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ABSTRACT

Most cancer types exhibit aberrant transcriptional
activity, including derepression of retrotransposable
elements (RTEs). However, the degree, specificity
and potential consequences of RTE transcriptional
activation may differ substantially among cancer
types and subtypes. Representing one extreme of the
spectrum, we characterize the transcriptional activity
of RTEs in cohorts of esophageal adenocarcinoma
(EAC) and its precursor Barrett’s esophagus (BE)
from the OCCAMS (Oesophageal Cancer Clinical and
Molecular Stratification) consortium, and from TCGA
(The Cancer Genome Atlas). We found exception-
ally high RTE inclusion in the EAC transcriptome,
driven primarily by transcription of genes incorpo-
rating intronic or adjacent RTEs, rather than by au-
tonomous RTE transcription. Nevertheless, numer-
ous chimeric transcripts straddling RTEs and genes,
and transcripts from stand-alone RTEs, particularly
KLF5- and SOX9-controlled HERVH proviruses, were
overexpressed specifically in EAC. Notably, incom-
plete mRNA splicing and EAC-characteristic intronic
RTE inclusion was mirrored by relative loss of the
respective fully-spliced, functional mRNA isoforms,
consistent with compromised cellular fitness. Defec-
tive RNA splicing was linked with strong transcrip-
tional activation of a HERVH provirus on Chr Xp22.32

and defined EAC subtypes with distinct molecular
features and prognosis. Our study defines distin-
guishable RTE transcriptional profiles of EAC, re-
flecting distinct underlying processes and progno-
sis, thus providing a framework for targeted studies.
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INTRODUCTION

Gene expression depends on transcription, subsequent
splicing and polyadenylation of nascent RNA, through
recognition of specific motifs in genomic DNA. Between
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and within genes, however, reside numerous retrotrans-
posable elements (RTEs) that can contribute transcrip-
tion initiation signals, splice donor and acceptor sites, and
polyadenylation signals, thereby contributing to or disrupt-
ing RNA production processes (1). The human genome
harbors over 4 million RTE integrations of distinct phy-
logeny, genomic structure and replication life-cycle, with
a vast majority of them being replication-defective due to
accumulation of mutations and deletions (2,3). A major
distinction is the presence of long-terminal repeats (LTRs)
in human endogenous retroviruses (HERVs), originating
from germline infection with exogenous retroviruses, and in
mammalian apparent LTR retrotransposons (MaLRs). In
contrast, long interspersed nuclear elements (LINEs) and
short interspersed nuclear elements (SINEs), which include
the expanded A/u elements, lack LTRs (2,3). Another perti-
nent distinction is the use of poly(T) by non-LTR LINE-1,
SINE and the composite SINE-VNTR-A/u (SVA) elements,
all of which rely on the LINE-1 replication machinery, for
priming of reverse transcription (target-primed), which in-
serts poly(A) tails in DNA integration sites (2,3).

RTE expression has been found dysregulated, at least
in part owing to epigenetic derepression, in most cancer
types that have been examined, where it may have more pro-
nounced effects on gene function and RNA production, as
well as additional effects, such as induction of an interferon
(IFN) response or creation of cancer-specific antigens (4,5).
However, the degree or direction of RTE dysregulation is
highly variable among different cancer types. Whilst aver-
age RTE transcription is reported upregulated in a major-
ity of cancer types, it may also be downregulated in other
types characterized by increased epigenetic repression, and
individual RTE copies or families may also display oppos-
ing patters of dysregulation even in the same cancer type
(4,6,7), highlighting cancer-specific and RTE-specific causal
processes.

Using de novo transcriptome assembly, we have pre-
viously observed substantially increased aberrant tran-
scription of LTR retroelements in esophageal carcinoma
(ESCA), compared with healthy tissues or other cancer
types, with ESCA being second only to testicular germ cell
tumors (TGCT), where RTEs are dysregulated also as part
of epigenetic reprogramming during spermatogenesis (8).
ESCA is classified histologically and molecularly as squa-
mous cell carcinoma (ESCC) or adenocarcinoma (EAC)
(9), each associated with different risk factors. In partic-
ular, EAC is connected with Barrett’s esophagus (BE), a
condition of esophageal epithelium and an EAC precursor
state (10). It was therefore unclear whether the pronounced
LTR retroelement dysregulation in ESCA transcriptomes
(8) tracks with EAC and its precursor BE, or whether it ex-
tends to all types of RTE, particularly the more numerous
non-LTR type. Increased non-LTR retroelement activity in
EAC is also suggested by observations that LINE-1 inser-
tions are the most frequent type of somatic structural varia-
tion in EAC (11-14) and are also detected in pre-malignant
BE (12,15).

In this work, we have utilised established TCGA co-
horts, as well as a new extended cohort of EAC and BE
from the OCCAMS consortium to define RTE transcrip-
tional activity in EAC, and explore its origins and potential

consequences. We identified a comprehensive list of RTE-
overlapping transcripts overexpressed specifically in EAC,
many of which were not previously annotated and from
which we derived both diagnostic and prognostic RTE tran-
scriptional signatures. We further pinpointed incomplete
intron processing and intronic RTE removal, rather than
autonomous ERE expression, as the origin of the excep-
tional RTE transcriptional diversity in EAC. In turn, we
found that defective intron processing is associated with re-
duced cellular fitness, owing to reduced expression of the
fully-spliced, functional mRNA isoforms. We further as-
sociated defective intronic RTE removal with strong tran-
scriptional activation of distinct HERV H proviruses and of
the HERVH Xp22.32 provirus in particular, controlled by
transcription factors KLF5 and SOX9. Most notably, we
found that defective intronic RTE processing and associ-
ated HERVH Xp22.32 activation defines a distinguishable
subtype of EAC that exhibits more pronounced adenocarci-
noma characteristics, is more divergent from its BE precur-
sor and from ESCC, and is associated with reduced cancer
cell fitness and, consequently better prognosis.

MATERIALS AND METHODS

OCCAMS (oesophageal cancer clinical and molecular strat-
ification) cohorts

This work used previously published and newly collected
samples from the OCCAMS study (REC. no. 10-H0305-
1). OCCAMS is an observational study to determine the
molecular drivers of EAC. Ethical approval was obtained
from the Cambridgeshire 4 Research Ethics Committee,
UK. Tissue was obtained with written, informed patient
consent. All relevant ethical regulations were correctly fol-
lowed and samples were fully anonymized. The OCCAMS
whole genome sequencing (WGS) samples analyzed here
included 99 previously described EAC samples (16) and
an additional 128 EAC samples. Single nucleotide variants
(SNVs), small indels and copy number alterations (CNAs)
were called using Strelka v.1.0.13 (17) and ASCAT-NGS
v.2.1 (18), as described previously (19). A total of 40 EAC
cancer drivers frequently altered through SNVs or indels
were derived from the Network of Cancer Genes database
(NCG, http://www.network-cancer-genes.org) (20). Addi-
tionally, 34 drivers frequently altered through copy num-
ber alterations (CNA) were derived from the literature
(9,16,19,21,22). Damaging alterations in these 74 EAC
drivers were identified using ANNOVAR (April 2018) (23)
and dbNSFP (24). Stopgain, stoploss and frameshift muta-
tions were considered damaging. Missense and splicing mu-
tations were further filtered to identify loss-of-function and
gain-of-function alterations, as described previously (20).
Additionally, drivers with copy number gains (CNA > 2
times sample ploidy), homozygous deletions (CNA = 0)
and heterozygous deletion (CNA = 1) with a loss of func-
tion mutation in the other allele were considered to be dam-
aged. The OCCAMS RNA sequencing (RNA-seq) samples
(ribosomal RNA (rRNA)-depleted total RNA) analyzed
here included 116 previously described EAC samples (16)
and an additional 131 EAC and 110 BE samples. For RNA-
seq raw data analyses, adapter and quality control trim-
ming were carried out using Trimmomatic v0.36 (Bolger
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et al., 2014). Quality control of raw reads, carried out us-
ing FastQC, indicated the presence of bacterial RNA and
residual rRNA reads in a majority of the samples. These
reads were filtered out using BBsplit (BBMap v36.20) from
BBTools suit (http:/jgi.doe.gov/data-and-tools/bb-tools/)
by aligning reads against the GRCh38/hg38 genome and
the human ribosomal DNA complete repeating unit (Gen-
Bank: U13369.1). Samples that ended up having less than
10° paired reads after removal of bacterial RNA and rRNA
reads were excluded from downstream analyses.

Transcript identification, read mapping and quantitation

OCCAMS RNA-seq samples that passed quality control
were to the GRCh38/hg38 human genome using HISAT2
v2.1.0 (25). Additional RNA-seq samples were downloaded
from TCGA (poly(A) selected RNA) as .bam files and
converted to .fasta files using SAMtools v1.8 (26). Down-
stream analysis of TCGA samples and other publicly avail-
able RNA-seq datasets used in this study was carried out as
for OCCAMS cohorts excluding bacterial RNA and rRNA
read filtering step. Although poly(A) RNA selection may
underestimate transcripts from satellite repeats, transcripts
from RTEs were previously found similarly represented in
total and poly(A)-selected RNA (27). Annotated gene and
repeat expression were calculated by featureCounts (part
of the Subread package v1.5.0) (28) using GENCODE.v29
basic (29) and a custom repeat annotation (30). Genic re-
peats were defined as those with at least one nucleotide
overlap with annotated gene bodies, with the rest of the re-
peats defined as intergenic. To prevent ambiguity, only reads
that could be uniquely assigned to a single feature were
counted. Long-read RNA-seq samples were aligned to the
GRCh38/hg38 human genome using minimap2 v2.17 (31).
For assemblies of long-read RNA-seq reads, the obtained
.bam files were first converted to bed12 using bam2bed12.py
script from FLAIR suit (32). High-confidence isoforms
were selected using ‘collapse’ function from flair.py script
(32). ChIP-seq datasets were trimmed using Trimmomatic
v0.36 (33) and aligned to the GRCh38/hg38 human genome
using Bowtie 2 v2.2.9 (34). Additional transcripts were pre-
viously de novo assembled on a subset of the RNA-seq data
from TCGA (8). Samples from TCGA were downloaded
through the gdc-client application and the .bam files were
parsed with a custom Bash pipeline using GNU parallel
(35). RNA-seq data from TCGA, GTEx, CCLE OCCAMS
and listed previous studies were mapped to our de novo can-
cer transcriptome assembly and counted as previously de-
scribed (8). Briefly, transcripts per million (TPM) values
were calculated for all transcripts in the transcript assem-
bly (8) with a custom Bash pipeline and Salmon v0.8.2 (36),
which uses a probabilistic model for assigning reads align-
ing to multiple transcript isoforms, based on the abundance
of reads unique to each isoform (36). The 4844 ESCA-
overexpressed transcripts were selected based on median ex-
pression in ESCA >0.5 TPM, with the 90th percentile of
expression in the respective healthy tissues or the maximum
median expression in any healthy tissue at least 3x lower
than the 75th percentile of expression in ESCA, and <0.5
TPM. We separately quantified expression of annotated
genes by using a transcript index with all GENCODE tran-
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script_support_level:1 entries and collapsing counts for the
same gene. For quantitation of exon versus intron repre-
sentation, the same pipeline was followed, except counts
were collapsed for all annotated exons and all introns for
the same gene, separately. Read count tables were addition-
ally imported into Qlucore Omics Explorer v3.8 (Qlucore,
Lund, Sweden) for further downstream expression analyses
and visualization. Splice junctions were visualized using the
Integrative Genome Viewer (IGV) v2.4.19 (37).

Repeat annotation

Repeat regions were annotated as previously described
(30). Briefly, hidden Markov models (HMMs) represent-
ing known Human repeat families (Dfam 2.0 library
v150923) were used to annotate GRCh38 using Repeat-
Masker, configured with nhmmer. RepeatMasker annotates
LTR and internal regions separately, thus tabular outputs
were parsed to merge adjacent annotations for the same
element.

Cellular deconvolution of bulk RNA-seq data

Frequencies of immune cell populations in patient samples
were estimated by cellular deconvolution of bulk RNA-seq
data using the CIBERSORTx method (https://cibersortx.
stanford.edu) (38).

Consensus motif identification

Consensus motifs were identified at the 5 and 3’ ends of all
fully intronic transcripts by sequence alignments of the ter-
minal 40 bp at either end using the WebLogo tool (https:
/Iweblogo.berkeley.edu/logo.cgi) (39). The results were plot-
ted as sequence logos.

Functional gene annotation by gene ontology

Pathway analyses were performed using g:Profiler (https:
//biit.cs.ut.ee/gprofiler) with genes ordered by the degree of
differential expression. P values were estimated by hyperge-
ometric distribution tests and adjusted by multiple testing
correction using the g:SCS (set counts and sizes) algorithm,
integral to the g:Profiler server (40).

Survival analysis and hazard ratio calculations

For survival analysis, all OCCAMS EAC samples with sur-
vival data recorded were used. To test if expression of a
transcript of interest correlated with patients’ survival, we
identified the patients in the bottom and top percentile ex-
pression (‘low” versus ‘high’ expression). Survival analysis
was done using the survfit function of the survival R pack-
age (v2.42), using overall survival time. To compare curves
between low and high expression tertiles, log-rank testing
was used and a Cox regression model was built to test the
assumption of proportional hazards holds. Hazard odd ra-
tios are given based on the Cox regression model. Similarly,
a Cox regression model was used to compare survival be-
tween multiple expression clusters.

€20z 1snBny |z uo 1sanb Agq GEE€1£Z//0Y0PRIZ/S/G/a0NIB/190UBDIeU/WO0D dNO dIWapEIR//:SdNY WOl PaPEOjUMO(]


http://jgi.doe.gov/data-and-tools/bb-tools/
https://cibersortx.stanford.edu
https://weblogo.berkeley.edu/logo.cgi
https://biit.cs.ut.ee/gprofiler

4 NAR Cancer, 2023, Vol. 5, No. 3

Cell lines

OE19 (RRID: CVCL_1622), HARA (RRID: CVCL_2914)
and LK-2 cells (RRID: CVCL_1377) were obtained from
the Cell Services facility of The Francis Crick Insti-
tute and verified as mycoplasma-free. All human cell
lines were further validated by DNA fingerprinting.
Both human lung squamous cell carcinoma cell lines -
HARA and LK2 were grown in RPMI 1640 medium
(Gibco) with 10% heat-inactivated fetal bovine serum
(Gibco), 2 mM L-glutamine (Thermo Fisher Scientific),
10 wM 2-mercaptoethanol (Sigma-Aldrich), 100 .M non-
essential amino acids (Sigma-Aldrich) penicillin (100 U /ml)
(Thermo Fisher Scientific), and streptomycin (0.1 mg/ml)
(Thermo Fisher Scientific). Esophageal adenocarcinoma
cell line - OE19 were grown in RPMI 1640 medium (Gibco)
with 10% heat inactivated fetal bovine serum (Gibco),
2 mM L-glutamine (Thermo Fisher Scientific), penicillin
(100 U/ml) (Thermo Fisher Scientific), and streptomycin
(0.1 mg/ml) (Thermo Fisher Scientific).

Cell transfections

OE19 cells were seeded at a density of 300 000 cells/well
in 2 ml of culture media 24 hours prior transfection in 6-
well plates. Cells were then transfected with 5 wg of plas-
mid each expressing the following transcription factors:
KLF5 (pcDNA3.1-KLF5, Genewiz) or SOX9 (pcDNA3.1-
SOX9, Genewiz) using Lipofectamine 3000 transfection
reagent (Thermo Fisher). RNA was extracted 48 hours after
transfection.

Reverse transcriptase-based quantitative PCR (RT-qPCR)

RNA was extracted using the RNeasy kit (Qiagen). cDNA
was synthesized using the Maxima First Strand cDNA Syn-
thesis Kit (Thermo Fisher), and qPCR performed using Ap-
plied Biosystems Fast SYBR Green (Thermo Fisher) using
the following primers:

Target Forward Reverse

HERVH Xp22.32GGCAGCGACTCCCAGAGA TG
ATGGTCTACAGGGCTTCC

HERVH-CALBIAGCCCAAGAAACATCTCACCAA
CAGCCTTCTTTCGCGCCTG

HPRTTGACACTGGCAAAACAATGCA GGTCCTT
TTCACCAGCAAGCT

Values were normalised to HPRT expression using the
ACt method.

RT-PCR and amplicon sanger sequencing

cDNA from HARA and LK-2 cells was used as template for
PCR amplification, performed using KOD Hot Start Mas-
ter Mix (Sigma) with the following primers:

Target Forward Reverse

LI1PA2-LIPBITTTGACTCAGAAAGGGAACT GT
ACGCCAATTTTAATTGTT

Separately, cDNA from LK-2 cells was amplified using
nested PCR with the following primers:

Target Forward Reverse

LIPA2-L1PBI first round TTTGACTCA-
GAAAGGGAACT AGGTAGTGGGATGCCTCCAG

L1PA2-L1PBI second round GCAATGCCTCACCCT-
GCTTC GGTCTTGCACCTCCTTGGTT

The PCR products were Sanger sequenced by Genewiz,
Essex, UK, using the same primers.

Statistical analyses

Statistical comparisons were made using GraphPad Prism
7 (GraphPad Software), SigmaPlot 14.0., or R (versions
3.6.1-4.0.0). Parametric comparisons of normally dis-
tributed values that satisfied the variance criteria were made
by unpaired or paired Student’s ¢-tests or One Way Analy-
sis of variance (ANOVA) tests with Bonferroni correction
for multiple comparisons. Data that did not pass the vari-
ance test were compared with non-parametric two-tailed
Mann—Whitney Rank Sum tests (for unpaired compar-
isons), Wilcoxon Signed Rank test (for paired comparisons)
or ANOVA on Ranks tests with Tukey or Dunn correction
for multiple comparisons. Multi-region data were compared
using a linear mixed effects model with each patient as a
random effect.

RESULTS

Increased RTE inclusion in esophageal and stomach cancer
transcriptomes

To examine if the increased inclusion of LTR elements pre-
viously seen in ESCA transcriptomes (8) extended beyond
these elements, we compared measures of overall transcrip-
tome complexity across different cancer types and respec-
tive healthy tissues. We considered the total number of as-
sembled transcripts expressed at >0.5 TPM in each sam-
ple as an indirect measure of transcriptome complexity. The
number of expressed transcripts overlapping an LTR ele-
ment was proportional to the total, with approximately 14%
of all transcripts including an LTR element in both malig-
nant and healthy tissues (Supplementary Figure SIA). A
far greater proportion of transcripts included a non-LTR
RTE (77% and 82% in healthy and malignant tissues, re-
spectively) than an LTR RTE (Supplementary Figure S1B).
According to this measure, healthy tissues varied substan-
tially in transcriptome complexity, as expected, given dis-
tinct cellular composition and differentiation (Figure 1A),
independently of sequencing depth (Supplementary Fig-
ure S1C). Cancer samples exhibited overall lower complex-
ity and, in most cases, lower than the respective healthy
samples, with the exception of ESCA and stomach adeno-
carcinoma (STAD), where transcriptome complexity was
significantly increased (P = 0.005 and P < 0.001, respec-
tively, Mann—Whitney Rank Sum test) (Figure 1A). Thus,
increased activity of LTR elements in ESCA (8) appeared
to reflect increased overall transcriptome diversity.

We next selected 4844 assembled contigs recurrently
present in both ESCA and STAD, but minimally in
healthy tissues for further analysis. Estimated expression
of these was shared also with ovarian serous cystadeno-
carcinoma (OV) and, to a lesser degree, colon adenocar-
cinoma (COAD) (Figure 1B). Expression of the selected
transcripts was not observed in non-malignant tissue sam-
ples from TCGA or GTEXx, with the exception of three par-
ticular esophagus samples from TCGA (Figure 1B). The
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(n = 24 per cancer type) or normal tissue samples (n = 2-156 per tissue type). Box plots denote median value and quartiles, whiskers denote 1.5x the
interquartile range, and individual points denote outliers. (B) Heatmap of expression of 4844 ESCA-overexpressed transcripts in the same samples as in
(A). (C) Heatmap of expression of 4844 ESCA-overexpressed transcripts in extended TCGA EAC and ESCC cohorts and in an additional OCCAMS EAC
cohort. (D, E) Overlap of the 4844 ESCA-overexpressed transcripts with RTEs or annotated genes (D) and according to the RTE group (E). (F) Enrichment
of the indicated RTE subfamily in the 4844 ESCA-overexpressed transcripts, compared with all assembled transcripts (P values were calculated with Fisher’s

Figure 1. Increased inclusion of RTEs in the ESCA and STAD transcriptomes. (A) Number of transcripts expressed (>0.5 TPM) in the indicated cancer
exact tests).
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latter, however, were all tumor-adjacent samples, rather
than completely healthy tissue, which may have altered their
transcriptional profile (41).

The vast majority (98.9%) of the selected transcripts were
also found expressed in two extended cohorts of esophageal
adenocarcinoma (EAC, n = 78) and esophageal squamous
cell carcinoma (ESCC, n = 78) from TCGA, as well as an
additional cohort of EAC (n = 99) from OCCAMS (16)
(Figure 1C). Moreover, the assembled transcripts appeared
co-expressed in individual samples (Figure 1C), implying
they were generated by a common mechanism.

A small number of the selected transcripts (238) com-
prised only RTEs and an even smaller number (42) did not
overlap with any annotated region (Figure 1D, Supplemen-
tary Table S1). The remaining transcripts (4564) partially
overlapped with 2144 annotated genes (an average of 2.1
transcripts per gene), and a vast majority of these (4053)
also overlapped with RTEs (Figure 1D). A great major-
ity of the transcripts (4281) included one or more elements
from the three major groups, with SINEs being by far the
most frequent, followed by LINEs, and LTR elements the
least frequent (Figure 1E). Compared with all assembled
transcripts, the overexpressed 4844 transcripts were signifi-
cantly enriched for L1 LINE subfamilies, including L/ HS,
and certain SINE subfamilies, particularly 4/u subfamilies
(Figure 1F). LTR elements were relatively absent, with the
notable exception of the HERV H subfamily, which was the
most enriched in the selected transcripts (Figure 1F; Sup-
plementary Table S1). In contrast, the evolutionary older
MIR SINE and L2 LINE subfamilies appeared overall un-
derrepresented in the selected transcripts (Figure 1F).

For orthogonal validation of these findings, RTE expres-
sion was separately quantified using featureCounts and a
custom repeat annotation (30), excluding multi-mapping
reads, in the TCGA EAC cohort (Supplementary Figure
S2). This analysis identified 1179 RTEs as significantly dif-
ferentially expressed (>6-fold-change, P < 0.05, ¢ < 0.05)
between EAC and normal esophagus TCGA samples, a
great majority of which (984) were genic (Supplementary
Figure S2A). They included comparable proportions of
LINEs and SINEs and a smaller proportion of LTR el-
ements (Supplementary Figure S2B). In agreement with
our transcriptome-based quantitation, enrichment analy-
sis of read counts identified L1 LINE subfamilies, includ-
ing L1HS, and the HERV H subfamily of LTR elements as
significantly enriched (Supplementary Figure S2C). How-
ever, the overexpressed A/u subfamilies appeared under-
represented, likely due to an underestimation of their ac-
tual expression by the discarding of multi-mapping reads,
which would affect multi-copy subfamilies disproportion-
ally (Supplementary Figure S2C). Indeed, with feature-
Counts, we observed a strong effect of the number of copies
of a given RTE in the total transcriptome on its relative en-
richment in the EAC-overexpressed RTEs (Supplementary
Figure S2D).

Together, these findings suggested that the increased
transcriptional representation of RTEs in esophageal and
stomach cancer transcriptomes resulted primarily from
gene transcription incorporating intronic or adjacent RTEs,
rather than of autonomous transcription of stand-alone, in-
tergenic RTEs.

Aberrant RNA splicing of RTEs in the esophageal cancer
transcriptome

To investigate a potential mechanism underlying the pref-
erential inclusion of genic, rather than intergenic RTEs, we
separated ESCA-overexpressed transcripts into those that
were entirely within annotated introns, those that did not
include any intronic sequences and all other combinations
(Figure 2A). Compared with the entire transcriptome, the
ESCA-overexpressed transcripts were enriched for fully in-
tronic contigs, at the expense of those not overlapping with
introns (Figure 2B). Nevertheless, a third of the ESCA-
overexpressed transcripts comprised combinations of ex-
onic and intronic or intergenic RTEs (Figure 2B).

The abundant seemingly fully intronic reads were not
a result of DNA contamination as they covered intronic
but not intergenic RTEs, as exemplified in the CASP2,
TIMMI17A or CPSF6 loci, where RNA-seq reads mapped
to numerous intronic but not intergenic RTEs (Figure
2C). Moreover, they were independent from RNA selection
methods as they were detected both in TCGA and in OC-
CAMS RNA-seq data, which were generated using poly(A)
selected RNA and rRNA-depleted total RNA, respectively
(Figure 2C). Lastly, fully intronic, but not intergenic con-
tigs spanning RTEs were also detected in long-read ISO-
seq data from esophageal cancer cell lines (42), coinciding
with TCGA and in OCCAMS RNA-seq peaks (Figure 2C).
These data indicated incomplete RNA splicing in ESCA af-
fecting multiple introns of a given gene, rather than reten-
tion of specific introns (Figure 2C), and was therefore likely
distinct from intron retention.

Fully intronic contigs detected in ISO-seq data exhibited
more defined boundaries than mapping of shorter RNA-
seq reads and this offered the opportunity to examine the
presence of repeats at either end of the contig. We noted that
fully intronic contigs appeared to be initiated or terminated
typically at an RTE (Supplementary Figure S3A, B) and we
reasoned that this could arise from priming of reverse tran-
scription during the cDNA synthesis step of library prepa-
ration at poly(A) tails in such RTEs, as has been suggested
for intronic reads identified in single-cell (sc) RNA-seq data
(43). Indeed, fully intronic contigs in ISO-seq libraries had
poly(A) or poly(U) tracts at either end, depending on orien-
tation relative to the gene, and were enriched for A/u SINEs,
particularly of the most recent members A/uJb and AluSx
(Supplementary Figure S3C, D).

In addition to the generation of seemingly fully intronic
contigs, large introns also exhibited evidence for splicing
between flanking exons and intronic RTEs, likely resulting
from incomplete recursive splicing (Supplementary Figure
S4). Splicing between gene exons and intronic RTEs in-
volved canonical and non-canonical donor and acceptor
splice sites often in close proximity in the same intronic
RTE (Supplementary Figure S4). Novel splicing was also
detected between exonic RTEs, usually inverted A/u repeats
in 3’ UTRs of annotated genes. In many cases, such appar-
ent splicing was an artifact created during library prepara-
tion, where reverse transcription omits hairpin structures
created by inverted A/u repeats, as previously described (44).
However, actual splicing events were supported for inverted
Alu repeats in 3’ UTRs of certain genes, such as METTLI16
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and MRPL30 (Supplementary Figure S5). In these cases,
splicing involved canonical splice donor and acceptor sites
and spliced reads spanning ADAR-edited inverted Alu re-
peats were detected in direct long-read RNA-seq data from
HEK?293T cells (Supplementary Figure S5), which is con-
sidered free from such artifacts (44).

Other types of chimeric transcripts included fully or
partially annotated and unannotated isoforms transcribed
from known genes and representing fully spliced, mature
mRNAs that included RTEs as alternative exons or alter-
native promoters, as exemplified by the CASPS, EPB41L5
or DNAJCS loci (Supplementary Figure S6-S8).

Therefore, autonomous transcription of stand-alone
RTEs was a relatively minor contributor to the increased
RTE representation in ESCA transcriptomes, which was in-
stead caused primarily by transcription of RTEs within an-
notated genes and inclusion in alternatively spliced isoforms
of annotated genes or transcripts overlapping with anno-
tated gene bodies.

Diagnostic and prognostic properties of RTE transcriptional
inclusion in EAC

We examined if the predictable inclusion of RTEs in EAC-
specific RNA transcripts could improve EAC detection and
diagnosis. To this end, we defined a signature of 29 tran-
scripts (Supplementary Table S2) from the previously se-
lected 4844 EAC-specific transcripts recurrently expressed
in TCGA EAC (n = 78) and OCCAMS EAC (n = 99)
publicly available samples, as well as an additional OC-
CAMS EAC cohort (n = 128) (Figure 3A). Many of these
29 transcripts were also expressed in BE samples, as well
as in ESCC and other cancer indications, but were absent
from any normal tissue we analyzed (Figure 3A). More-
over, 8 of the selected 29 transcripts were highly specific to
EAC when compared with BE samples, in which they were
not expressed (Figure 3B). These included two transcripts
from the GNGT1 locus exonising an L1 element (GNGT1-
L1PBI), which was highly expressed also in ESCC, and
two from a stand-alone HERV H provirus on Chr Xp22.32,
which were relatively absent from ESCC (Figure 3B). No-
tably, expression of these 8 transcripts was largely non-
overlapping in EAC, with GNGTI-LIPBI and HERVH
Xp22.32 expressed in a mutually exclusive manner (Fig-
ure 3B, C), suggesting that they represented distinct EAC
subtypes.

Whereas HERVH Xp22.32 transcripts corresponded to
an annotated HERVH provirus that has been previously
reported highly upregulated in COAD (45), the GNGTI-
L1PBI transcripts were not previously annotated. Inspec-
tion of the locus revealed that they were partially assem-
bled transcripts belonging to a larger transcript, which
originated at an L/PA2 element >320 kb upstream of the
GNGTI gene (Supplementary Figure S9A). This transcrip-
tion start site and first exon matched the annotated GNGTI-
205 isoform (ENST00000455502.5). A transcript match-
ing GNGTI-205 was independently reported in a recent
pan-cancer analysis (referred to there as LIPA2_ GNGT1),
where it was also found to produce antigenic peptides from
an alternative open reading frame, largely embedded in the
L1PA?2 element (46). However, splicing was found here con-
siderably more frequently between the common initiating

L1PA2 element and a second LIPBI element, where tran-
scription terminated without extending to the remaining
GNGTI gene (Supplementary Figure S9A). The latter tran-
script (referred to here as L1 PA2-L1PBI1), was also detected
in ISO-seq data from the ESCC cell line KYSE140 (Sup-
plementary Figure S9A) and canonical donor and acceptor
splice sites were confirmed by sequencing of RT-PCR am-
plicons from HARA and LK-2 cells (Supplementary Figure
S9B). L1PA2-LI1PBI expression was significantly upregu-
lated in multiple types of cancer and was found at higher
levels than transcription of GNGTI, which was also cancer-
specific (Supplementary Figure S9C).

To evaluate the diagnostic properties of the EAC-specific
transcripts, we calculated the cumulative expression of the
eight selected transcripts (by taking the sum of the z-scores
of all transcripts in all available samples). When applied to
the 29 selected transcripts, this metric distinguished EAC
and normal samples with 99% sensitivity and specificity
(Figure 3D). Restricting the analysis to the 8 selected tran-
scripts largely retained the ability to separate EAC and nor-
mal samples (97%) and additionally separated EAC and
BE samples with reasonable sensitivity and specificity (8§9%)
(Figure 3D). These results highlighted characteristic tran-
scriptional changes in EAC that can be revealed by analysis
of only a few selected loci.

We next investigated if distinct EAC subtypes indicated
by non-overlapping expression of some of the diagnostic
EAC-specific transcripts may also follow different disease
trajectories. To explore this possibility, we estimated the po-
tential effect of aberrant RTE transcriptional inclusion on
EAC survival, calculated as the hazard ratio for each OC-
CAMS EAC cohort separately, for additional validation. Of
the 4593 EAC-specific transcripts expressed in both cohorts,
282 were significantly prognostic (P < 0.05 in both cohorts
separately; hazard ratio >2 or <0.5) (Supplementary Ta-
ble S3), with a majority (215) being protective (hazard ra-
tio < 0.5) (Figure 4A). A majority of prognostic transcripts
were fully intronic (Figure 4B), as would be expected for any
fraction of the EAC-specific transcripts.

As fully intronic transcripts often resulted from incom-
plete intron splicing in EAC, we examined if their asso-
ciation with survival reflected the expression of the genes
in which they resided. As an independent measure of in-
complete intron splicing indicated by the contigs in our as-
sembly, we additionally calculated the expression of each
gene considering exons and introns separately (Materials
and Methods). Given that introns only from transcribed
genes can be present in the transcriptome, we observed a sig-
nificant positive correlation between exon and intron repre-
sentation for each gene, but also considerable variation be-
tween genes (Figure 4C). Hazard ratio calculations identi-
fied 410 and 364 prognostic genes, when exon and intron ex-
pression were considered separately, respectively, with 204
of these at the intersection. For the majority of the intersect-
ing 204 genes, exon and intron expression correlated with
survival in the same direction, with a majority again be-
ing protective (hazard ratio < 0.5), with the exception of
six genes, whose intron expression was associated signifi-
cantly with survival but in the opposite direction than that
of exon expression (Figure 4D). However, all six of these
represented shared introns between the gene of interest and
overlapping antisense transcripts (Figure 4D).
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Figure 3. Diagnostic properties of RTE transcriptional inclusion in EAC. (A) Heatmap of expression of 29 EAC-overexpressed diagnostic transcripts
in pooled TCGA and OCCAMS EAC samples, OCCAMS BE samples, TCGA ESCC samples, TCGA samples representing 30 other cancer types and
pooled TCGA and GTEx normal tissue samples. (B) Heatmap of expression of 8 EAC-overexpressed transcripts that distinguish EAC and BE in TCGA
and OCCAMS EAC samples, OCCAMS BE samples and TCGA ESCC samples (left) and correlation coefficients of the expression of these § transcripts
in EAC samples (right). (C) Correlation of HERVH Xp22.32 and GNGTI-LIPBI expression (sum TPMs of the two transcripts from each locus) in TCGA
and OCCAMS EAC samples. (D) Receiver operating characteristic (ROC) curves of the performance of the sum of the z-scores of the 29 or 8 diagnostic
transcripts in the indicated comparison of pooled TCGA and OCCAMS EAC samples, OCCAMS BE samples, and pooled TCGA and GTEx normal

tissue samples.

These findings indicated that the survival association of
increased intron representation in EAC reflected a contri-
bution of individual genes, in which these introns resided,
as well as the underlying process responsible for their in-
complete removal. Indeed, the genes associated with longer
EAC survival comprised several splicing factors, including
CRNKLI and HNRNPU, which have been previously as-
sociated with EAC survival (47), and interferon signature
genes (ISGs) (Figure 4E).

HERVH transcriptional activation correlates with better
EAC prognosis

Whereas a majority of prognostic EAC-specific transcripts
were intronic contigs associated with gene transcription and
aberrant splicing, few corresponded to stand-alone RTEs

(Supplementary Table S3). The latter included the diag-
nostic HERVH Xp22.32 provirus and another HERVH
provirus on Chr 1p31.3, significantly associated with bet-
ter and worse EAC prognosis, respectively (Supplemen-
tary Table S3; Figure 5A). Although the overexpression of
HERVH Xp22.32 in COAD has long been reported (45,48),
its significance remained uncertain. Global HERV H upreg-
ulation has very recently been linked with worse COAD
survival, but this related predominantly to HERVH 1p31.3
and a separate HERVH provirus on Chr 6q24.2, whereas
HERVH Xp22.32 was not reported to affect survival (49).
Consistent with this recent report, we found that HERVH
Ip31.3 activation associated with worse EAC survival,
in contrast to HERVH Xp22.32 activation (Supplemen-
tary Table S3; Figure 5A). To determine which of the
two proviruses may reflect the behavior of the HERVH
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or large intestine.

subfamily as a whole, we looked for the effect of tran-
scripts from all HERVH proviruses that were included in
the selected 4844 EAC-specific transcripts. In addition to
HERVH Xp22.32 and HERVH 1p31.3, another 6 HERVH
proviruses were transcriptionally activated in EAC and this
activation was more frequently associated with better sur-
vival, mirroring the effect of HERVH Xp22.32, although

this association did not reach statistical significance in both
OCCAMS EAC cohorts (Figure 5SA). Moreover, expres-
sion of the different HERVH proviruses was not coordi-
nated and for some was mutually exclusive (Figure 5B—
F). Indeed, both in OCCAMS EAC and TCGA EAC
samples, HERVH Xp22.32 was the most prominently ex-
pressed provirus, following by HERVH 13¢33.3, whereas
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HERVH 1p31.3 was only sporadically expressed (Figure
5B-D). The higher expression of HERVH Xp22.32, com-
pared with other HERV H proviruses in EAC, was orthog-
onally confirmed using featureCounts (Supplementary Fig-
ure S10). Moreover, comparison of TCGA EAC and ESCC
samples revealed a shift from HERVH Xp22.32to HERVH
13¢33.3 and HERVH 1p31.3 expression (Figure 5C, D).
Similarly to all EAC samples, TCGA COAD samples ex-
pressed most prominently HERVH Xp22.32 and only rarely
HERVH 1p31.3 (Figure 5E, F). This pattern of expres-
sion was also observed in gastrointestinal cancer cell lines
from CCLE, where EAC cell lines are notably rare, with
HERVH Xp22.32 expressed predominantly in adenocarci-
nomas, HERVH 13¢33.3 expressed also in squamous cell
carcinomas, and HERVH 1p31.3 expressed more rarely
(Figure 5QG).

Disparate HERVH provirus expression within and be-
tween gastrointestinal cancers indicated independent regu-
lation or responsiveness to transcription factors. Expression
of stand-alone proviruses is driven by their LTRs. Through
phyloregulatory analysis, HERVH LTR subfamilies have
recently been reannotated (50), with HERVH 13¢33.3 and
HERVH 1p31.3 belonging to the new LTR7u2 subfamily,
whereas HERVH Xp22.32 belongs to the LTR7Y subfam-
ily. Importantly, LTR7Y and LTR7u2 differ considerably
in their responsiveness to transcription factors, particularly
KLFS5, which targets preferentially the LTR7Y subfamily
(50,51). Consistent with earlier analyses (50,51), HERVH
Xp22.32 LTR7Y LTRs contained twice as many consensus
KLFS5 binding sites than the LTR7u2 LTRs of the other
two proviruses (Supplementary Figure S11). Differences
between the proviruses, as well as between the 5’ and 3’
HERVH Xp22.32 LTRs, were also noted for SOX9 bind-
ing sites (Supplementary Figure S11). To validate the pre-
dicted effect of KLF5, we analyzed direct KLF5 binding
to and expression of the three HERVH proviruses, using
ChIP-Seq and RNA-seq data from the EAC and COAD cell
lines OE19 and HT-55, respectively (52,53). Although the
three proviruses were expressed at different levels in the two
cell lines, KLF5 binding to the proviral LTRs was evident
in all cases (Figure 6A, B). Moreover, loss of KLF5 activity
reduced the expression of the three proviruses in both cell
lines (Figure 6A, B)

Whilst these findings demonstrated that KLF5 was nec-
essary for HERV H expression, they also indicated that it
was not always sufficient. For example, despite high KLF5
activity in OE19 cells (52), HERVH Xp22.32 was mod-
estly expressed (Figure 6A). Furthermore, overexpression
of KLFS5 in these cells did not raise HERVH Xp22.32 ex-
pression further (Figure 6C). As a control we examined an-
other LTR7Y HERVH provirus in the CALBI locus, which
we have recently found to be controlled by KLF5 in squa-
mous lung cancer (51), and which readily responded to
KLF5 overexpression in OE19 cells too (Figure 6C). Al-
though KLF5 was not sufficient to induce HERVH Xp22.32
expression in OE19 cells, overexpression of SOX9 in these
cells exhibited a significant effect (Figure 6C). Therefore,
KLF5 or SOX9 exerted the strongest activating effect on all
three proviruses examined. In contrast, loss of ARIDIA,
which was recently suggested to be responsible for over-
all HERVH activation in COAD (49), was rather specific

to HERVH 1p31.3. Indeed, reanalysis of RNA-seq data
from the COAD cell line HCT-116 (49), demonstrated that,
in contrast to HERVH 1p31.3, which was strongly up-
regulated upon loss of ARIDIA, HERVH 13¢33.3 was
downregulated and the remaining proviruses were either
not expressed or not affected (Supplementary Figure S12).
Collectively, these data highlight the independent regula-
tion particularly of HERVH Xp22.32 and HERVH 1p31.3,
which reconciles their contrasting association with EAC
survival.

HERVH xp22.32 activation defines novel EAC molecular
subtypes

As the dominant HERVH provirus expressed in EAC,
we next explored whether the transcriptional activation of
HERVH Xp22.32 was associated with additional molecu-
lar features that could account for its association with bet-
ter overall survival. Firstly, we examined if EAC subsets de-
fined by high or low HERVH Xp22.32 (using 1 TPM as the
cut-off), matched EAC and ESCC subtypes described previ-
ously based on transcriptional profiles (54,55) or epigenetic
changes (56). This analysis revealed only minimal over-
lap between HERVH Xp22.32 and previously defined sub-
sets (Supplementary Figure S13), suggesting that HERVH
Xp22.32 marked a distinct molecular process.

In the progressive stages leading up to EAC, HERVH
Xp22.32 was rarely or weakly activated in OCCAMS BE
samples, but was more frequently and strongly activated
in EAC (Figure 7A). Similar results were additionally ob-
tained by analysis of an independent dataset of normal
esophagus, BE and EAC samples (57) (Figure 7A). More-
over, in paired OCCAMS BE and EAC samples, HERVH
Xp22.32 was significantly upregulated in the latter (Fig-
ure 7A), suggesting that the progression of BE to EAC is
characterized by HERVH Xp22.32 activation in a substan-
tial proportion of patients. However, EAC samples with
high HERVH Xp22.32 expression were transcriptionally
more distant from BE samples than EAC samples with low
HERVH Xp22.32 expression were (Figure 7B), indicating
that HERVH Xp22.32 activation following BE progression
to EAC is linked with a departure from the BE transcrip-
tional profile.

Given that HERVH Xp22.32 defined EAC subsets did
not correspond to previously defined subsets, we investigate
further characteristics. In the OCCAMS cohorts, HERVH
Xp22.32 high and low subsets had a similar total number
of alterations in key driver genes (with 3.77 and 3.63 av-
erage number of altered driver genes per sample in each
subset, respectively), as well as in a majority of these genes
individually. However, significant differences (linear regres-
sion P < 0.05, ¢ < 0.05) were observed for cell-cycle regu-
lators, particularly in the balance of cyclin D and cyclin E
alterations, previously associated with ESCC and EAC, re-
spectively (9). Gain-of-function mutations in cyclin D sub-
units and loss-of-function mutations or deletions of its in-
hibitor CDKN2 A were significantly enriched (linear regres-
sion P < 0.05, ¢ < 0.05) in low HERVH Xp22.32 samples
(Figure 8A). In contrast, high HERVH Xp22.32 samples
had significantly more frequent gain-of-function mutations
in cyclin E (Figure 8A).
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correction for multiple comparisons.

Linear regression analyses identified 839 assembled tran-
scripts, the expression of which was significantly (P < 0.05,
q < 0.05) correlated with HERVH Xp22.32 expression
(Figure 8B). Importantly, a majority (833) of these tran-
scripts, comprising predominantly aberrant or intronic con-
tigs, were positive correlated with HERVH Xp22.32 ex-
pression (Figure 8B), suggesting that the increased tran-
scriptional diversity that characterized EAC is more pro-
nounced in high HERVH Xp22.32 samples. In contrast,
transcriptional analysis of annotated genes (at the exon
and intron level), identified 1756 genes, a vast majority
of which, particularly the exons, were significantly down-

regulated in high HERVH Xp22.32 samples (Figure 8B).
Pathway analysis of the genes downregulated in samples
with high HERVH Xp22.32 expression indicated substan-
tial alterations in metabolic and transport pathways (Fig-
ure 8C), implying cell-intrinsically reduced fitness asso-
ciated with HERVH Xp22.32 activation. The downregu-
lated genes also included a smaller number of splicing
and nucleosome factors (e.g. CTCF) (Supplementary Fig-
ure S14A), most of which were the same factors identified
by the association with better EAC prognosis of their in-
tronic RTE-overlapping transcripts (e.g. CRNKLI and HN-
RNPU) (Figure 4E). With the exception of IRF2, ISGs
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were notably absent from differentially expressed genes and
deconvoluted immune cell signatures were also similar be-
tween HERVH Xp22.32 high and low subsets, except for
Treg cells and M2 macrophages, which were enriched in
high and low HERVH Xp22.32 samples, respectively (Sup-
plementary Figure S14A, B).

Together, these findings suggested that transcriptional ac-
tivation of HERVH Xp22.32 was closely linked with incom-
plete RNA splicing, resulting in the EAC-characteristic in-
creased representation of intronic RTEs, and parallel reduc-
tion in the expression of the fully-spliced, functional mRNA
isoforms. Indeed, intersecting the genes with increased in-
tronic but decreased exonic representation identified 19
genes where the exon/intron expression ratios were signifi-
cantly lower in high than in low HERVH Xp22.32 samples
(Figure 8D). These were exemplified by ZDHHC20, an in-
tegral component of Golgi membrane involved in protein
translation, and PBRM]I, a chromatin remodeler, where
mapping of RNA-seq reads demonstrated a shift in the cov-
erage of introns at the expense of exons, in high HERVH
Xp22.32 samples (Figure 8E). In contrast, intronic reads
were rare at the same loci in low HERVH Xp22.32 samples
(Figure 8E). These observations support a model whereby
HERVH Xp22.32 activation marks reduced expression of
the functional isoforms of essential genes, owing to defec-
tive mRNA splicing.

DISCUSSION

We have examined the transcriptional landscape of RTEs
in EAC and described the origins and predictive value of
its complexity. We found that incomplete RNA splicing af-
fects both EAC and ESCC, and is shared with STAD, OV
and COAD. In an independent analysis of the number of
cancer-specific exon-exon junctions, OV stood out among
all cancer types followed by liver hepatocellular carcinoma
(LIHC), ESCA and STAD (58). Similarly, OV, ESCA and
STAD were the top 3 cancer types in an analysis of cryptic
introns (59), although many of them may have been cDNA
synthesis artifacts (44). Collectively, these studies under-
score the aberrant splicing patterns observed repeatedly in
ESCA and related STAD.

Incomplete removal of introns will elevate the representa-
tion of RTEs, which are found in abundance in intronic re-
gions, and give the impression of an increase in independent
RTE transcription (60). Libraries prepared from rRNA-
depleted RNA, such as those from the OCCMAS cohorts,
may be enriched for incompletely processed or unprocessed
pre-mRNAs, with the potential to distort the representa-
tion of intronic repeats (61). However, it is unlikely that
incomplete RNA splicing reported here for EAC resulted
from the use of rRNA-depleted RNA libraries for the fol-
lowing reasons. Firstly, the original de novo transcriptome
assembly employed only poly(A)-selected RNA data from
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TCGA cohorts (8) and therefore assembled contigs would
have to be present in poly(A)-selected RNA. Secondly,
the expression comparisons between distinct cancer types
and respective healthy tissues that identified the selected
4844 ESCA-overexpressed transcripts were also carried out
using only poly(A)-selected RNA data from TCGA and
GTEZx, and they would not be affected by increased abun-
dance of intronic reads in rRNA-depleted RNA. Lastly, an
increase in intronic read abundance in ESCA, compared
with most other cancer types and healthy tissues, was re-
vealed using only poly(A)-selected RNA data with identical
methodology.

The presence of AT-rich sequences naturally flanking
non-LTR retroelement integrations and the use of poly(A)
priming during cDNA library preparation may also gen-
erate cDNA from seemingly polyadenylated retroelement
RNA. This may also give the impression of independent
RTE transcription in cases of incomplete intron removal
such as in EAC and other cancers, as well as in intron reten-
tion seen in physiological conditions (43). For example, the
recent association of a MER4 retroelement on Chr6 p22.3
with the outcome of check-point blockade in non-small cell
lung cancer is likely due to incomplete removal of the first
intron of ACOT1I3 locus where this retroelement resides
(62). Similarly, an orthogonal k-mer approach for analy-
sis of RTE transcription in lung adenocarcinoma identified
numerous differentially expressed intronic contigs likely re-
sulting from differential transcription and incomplete splic-
ing of the encompassing genes (63). Nevertheless, certain
intronic RTEs may play a more active role in the aberrant
splicing of the introns that contain them, than being mere
passengers. Indeed, the presence of recently integrated non-
LTR retroelements, particularly 4/u elements, has been re-
ported to influence splicing of the intron in which they re-
side in multiple tissues (64-66).

Failure to remove introns and intronic RTEs may have
direct and indirect consequences for cellular fitness. Al-
though accumulation of RTE transcripts has been linked
with induction of cell-intrinsic antiviral responses, char-
acterized by IFN production, in multiple other cancers
(5), we found no obvious IFN signature associated with
aberrant splicing in EAC. Alternative splicing has been re-
ported to affect ESCC and EAC differentially, also de-
pending on the individual gene, with more alternative splic-
ing events correlating with better than with worse prog-
nosis (47,67). Proteomics analyses indicated specific up-
regulation of spliceosome components, including CRNKLI
and HNRNPU, in the transition from BE to EAC (68),
as well as in ESCC (69), likely reflecting inadequate com-
pensatory increase. Moreover, splicing and nucleosome fac-
tors, including CRNKLI, HNRNPU and HNRNPL were
also found here to affect EAC survival, in agreement with
previous reports (47,67). As these common processes of
incomplete RNA splicing were responsible for the gen-
eration of a majority of the ESCA-overexpressed tran-
scripts identified here, it is perhaps expected that they
individually correlate with better prognosis. This pheno-
type, which is most pronounced in EAC, strongly links
with transcriptional activation of HERVH Xp22.32. This
provirus is one of several stand-alone RTEs that are tran-
scriptionally activated in a highly cancer-specific manner.
Of note, HERVH Xp22.32 activation is mutually exclu-

sive with activation of the LI/PA2-LI1PBI elements at the
GNGT!I locus, which is also cancer-specific, indicating the
existence of EAC subsets. Similarly to aberrant splicing, we
found that HERVH Xp22.32 activation predicts better EAC
prognosis.

While activation of the HERVH Xp22.32 provirus has
long been recognized as a hallmark of COAD (45,48),
its potential significance had not been fully investigated.
HERVH expression in COAD was implicated in chemokine
production and recruitment of mesenchymal stem cells and
myeloid-derived suppressor cells, thereby exerting a pro-
tumoral effect (70). However, the particular provirus that
was studied was a HERVH integration on Chr 3q26, cho-
sen for the presence of a relatively intact env open read-
ing frame (70). More recently, activation of HERVH more
broadly, attributed to loss of the repressor ARIDIA, was
suggested to promote COAD progression (49). However,
the effect of ARIDIA loss appears restricted primarily to
HERVH 1p31.3, a provirus we also associate with worse
EAC prognosis, in agreement with findings in COAD (49),
but also a provirus that is rarely expressed in EAC or indeed
in COAD. Further confounding the involvement of individ-
ual HERV H proviruses, the strategies employed for knock-
down of HERVH expression in these studies (49,70), tar-
get multiple proviruses in other chromosomal locations but
only variably HERVH Xp22.32.

Activation of HERVH Xp22.32 and associated aberrant
RNA processing in EAC does not correlate well with previ-
ously defined EAC subsets (54-56), but instead marks sub-
types with distinct molecular features, such as enrichment
for cyclin E, rather than cyclin D alterations. This find-
ing suggests commonalities between EAC samples with low
HERVH Xp22.32 expression and ESCC samples, which are
also enriched in cyclin E alterations (9). This notion is fur-
ther supported by mutually exclusive expression of HERVH
Xp22.32 and of the novel L1PA2-L1PBI transcript at the
GNGTI locus, which is also a characteristic of ESCC. Fur-
thermore, compared with EAC, ESCC expresses higher lev-
els of HERVH 13¢33.3 than of HERVH Xp22.32 and this
balance also distinguishes EAC subsets. Together, these ob-
servations indicate that EAC samples with high HERVH
Xp22.32 expression retain more pronounced adenocarci-
noma characteristics, are less similar to the their BE pre-
cursor, exhibit defective RNA splicing, and predict better
prognosis.

Elucidating the precise reasons for the association of
HERVH Xp22.32 activation with these phenotypes are not
understood at present. It is possible that high HERVH
Xp22.32 expression is not simply a marker for the under-
lying processes, but it is actively involved through provision
of RNA scaffolds for transcription factors, as suggested by
studies in human embryonic stem cells (71,72), or produc-
tion of biological active protein products. While these non-
exclusive mechanisms remain to be elucidated, the present
study establishes the association of HERVH Xp22.32 in par-
ticular, and of the unique RTE transcriptional landscape of
EAC more generally, with its subtypes and prognosis.
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The RNA-seq and WGS data used during this study have
been deposited at the European Genome-Phenome Archive
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(EGA), which is hosted by The European Bioinformat-
ics Institute (EBI) and the Centre for Genomic Regulation
(CRG), under the accession numbers EGAD00001011076
(RNAseq) and EGAD00001011095 (WGS). Access is con-
trolled by the Data Access Committee. Details on how to
apply for access are available at https://docs.icgc-argo.org/
docs/data-access/daco/applying.

TCGA and GTEx data used for the analyses described in
this manuscript were obtained from dbGaP (https://dbgap.
ncbi.nlm.nih.gov) accession numbers phs000178.v10.p8.cl
and phs000424.v7.p2.cl in 2017.

Other publicly available dataset supporting the find-
ings of this study included the following: RNA-seq sam-
ples from normal esophagus, BE and EAC (E-MTAB-
4054) (57). ISO-seq data from ESCC cell lines KYSE140,
KYSE510, SHEEC and TES and normal immortalized
esophageal squamous epithelial cell line SHEE were (PR-
JNAS15570) (42). Direct RNA-seq (SRR14326971) and
direct cDNA-seq (SRR14326972) from HEK293T cells
(44). KLFS5 ChIP-seq (E-MTAB-8568) and RNA-seq from
control and KLF5 knocked-down EAC cells OE19 (E-
MTAB-8446) (52). KLF5 ChIP-seq (GSE147853) and
RNA-seq from control and KLF5 knocked-out COAD
cells HT-55 (GSE147855) (53). RNA-seq from control and
ARIDI A knocked-out COAD cells HCT-116, with or with-
out HERVH knock-down (GSE180475) (49).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Cancer Online.
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