancer (Figure
1E).

Levels of retrotransposon RNA predict survival of ovarian,
but not breast cancer patients

LINE-1 insertions in the genome did not consistently im-
pact patient survival, but recent studies demonstrated that
chemically induced over-expression of retrotransposons
and their RNA-DNA intermediates in animal models of
cancer can be immunogenic and generate tumor repres-
sive effects (15,16). We sought to use patient data to assess
whether levels of retrotransposon RNA habitually found
in patient tumors is sufficient, among tumor heterogeneity,
to measurably impact patient survival. We therefore ana-
lyzed retrotransposon RNAs in ovarian serous adenocarci-
noma or invasive breast carcinoma tumors using data from
TCGA. Retrotransposon RNAs were mapped to Repbase
(34,35) and quantified using Repenrich (36) using RNA se-
quencing data from 379 and 486 patients (ovarian cancer
and breast cancer, respectively). To focus on more intact
retrotransposition-competent RNAs we analyzed younger
LINE-1 (L1PA), AluY and HERVK families. Levels of
tumor-specific LINE-1 insertions correlated poorly with
levels of LINE-1 RNA (Supplementary Figure S2A).

Ovarian cancer patients whose ovarian tumors exhibited
LINE-1 expression in the highest quartile exhibited better
survival than those with LINE-1 expression in the lowest
quartile (Figure 2A and Supplementary Figure S2B). A sim-
ilar analysis performed using RNA expression data from
breast cancer tumors, found no correlation with survival in
this cancer (Figure 2B). Differences in tumor grade, size or
invasion did not account for the difference in survival be-
tween ovarian cancer patients with top quartile LINE-1 ex-
pression (Supplementary Figure S2C—F). This suggests that
factors induced by retrotransposons or co-regulated with
them promote survival of ovarian, but not breast cancer pa-
tients.

A strategy to survey the causes and consequences of retro-
transposon RNA production in cancer

We sought to broadly survey the impact of retrotranspo-
son RNA in ovarian and breast cancers and the mecha-
nisms controlling their expression. Heterochromatin and
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DNA methylation can control retrotransposon expression
(16,37); however global DNA methylation did not corre-
late with retrotransposon levels (Figure 2C and Supplemen-
tary Figure S3A). We used Bayesian correlation to identify
RNAs whose expression correlated with each retrotrans-
poson class (LINE-1, AluY, Figure 2D and Supplemen-
tary Table S2A). This analysis uses sequences that match
young, retrotransposition-competent elements, however it
cannot exclude retrotransposons embedded within other
transcripts, or other chimeric RNAs containing retrotrans-
poson sequences that may affect results. Correlated RNAs
will include many RNNAs which are indirectly co-regulated
with retrotransposons, however they will also include a
proportion encoding proteins that directly control expres-
sion of retrotransposons, or that are induced by retrotrans-
posons.

Retrotransposon RNA is induced by and induces type I inter-
feron responses

We first assessed RNAs which correlated with levels of
retrotransposon RNAs to identify candidate RNAs previ-
ously reported to be induced by retrotransposons in can-
cer. Retrotransposons can induce type I interferons and
promote apoptosis and immunogenic responses in tumors
and other tissues (16,37). A previous report described im-
mune responses associated with retrotransposon expres-
sion which correlated with expression of Toll-receptors, im-
munoregulatory molecules and some mRNAs whose tran-
scription is activated by interferon (38). These mRNAs
generally exhibited only weak associations (r < 0.2) with
retrotransposon expression in breast and ovarian cancer
(Supplementary Table S2C). Among RNAs highly corre-
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of each gene with LINE-1 (left) or A/uY (right) expression in ovarian cancer versus in breast cancer. (E) Heat map of Bayesian correlation values of type
I interferons with LINE-1 or A/uY RNA in ovarian and breast cancer. (F) RT-qPCR of LINE-1 ORF2 or IFNK mRNA after transfection of ES2 or
MDA-MB-231 cells with LINE-1 expressing plasmid versus control plasmid. N = 4-5 independent biological replicates. (G) RT-qPCR of LINE-1 (ORF2)
or AluY RNA after transfection of ES2 or MDA-MB-231 cells with the activator of anti-viral responses poly I:C (1. g/ml). N = 4 independent biological
replicates. (H) Heat map of Bayesian correlation values of immunological responses or the senescence associated secretory phenotype with LINE-1 or
AluY RNA in ovarian and breast cancer. In RT-qPCR horizontal lines represent averages and error bars indicate standard error of the mean.
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lated with retrotransposon RNAs (r > 0.4) in breast cancer
were a large number of type I interferons including many
paralogous IFNa mRNAs (IFNA21, IFNA6, IFNA13,
IFNAS, IFNA16 etc., Figure 2E and Supplementary Table
S2A). Notably, the type I interferon IFNk was correlated at
r > 0.87 with retrotransposons in breast cancer. In contrast,
in ovarian cancer all type I interferons with the exception
of IFNe and IFNAS (r < 0.27) exhibited very poor corre-
lations (r < 0.1) with retrotransposon RNAs (Figure 2E).
To test whether retrotransposon expression induces type
I interferons we expressed LINE-1 RNA in ovarian and
breast cancer cell lines (ES2 and MDA-MB-231). Modest
increases in LINE-1 RNA enhanced IFNk mRNA expres-
sion in both ES2 and MDA-231 cells (Figure 2F). Intrigu-
ingly, activation of type I interferon responses by transfect-
ing cells with poly I:C also induced LINE-1 and AluY RNA
expression (Figure 2G). This suggests that type I interferons
are both produced in response to LINE-1 expression and
activate further LINE-1 expression in a self-amplifying loop
that is apparent in breast cancer but attenuated in ovarian
cancer. Despite the high levels of type I interferon in breast
cancer tumors with high levels of LINE-1 RNA (Figure
2E), LINE-1 expression had no impact on survival of breast
cancer patients (Figure 2B). This suggests that despite high
levels of type I Interferon likely induced by retrotransposon
RNA in breast cancer, this is insufficient to impact patient

survival. The effect of L1 expression on survival of ovar-
ian cancer patients is independent of type I interferon re-
sponses.

Retrotransposons may also activate immune responses
more broadly and recruit immune cells into the tumor (38).
Cell-type-specific RNAs can serve as a measure of the abun-
dance of specific cell types in whole tissue analysis (39). We
applied this method to identify cytokines and immune cells
infiltrating tumors containing abundant retrotransposon
RNA. Markers of cytotoxic T cells, monocytes and antigen-
presenting cells were all negatively correlated with retro-
transposon RNA in ovarian cancer and to a lesser extent
in breast cancer (Figure 2H). Intriguingly, IL-25 stimulates
production of Th2 cytokines like IL-4, IL-5 and IL-13 (40),
all of which exhibited the strongest positive correlations
with retrotransposon RNAs of any analyzed cytokines in
both breast and ovarian cancer (Figure 2H). Retrotranspo-
son RNAs were not associated with inflammatory markers
of a secretory-associated senescent response that is associ-
ated with retrotransposon activation in aging (15) (Figure
2H). This suggests that retrotransposon RNA is predomi-
nantly associated with a Th2 and Th9-type immune profile.
While the cause of this is uncertain, it may be a symptom
of the ability of tumor cells with abundant retrotransposon
RNA to avoid killing in a Th2 environment that represses
cytotoxic responses.
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A subset of RNAs correlated with retrotransposons promote
their expression

The analysis of type I interferons suggests that Bayesian
correlation has predictive power to identify RNAs control-
ling retrotransposon expression or induced by them. We
aimed to identify new factors regulating and induced by
retrotransposons using this approach. Remarkably, levels of
LINE-1, AluY and HERVK RNAs correlated more closely
with each other in all combinations (r = 0.55 to r = 0.93)
than with any other mRNA in both ovarian cancer and
breast cancer (Figure 3A and B). RNA derived from LINE-
1 elements with the most retrotransposition activity (L1HS)
also correlated closely with expression of other retrotrans-
posons including the broader L1PA family (Figure 3A and
B). In general, mRNAs correlated similarly with broader
L1PA family and the more active L1HS family (Supplemen-
tary Table S2B). Over-expression of LINE-1 augmented the
level of AluY RNA (Figure 3C), potentially due to stabi-
lization of A/uY RNA when it binds to LINE-1 ORF1 pro-
tein. Additional tumor properties which act on pathways af-
fecting all retrotransposon classes, such as those controlling
transcription, epigenetics or RNA stability may contribute
to their tight correlation among retrotransposon classes in
these cancers.

Genes correlated with LINE-1 expression in ovarian can-
cer were highly enriched in binding sites for the YY1 and
Octl transcription factors (Supplementary Table S2D). In
breast cancer Oct/Pou family, MEF2C family, and SATBI1
binding sites were enriched in genes co-regulated with retro-
transposon RNA (Supplementary Table S2D). YY1 bind-
ing sites in the S UTR promoter of LINE-1 elements have
previously been shown to control LINE-1 expression (4),
Oct2 binds to LINE-1 elements (41) and SATBI binds A/u
sites in the genome (42). This suggests that YY1 and SATBI1
activity may control a gene expression program including
retrotransposon induction in ovarian and breast cancer re-
spectively.

The interactome and GO-terms (43,44) of RNAs highly
correlated with retrotransposon expression were assessed to
identify additional candidate processes or complexes, which
govern retrotransposon RNA levels. Among 378 RNAs
correlated r > 0.6 with L1PA in breast cancer a concen-
tration of Histones and G protein-coupled receptors was
detected by GO-term analysis (45) (Supplementary Table
S2E). Among 233 RNAs correlated with L1PA in ovarian
cancer (r > 0.4), GO-terms were enriched for RNA process-
ing, RNA splicing, RNA metabolism and mitochondrial
function among others (Supplementary Table S2E). Net-



works of interacting RNA binding proteins were apparent
among these (Supplementary Figure S3B). Notably TDP-
43 which multiple papers have demonstrated to control
retrotransposon activity (46-48), exhibited the strongest
negative correlation with retrotransposon RNAs in breast
cancer.

We sought to identify RNA features of ovarian cancer
with maximum predictive power for expression of retro-
transposons using StepAIC (Step Akaike Information Cri-
teria). Thirty-four RNAs were found to provide a plateau
of predictive power (1 = 8 x 107!%) for LIPA expression
in ovarian cancer (Supplementary Table S2F). RNA fea-
tures associated with elevated L1PA RNA levels included
decreases in regulators of autophagy and lysosomal degra-
dation (LAMTORI1, ATP6VOEl and RABIB) consistent
with previous observations that autophagy degrades retro-
transposon RNA (20). Notably, 32% of these RNAs are in-
volved in oxidative phosphorylation, mitochondrial fission
and mitochondrial translation. GO-terms associated with
mitochondria and oxidative stress were the only ones sta-
tistically enriched in LINE-1 RNA predictive features for
ovarian cancer.

We selected candidate genes and complexes from the
lists above, including multiple RNA binding proteins
(BAT1/DDX39B, TNRC6A, PNN, RNPC3, SETX and
SNRNP70) and chromatin or DNA-modifying proteins
(POUSF2 and CHD2) that could control expression of
broad classes of retrotransposons. PNN, DDX39B, RNPC3
and SNRNP70 knockdown decreased A/lu retrotransposi-
tion, while CHD?2 augmented A/u retrotransposition (Fig-
ure 3D). It is possible these effects could be due to candi-
date genes affecting the transfected plasmid, or the splic-
ing events required by this retrotransposition assay, but not
by endogenous retrotransposons. In these cases, the candi-
date genes would not affect endogenous retrotransposons.
To test the effect of candidates on retrotransposition-
competent LINE-1 and A/u family members, RT-qPCR
primers were designed to differentiate L1HS from other
L1PA elements, and AluYa5 and AuYbS from other Alu
(Supplementary Figure S4). While knockdown of several
of candidates had no significant impact on expression of
retrotransposon RNA levels (RNPC3, SETX, DDX39B,
TNRC6A, DGCRS, Supplementary Figure SSA and B),
others including PNN, SNRNP70 and CHD2 did signifi-
cantly decrease expression of LINE-1 and 4/u RNAs (Fig-
ure 3E and F) suggesting they impact endogenous retro-
transposons directly. The correlation of some RNAs with
retrotransposon RNAs could be due altered expression of
RNAs with embedded A/u or LINE-1 elements, and not
independent retrotransposons. Despite this caveat, cumu-
latively our data suggests that analyzing mRNAs corre-
lated with retrotransposon RNAs provides a bioinformatic
screening strategy to identify candidate proteins impacting
retrotransposons in tumors.

Retrotransposon control by genes frequently inactivated in
ovarian cancer

We evaluated whether expression levels of any genes com-
monly lost or mutated in ovarian cancer also correlated
with retrotransposon RNA levels, as these could control ex-
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pression of retrotransposons in a broad subset of patients.
Among genes frequently mutated in ovarian cancer (e.g.
NF1, PAX8 and MECOM) (49), Breast cancer type 1 sus-
ceptibility protein (BRCA1) RNA levels emerged as having
one of the strongest correlations with A/u, L1PA and L1PB
levels (r = 0.15-0.19, Supplementary Table S2E). This cor-
relation was less apparent in breast cancer (Supplementary
Table S2G).

BRCAI has reduced expression or activity due to dele-
tion, mutation or hypermethylation of the gene in up to
23% of ovarian cancer tumors (49). As expected, ovarian tu-
mors that exhibited loss of one or more copies of BRCAI,
or hypermethylation of the BRCAI locus had reduced lev-
els of BRCAI mRNA (Figure 4A and B). Levels of BRCAI
mRNA in ovarian tumors significantly correlated with lev-
els of LINE-1 and A/uY RNA (Figure 4C and D). This sug-
gested that BRCA1 may control levels of retrotransposon
RNA in ovarian tumors.

BRCAL increases levels of retrotransposon RNA, proteins
and genomic insertions

BRCA1 promotes repair of double-strand DNA breaks via
the homologous recombination pathway (HR) and occa-
sionally through the non-homologous end-joining pathway
(NHEJ) (50,51). BRCAI1 also regulates transcription by
binding directly to specific DNA sequences*® and regulat-
ing RNA polymerases I, IT and III (52-54).

RNA encoded by retrotransposition-competent LINE-1
elements (L1HS) and 4/uY elements was measured by RT-
gPCR in in vitro cultures of spheroids generated from pa-
tient cancer cells with or without confirmed BRCAI muta-
tions or deletions as previously described (19,55). Spheroid
cultures from patients with loss of BRCA1 function had less
LINE-1 and A/uY RNA than cells with wild-type BRCAI
genes (Figure 4E). This supports the hypothesis that loss
of BRCAI decreases retrotransposon RNA levels. To dis-
sect the underlying mechanism, we utilized cellular mod-
els. Untransformed mouse ovarian surface epithelial cells
with a single copy of BRCAI genetically deleted using a
Cre-lox system (17), had 50% less BRCAI mRNA as ex-
pected (Figure 4F). Mouse cells do not harbor Alu ele-
ments, but LINE-1 RNA levels were significantly reduced
in cells lacking a single copy of BRCAI, mimicking loss of
BRCAI in patients (Figure 4F). Similarly, LINE-1, AluYa5
and AuYb8 RNA levels were significantly reduced when
BRCA1 was transiently knocked down in ES2 or HeLa cells
using either of two independent BRCAT1 siRNA sequences
(Figure 4G and Supplementary Figure S6A). In addition,
in either mouse ovarian epithelial cells or ES2 cells, loss
of BRCAI reduced levels of ORF1p and ORF2p proteins
(Figure 4H and I). Northern blot with a single probe tar-
geting the L1HS 5UTR, or with multiple probes specific
for LIHS demonstrated decreased levels of full-length (6000
kb) LINE-1 RNA when BRCA1 was depleted (Figure 4J).
The data above demonstrates that levels of full length L1HS
RNAs (Figure 4])) including the SUTR, ORF1 and ORF2
as well as the encoded proteins (Figure 4F-I) are decreased
when BRCAL expression is decreased. This demonstrates
that BRCAI controls levels of retrotransposon RNA and
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proteins that are highly likely to be capable of retrotranspo-
sition.

To test whether BRCA1 also impacts retrotransposon in-
sertions, LINE-1 and Alu retrotransposition reporter as-
says with exogenous promoters were employed (56,57). A
version of the LINE-1 retrotransposition GFP reporter
with two point mutations, which ablates retrotransposition
was used as a negative control. When BRCA1 was tran-
siently knocked down in ES2 and HEK 293T cells, sig-
nificantly fewer retrotransposition events occurred (Figure
4K; Supplementary Figure S6B and C). For Alu retrotrans-
position assays a neomycin resistant reporter was used to
avoid reporter-dependent artifacts. Similarly, when BRCAI
was transiently knocked down significantly fewer Alu retro-
transposition events were observed (Figure 4L). This sug-
gests that BRCA 1 reduces LINE-1 and A/u retrotransposon
RNA levels and retrotransposition via a mechanism that re-
mains to be explored.

BRCAL1 regulates retrotransposons independent of DNA
damage repair

BRCATI is involved in DNA double-strand breaks (DSB)
repair mechanisms (58,59). LINE-1 reporters can induce
DSB when transiently transfected and their retrotranspo-
sition is presumed to involve DNA repair mechanisms (60).
Data on which DNA repair pathway is required for LINE-1
retrotransposition is conflicting (60-63), potentially due to
myriad disruptions in DNA damage repair pathways that
differ between cancer cell lines.

If BRCA1 was to impede genomic insertion of retrotrans-
posons it would not be expected to have an impact on or
decrease the amount of retrotransposon RNA. Transient
silencing of key proteins in either HR or NHEJ pathways
by 70-95% with siRNA (Rad50, Rad51, XRCC2, DMCI,
MREI1 and XRCC6; Supplementary Figure S6D and E)
did not phenocopy effects of BRCA1 silencing and reduce
levels of LINE-1 RNA (Figure SA and B). This suggests
that BRCA1 regulates retrotransposon RNA levels by a
mechanism other than DNA repair.

BRCA1 does not bind ORF1p or retrotransposon RNA to sta-
bilize retrotransposon RNAs

Levels of LINE-1 and Alu RNAs and ORF1p were de-
creased when BRCA1 was depleted (Figure 4). ORFlp
binds LINE-1 and A/u RNAs and may stabilize their RNAs.
HA-ORFI1p was not detected in immunoprecipitates of
BRCAI, and BRCA1 was not detected in immunoprecip-
itates of HA-ORF1p (Supplementary Figure S6F). There-
fore, BRCA1 does not bind ORF1p to regulate levels of
retrotransposon RNAs.

Studies have shown BRCAT1 can bind RNA (64) poten-
tially including LINE-1 RNA (65). To test in our system
if BRCAI could bind and stabilize retrotransposon RNA,
BRCA1 was immunoprecipitated in conditions to retain
bound RNA. RNA was pulled down with a known RNA-
binding protein (HuR) (66) (Supplementary Figure S6G),
but no retrotransposon RNA was enriched in BRCA1 im-
munoprecipitates compared to immunoprecipitates of 1gG
controls (Figure 5C and Supplementary Figure S6H). This

suggests BRCA1 does not bind retrotransposon RNA di-
rectly.

BRCAL1 binds genomic LINE-1 copies and promotes tran-
scription of retrotransposons

BRCAT1 has been observed to bind DNA and promote the
transcription of RNA by RNA polymerase I, IT and I1I (52—
54). We sought to assess whether BRCAT increases levels of
retrotransposon RNA by promoting their transcription. To
define whether BRCA1 binds to DNA encoding and sur-
rounding LINE-1 we first analyzed public ChIP data (B
cells, Embryonic Stem Cell Line H1 and HepG2). Peaks
of BRCA1 binding were mapped across the 146 intact and
active LINE-1 elements found in L1Base (67). Peaks of
BRCAI1 binding within or in proximity to several active
LINE-1 elements were observed (Supplementary Dataset
3). To experimentally confirm this, we performed BRCA1
ChIP. Chromatin fragments were confirmed to be largely
under 250 bp (Figure 5D). A transcriptional pause site in
B-Actin mRNA that is known to be bound by BRCA1 was
detected in BRCA1 ChIP, whereas an intronic region of -
Actin mRNA not regulated by BRCA1 was not (68) (Fig-
ure 5D). DNA from the 5 and 3’ ends of LINE-1 DNA
as well as the central region of LINE-1 were enriched in
BRCA1 ChIP compared to ChIP with control IgG in both
ES2 and HeLa cell lines (Figure SE and F). This suggests
that BRCA1 binds to the genomic regions of LINE-1 (Fig-
ure 5D and F).

We hypothesized that BRCA1 binds genomic copies of
LINE-1 to promote their transcription. To demonstrate
whether BRCA1 affects transcription of retrotransposon
RNA cells we provided a pulse of ethynyl-uridine to label
nascent RNA, chased for 1 h and labeled RNA was cap-
tured on streptavidin-coated beads. GAPDH mRNA which
across experimental systems has a half-life exceeding 12
h (69) was used for normalization. B-actin mRNA whose
transcription is known to be promoted by BRCA1 (68)
accumulated less in the chase period in cells depleted of
BRCALI (Figure 6A) validating the pulse-chase assay and
the effect of BRCA1. Accumulation of nascent LINE-1 and
Alu RNA were both significantly impeded by knockdown of
BRCALI (Figure 6B). This indicates that BRCA1 binds ge-
nomic regions of retrotransposons and increases transcrip-
tion of LINE-1 and A/u RNA to promote retrotransposi-
tion (Figures SD-F and 6A and B).

Evidence suggests that BRCA1 activates transcription af-
ter its activation by associating with elongating RNA poly-
merase II and regulating pausing of RNA polymerase II
(70). In agreement, evidence here suggests that BRCA1
can promote LINE-1 activity independent of their endoge-
nous promoters (Figure 4K and L) and associates with the
body of LINE-1 sequences (Figure 5D-F). One mecha-
nism by which BRCA1 promotes transcription is by pro-
moting resolution of DNA-RNA hybrids called R-loops
(68). DNA-RNA hybrids form during reverse transcription
of LINE-1. R-loops are also often formed near promot-
ers and slow transcription and BRCA1 can promote tran-
scription of genes containing R loops (68). By resolving
R-loops formed during transcription of retrotransposons
BRCALI could promote transcription of LINE-1 and A4lu



RNA. If this was the case, the number of R-loops, contain-
ing retrotransposon DNA-RNA hybrids formed during
transcription or reverse-transcription would increase when
BRCAI1 was depleted. DNA was fragmented with a cocktail
of restriction enzymes and R-loops were pulled-down with
the S9.6 monoclonal antibody. R-loops were enriched at
known sites in RPL13A and eliminated by RNase H, which
specifically degrades RNA-DNA hybrids (68) (Supplemen-
tary Figure S6I). A site known to contain few R-loops in
EGR1 was poorly enriched in R-loops (Supplementary Fig-
ure S6I). R-loops at RPL13A accumulated when BRCA1
was depleted confirming the role of BRCAI in resolving R-
loops (Figure 6C). RNA-DNA hybrids containing LINE-1
sequences were also detected and eliminated by RNase H
(Figure 6D). While BRCA1 siRNA knockdown increased
R-loops at RPL13A, RNA-DNA hybrids at LINE-1 were
significantly decreased (Figure 6C and D). This suggests
BRCAI1 does not resolve R-loops generated during LINE-
1 transcription or reverse-transcription. Instead, the data
shows that BRCA1 knockdown decreases LINE-1 RNA
transcription (Figure 6D) and RNA levels (Figure 4), and
this decreased transcription would lead to the formation of
fewer DNA-RNA hybrids, or R-loops during LINE-1 tran-
scription or reverse transcription.

The presented data harnessed the heterogeneity of tu-
mors analyzed in The Cancer Genome Atlas to identify fac-
tors and pathways regulating retrotransposon RNA in the
context of patient tumors. This provided new RNA-binding
proteins (PNN, SNRNP70), transcription (BRCA1) and
heterochromatin factors (CHD?2), and pathways (viral re-
sponse activation) controlling retrotransposon levels in
ovarian and breast cancer. This underscores the complex
control and effects of retrotransposons and suggests new
mechanisms contributing to survival of ovarian cancer pa-
tients.

DISCUSSION

The regulation and impact of retrotransposons in various
cancers is beginning to be uncovered. Sporadic reports have
found that retrotransposons frequently disrupt tumor sup-
pressors like MYC (71) or ST18 (12), potentially due to the
selection of these cells during tumor evolution. This does
not appear to be a feature of the ovarian cancer samples
analyzed here. Clusters of retrotransposon insertions were
found surrounding HLA genes that could impact the im-
munogenicity of the tumor, and in EPHA3, which is fre-
quently altered in cancer and has tumor suppressor prop-
erties (72). In general, disruption of tumor suppressors by
retrotransposons was an infrequent, seemingly random, oc-
currence in ovarian cancer but in rare cases may have tu-
morigenic or tumor-promoting effects that impact patient
survival.

Retrotransposons are also frequent at sites of genomic re-
arrangements, and the frequency of these may be increased
by LINE-1 ORF2 protein, and transcription at these sites.
For example, rearrangements in BRCA1 at an 4/u element
in intron 15 are linked to evolution in tumors of resistance
to PARP inhibitors. Our data suggests that BRCA1 activity
would promote transcription and ORF?2 activity of retro-
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transposons, thereby increasing genomic rearrangements
driven by retrotransposons.

Due to the lack of systematic effect of retrotransposon
insertions, we aimed to understand the impact of retro-
transposon expression levels in ovarian and breast can-
cer. Normally, TREX1 and RNase H eliminate retrotrans-
poson intermediates like RNA-DNA hybrids to act as a
homeostatic buffer preventing activation of STING-cGAS
and production of type I Interferons. Mutations of TREX1
or RNase H cause accumulation of retrotransposon inter-
mediates and an inflammatory response that manifests as
Aicardi-Goutieres disease (73). Similarly, accumulation of
retrotransposon intermediates caused by drugs inhibiting
heterochromatin, or in senescent cells is associated with pro-
duction of type I interferons and other inflammatory me-
diators (74,75). While levels of retrotransposon RNA were
similar in ovarian and breast cancer (Figure 3A and B), type
I Interferons were induced only in breast cancer alongside
retrotransposon RNA and an inflammatory senescence-
associated secretory phenotype was not apparent in either
cancer (Figure 2E and H), despite the levels of retrotrans-
poson RNAs being similar in both cancers (Figure 3A and
B). This suggests that ovarian and breast tumors differ sub-
stantially in their capacity to eliminate or respond to retro-
transposon intermediates. A previous report also noted het-
erogenous immune responses associated with retrotranspo-
son expression among esophageal and gastrointestinal can-
cers (38). Our data suggests that type I Interferon activation
by retrotransposons is insufficient to affect tumor growth
or patient survival in breast cancer and does not measur-
ably occur in ovarian cancer. This suggests that the complex
network of gene expression correlated with LINE-1 RNA
identified here predict survival of ovarian cancer patients in
new ways independent of type I interferons.

Recent evidence demonstrated that in cell lines BRCAL1
can suppress LINE-1 retrotransposition by influencing
DNA repair events involved in their insertion into the
genome (65,76). In contrast, we found that BRCAT1 pro-
motes transcription of endogenous LINE-1 RNA and in-
creases the number of retrotransposition events. There
are several differences between these studies that may
account for their contrasting results. The studies which
identified BRCAL1 as a suppressor of LINE-1 insertions
used Doxycycline-inducible LINE-1 overexpression plas-
mids and therefore were not positioned to identify effects
on transcription of retrotransposons. In addition, doxycy-
cline has extensive effects on cellular metabolism and tran-
scription by affecting mitochondrial translation (77,78). In
contrast, we focused on control of retrotransposon RNA
levels produced from endogenous copies in patient tumors,
patient tumor-derived spheroids, primary ovarian epithe-
lial cells and multiple cell lines. Another difference be-
tween these studies is the methods used to study BRCAI.
In the other studies, CRISPR was used to eliminate pro-
duction of BRCA1, while we used more subtle tools includ-
ing siRNA-mediated knockdown, single copy deletion of
BRCAI, endogenous variation in BRCAI expression and
mutated BRCAI in patient spheroids. It is possible that the
effects of BRCA1 on DNA repair mechanisms involved in
retrotransposon insertions in the genome only become ap-
parent with complete elimination of BRCAI function. The
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current evidence suggests that mutation of BRCA1 or loss
of one copy of BRCAI impairs the transcription of new
LINE-1 and A/u RNA independent of its roles in DNA re-
pair or resolution of R-loops.

Loss of BRCAL1 is tumorigenic. Normal levels of BRCA1
may maintain untransformed cells near a threshold of retro-
transposon accumulation that could induce type I inter-
feron responses and apoptosis. In cells which have lost
BRCAI1 activity, increased DNA damage may also cause
decreases in retrotransposon RNA that also reduce type I
interferons and apoptosis. These effects mediated in part
via retrotransposon RNA may promote the emergence of
tumorigenic cells in patients with BRCA1 loss of function.

The foundational mechanisms mediating LINE-1 tran-
scription, replication and re-insertion into the genome have
emerged over the preceding decades. These discoveries have
largely been made using cell culture models that are easy
to manipulate. Currently, a major challenge is to under-
stand the physiological contexts where production of retro-
transposon RNA and proteins, or genomic insertions of
retrotransposons have impact on development and disease.
This is particularly daunting due to the challenge of silenc-
ing or eliminating hundreds of copies of diverse retrotrans-
posons or expressing them at physiologically relevant levels
in vivo in higher mammals that share divergent retrotrans-
poson families with humans. Patients and tumors have ex-
tensive genetic and environmental heterogeneity that can
be exploited to identify the impacts of retrotransposons
and common factors that regulate retrotransposons. As the
current study demonstrates, analyzing RNAs that correlate
closely with levels of retrotransposon RNA allows identi-
fication of factors and processes regulated by and regulat-
ing retrotransposons. A similar approach using Bayesian
correlations could be applied to other processes of devel-
opment and disease to identify the regulation and conse-
quences of retrotransposon activation in physiological con-
ditions in humans, such as in other cancers, Amyotrophic
Lateral Sclerosis or Aicardi-Goutiere’s syndrome.
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