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Long interspersed nuclear element-1 (LINE-1 or L1) retrotransposons are normally suppressed in somatic tissues mainly due
to DNA methylation and antiviral defense. However, the mechanism to suppress L1s may be disrupted in cancers, thus al-
lowing L1s to act as insertional mutagens and cause genomic rearrangement and instability. Whereas the frequency of
somatic L1 insertions varies greatly among individual tumors, much remains to be learned about underlying genetic, cellular,
or environmental factors. Here, we report multiple correlates of L1 activity in stomach, colorectal, and esophageal tumors
through an integrative analysis of cancer whole-genome and matched RNA-sequencing profiles. Clinical indicators of tu-
mor progression, such as tumor grade and patient age, showed positive association. A potential L1 expression suppressor,
TP53, was mutated in tumors with frequent L1 insertions. We characterized the effects of somatic L1 insertions on mRNA
splicing and expression, and demonstrated an increased risk of gene disruption in retrotransposition-prone cancers. In par-
ticular, we found that a cancer-specific L1 insertion in an exon of MOV10, a key L1 suppressor, caused exon skipping and de-
creased expression of the affected allele due to nonsense-mediated decay in a tumor with a high L1 insertion load.
Importantly, tumors with high immune activity, for example, those associated with Epstein–Barr virus infection or micro-
satellite instability, tended to carry a low number of L1 insertions in genomes with high expression levels of L1 suppressors
such as APOBEC3s and SAMHD1. Our results indicate that cancer immunitymay contribute to genome stability by suppressing
L1 retrotransposition in gastrointestinal cancers.

[Supplemental material is available for this article.]

Somatic retrotransposition of the long interspersed nuclear ele-
ment-1 (LINE-1 or L1) has been reported in multiple cancer types
using L1-targeted sequencing (Iskow et al. 2010; Solyom et al.
2012; Shukla et al. 2013; Doucet-O’Hare et al. 2015; Ewing et al.
2015; Rodic ́ et al. 2015) and whole-genome sequencing (Lee
et al. 2012; Helman et al. 2014; Tubio et al. 2014; for review, see
Scott and Devine 2017). Notably, gastrointestinal cancers, includ-
ing esophageal (Doucet-O’Hare et al. 2015; Secrier et al. 2016), gas-
tric (Ewing et al. 2015), and colorectal cancers (Lee et al. 2012;
Solyom et al. 2012), reportedly carry extensive somatic L1 inser-
tions. The rate of L1 insertions varies substantially among individ-
ual tumors, ranging from a few to hundreds. Clinical and
molecular factors identified in association with L1 insertions in-
clude patient age in colorectal cancer (Solyom et al. 2012), patient
survival in pancreatic cancer (Rodic ́ et al. 2015), and TP53 muta-
tions in head and neck cancer (Helman et al. 2014). However, fur-
ther investigation is needed into the mechanisms underlying
these associations. Furthermore, previous studies may have been
limited in their ability to detect other factors, especially those relat-
ed to major L1 suppression mechanisms, namely DNA methyla-
tion and antiviral defense, due to small sample sizes and/or lack
of matched expression profiles.

L1 insertions disrupt target gene function through diverse
mechanisms, for example, by interrupting protein-coding se-
quences or altering mRNA splicing and expression (Elbarbary
et al. 2016). Intragenic somatic L1 insertions previously identified
in cancer genomesweredepleted in exons andmostly located in in-

trons (Lee et al. 2012;Helmanet al. 2014).Those intronic insertions
generally decreased target gene expression (Lee et al. 2012;Helman
et al. 2014) with some exceptions (Shukla et al. 2013; Helman et al.
2014). There have also been inconsistent findings that somatic L1
insertions have little effect on gene expression (Tubio et al. 2014).
Although aberrant splicing is a major pathogenic mechanism of
retrotransposon insertions causingMendeliandisorders andhered-
itary cancers (Hancks and Kazazian 2016), to our knowledge, no
somatic L1 insertions have been reported in association with splic-
ing alterations in sporadic human cancers.

Here, we analyzed whole-genome sequencing data for which
somatic retrotransposition had not previously been investigated
andwhichwere obtained from cancer patients of three gastrointes-
tinal cancer types using an improved version of Transposable
Element Analyzer (Tea) (Methods; Lee et al. 2012). We examined
the associations between numerous clinical andmolecular factors,
and L1 activity, and characterized the effects of somatic L1 inser-
tions on gene transcripts, using matched RNA-seq profiles from
the same cancer patients for which somatic L1 insertions were
identified. To our knowledge, this study constitutes the first in-
depth surveys of gastrointestinal cancers with regard to the associ-
ation between L1 activity and particularly immune signatures.

Results
Highly variable somatic L1 insertion frequency and recurrent
insertions in cancer genes

We applied Tea (Transposable Element Analyzer) (Lee et al. 2012)
with improved 3′ transduction (i.e., mobilization of unique non-
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L1 DNA downstream from the L1) detection to the whole-genome
sequencing data of tumor and blood samples from a total of 189
gastrointestinal cancer patients across three cancer types: 95 stom-
ach (40 TCGA and 55 non-TCGA; STAD) (Wang et al. 2014), 62
TCGA colorectal (CRC), and 32 esophageal (19 TCGA and 13
non-TCGA; ESO) (Dulak et al. 2013) cancer patients. We detected
3885 somatic L1 insertions that are present in cancer genomes and
absent in matched blood genomes from the same patients
(Supplemental Table S1). To create a high-confidence insertion
set, we included insertion candidates when Tea predicted both
target site duplication (TSD) of at least 5 bp and poly(A) tails, the
two signatures for target-primed reversed transcription (TPRT)-
mediated retrotransposition. Although the insertion frequency
varied greatly, samples carried an average of 21 insertions, and
most (89%) samples carried at least one insertion (Fig. 1A; Sup-
plemental Table S2), thereby confirming previous findings that
gastrointestinal cancers are highly susceptible to somatic L1 retro-
transposition (Burns 2017). Of 137 insertions with 3′ transduc-
tions, more than half (56%) were derived from two germline
L1s on Chromosomes X and 22 (Xp22.2 and 22q12.1) (Fig. 1B;
Supplemental Table S1), consistent with a previous finding that
a handful of source L1s generatedmost 3′ transductions in cancers
(Tubio et al. 2014).

We found that 1294 (33%) of the 3885 L1 insertions were in
gene bodies—mostly in introns (29%) (Fig. 1C; Supplemental
Text). A total of 203 genes were affected by somatic L1 insertions
in more than one cancer sample, and 81 genes, including known
(LRP1B and PTPRT) and putative cancer driver genes (e.g.,
ROBO1 and PARK2), showed significantly recurrent insertions
when gene length was taken into account (FDR < 0.05) (Fig. 1D;
Supplemental Table S3; Methods). For example, ROBO1, an emerg-
ing tumor suppressor (Gara et al. 2015; Huang et al. 2015), had at
least one somatic L1 insertion in each of seven cancer samples (two
stomach and five colorectal samples). PARK2, a master regulator of
G1/S cyclins that is frequently deleted in cancers (Gong et al.
2014), had one insertion in each of six samples (one stomach,
three colorectal, and two esophageal samples).

Genes with recurrent somatic L1 insertions (Fig. 1D), includ-
ing ROBO1, PTPRT, GRID2, CDH8, CDH12, CDH13, PTPRM, and

ROBO2, were enriched for brain development and function includ-
ing axon guidance, neuron differentiation, and synaptic function
(Supplemental Table S4). However, this may be because neuronal
genes tend to be long (Zylka et al. 2015). Indeed, no significant en-
richment was found at the gene level after adjusting for gene size.
This suggests the overall absence of positive selection of cancer
cells with somatic L1 insertions despite occasional instances of po-
tentially tumorigenic insertions in cancer genes.

Clinical and molecular correlates of somatic L1 retrotransposition

We thenwanted to understand factors underlying the variable fre-
quency of L1 insertions in cancers. First, we examined the associ-
ation of L1 insertions with molecular markers or clinical traits.
Although 13 genes weremutated in at least 20% of the cancer sam-
ples, the only significant association with L1 insertion counts was
with TP53 mutations (Supplemental Table S5). Somatic L1 inser-
tions were more frequent in tumors with TP53 mutations than
those with wild-type TP53 (Mann-Whitney U test P = 0.004) (Fig.
2A). This corroborates the previous findings that TP53 mutation
status correlates with L1 ORF1p expression (Rodic ́ et al. 2014;
Wylie et al. 2016) and that TP53 restrains L1 transcription
(Wylie et al. 2016). We further examined whether any aberration
in DNA repair pathways could be associated with L1 retrotranspo-
sition and found that, of 15 DNA repair pathways we tested (Jeggo
et al. 2016), only the TP53 repair pathway showed a significant as-
sociation (Mann-Whitney U test P = 0.0063) (Methods).

Frequent somatic L1 insertionswere observed in cancers at an
advanced stage (P = 0.043) (Fig. 2B) and in older stomach cancer
patient samples (P = 0.054) (Fig. 2C), but the associations were
weak given their marginal P-values. Our L1 expression quantifica-
tion is limited in its ability to distinguish between functional L1
RNAs transcribed from L1 promoters and nonfunctional L1
RNAs transcribed as part of other genes (Deininger et al. 2017).
Nonetheless, we observed that L1s were expressed in normal gas-
trointestinal tissues from cancer patients, and the expression level
was significantly elevated in tumors (P = 2.6 × 10−7 and P = 1.3 ×
10−7 for stomach/esophageal and colorectal cancers, respectively)
(Supplemental Fig. S1). We found a positive correlation between
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Figure 1. Landscape of somatic L1 insertions in gastrointestinal cancers. (A) Frequency of somatic L1 insertions across three cancer types. The dotted line
denotes the average insertion count for each cancer type. (B) Source L1 elements of somatic L1 insertions with 3′ transduction. (C) Genomic distribution of
somatic L1 insertions. Upstream/downstream insertions are those that occur within 5 kb from the transcription start/end sites of genes. (D) Genes with
recurrent somatic L1 insertions. Genes with insertions in more than four cancer patients are shown. (∗) Known cancer genes reported in the COSMIC
Cancer Gene Census database v82 (Forbes et al. 2017).
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L1 insertion frequency and the L1 expression level in tumors (P =
0.001 for stomach/esophageal cancer and P = 0.008 for colorectal
cancer) (Fig. 2D). These associations suggest that aberrant L1 tran-
scription, potentially induced by DNA methylation loss and/or
mutations in L1 transcription suppressors, is a prerequisite to fre-
quent retrotransposition in cancer.

L1 insertions disrupting mRNA splicing and expression

We examined the effect of intragenic L1 insertions on transcrip-
tional regulation. To this end, we analyzedmatched RNA-sequenc-
ing data from 112 TCGA cancer samples for which genomes were
analyzed for L1 insertions. Briefly, we calculated the ratio of abnor-
mally spliced RNA-seq reads to normally spliced reads near a
somatic L1 insertion and evaluated whether the ratio was signifi-
cantly higher than expected given the ratio distribution estimated
from RNA-seq profiles of approximately 2900 control samples
without the given insertion (Methods).

We screened 1192 intragenic L1 insertions with matched
RNA-seq profiles and found skipping of exon 20 in MOV10, a
known L suppressor, with a somatic L1 insertion in the skipped
exon in one esophageal cancer sample (Fig. 3A).MOV10 is known
to suppress L1 expression and decrease cytoplasmic L1RNPs
(Goodier et al. 2012). The insertion occurred 15 bp away from
the beginning of the 122-bp-long exon 20 of MOV10, and the es-
timated insertion size was 438 bp. The cancer sample with the L1
insertion carried 65 somatic L1 insertions, which was the third
highest insertion frequency among all 32 esophageal cancer sam-
ples. We found that the exon skipping induced a frameshift and a
premature termination codon in exon 21, which likely triggered
nonsense-mediated decay (NMD). Indeed, we found that only
the transcripts from the allele linked with exon skipping showed
decreased expression (Fig. 3A,C). The allelic expression loss was
not observed in cancer samples that lacked mutations of any
type in MOV10, including SNVs, CNVs, and DNA methylation,
suggesting NMD activity on the L1 insertion allele (Fig. 3C).

Our additional screening of 282 published somatic retrotrans-
poson insertions (Helman et al. 2014) in 69 cancer samples identi-
fied another exon-skipping event in one lung cancer sample
caused by an Alu insertion in the middle of exon 4 of CYR61, a pu-
tative tumor suppressor (Fig. 3B; Tong et al. 2001). The insertion

was located 85 bp away from the beginning of 209-bp-long exon
4, and the skipping event caused a frameshift resulting in a prema-
ture termination codon in exon 5 of CYR61 (Fig. 3B).

We found intragenic L1 insertions were enriched in genes
with a low expression level and were depleted in genes with a
high expression level (Supplemental Fig. S2), consistent with a pre-
vious report (Tubio et al. 2014). We compared the expression level
of genes in cancer sampleswith L1 insertions to the expression lev-
el of the same genes in other cancer samples without L1 insertions
or nonsynonymous mutations in the genes. We confirmed our
own previous finding (Lee et al. 2012) that L1 insertions sig-
nificantly disrupt the expression of target genes (P = 0.0085 for
STAD, P = 0.039 for ESO, and P = 0.0061 for CRC) (Fig. 3D). The sig-
nificant decrease in gene expression level was observed even when
excluding genes with a very low expression level (the bottom 25%
quartile; P = 0.001 for STAD, P = 0.004 for ESO, and P = 3.0 × 10−4

for CRC). Genes with recurrent L1 insertions showed a decreased
level of gene expression (P = 0.026 for STAD, P = 0.027 for ESO,
P = 0.001 for CRC), whereas genes with insertions found only in
a single patient did not. Among other mechanisms (Elbarbary
et al. 2016), the decreased gene expression may be due in part to
the NMD process triggered by PTC-containing transcripts with ab-
normal splicing, as suggested above regarding MOV10.

L1 retrotransposition is inversely correlated with expression
of immunologic response genes

We then performed a more systematic transcriptome analysis by
measuring the transcriptional activity of 1789 pathways from
the Reactome database (Milacic et al. 2012; Fabregat et al. 2016)
in 112 TCGA cancer samples with RNA-seq profiles, using the sin-
gle-sample Gene Set Enrichment Analysis (ssGSEA) method
(Subramanian et al. 2005). A total of 50 and 97 pathways showed
positive and negative correlations, respectively, with L1 insertion
counts (FDR < 0.05) (Fig. 4A; Supplemental Table S6). Notably,
49 of 176 (28%) immune pathways showed significant negative
correlations (Fig. 4B; Supplemental Fig. S3). These negative associ-
ations remained when each tumor type was separately analyzed,
and they were stronger for stomach and esophageal cancers
than for colorectal cancers (Fig. 4B). We also examined the rela-
tionship between pathway activities and L1 expression, and
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Figure 2. Factors correlated with the frequency of somatic L1 insertions. (A) Somatic L1 insertion counts in cancer samples with mutations (MUT, red
dots) and without mutations (WT, blue dots) in TP53 are shown in box plots. (B) Somatic L1 insertion counts in stomach cancer samples at stage 4
(red dots) and at earlier stages (stages 1–3, blue dots) are shown in box plots. (A,B) P-values from the Mann-Whitney U test are shown. (C) Correlation
between the age of cancer patients at diagnosis (x-axis) and somatic L1 insertion counts (y-axis) in stomach cancer. (D) Correlation between L1 expression
(x-axis) and somatic L1 insertion counts (y-axis). (C,D) Spearman correlation coefficients and their P-values are shown.
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Figure 3. Disruption of mRNA splicing and expression by somatic L1 insertions. (A) Skipping of exon 20 inMOV10 caused by a somatic L1 insertion in a
TCGA esophageal cancer sample. RNA-seq reads (gray boxes) from normally spliced transcripts show split mapping between the expected adjacent exons
(black lines), whereas reads from transcripts with exon skipping show abnormal split mapping without the exon with the L1 insertion (red lines). Reads
showing the exon skipping were spliced at the splice donor site of exon 19 and the splice acceptor site of exon 21. Other minor forms of abnormal splicing
that involve retention of the nineteenth intron, partial skipping of exon 20, and/or skipping of exon 21 are also shown with blue lines. The schematic di-
agram in themiddle shows how to calculate the ratio of the abnormally spliced read count (major form) to the total read count around the exon with the L1
insertion. The ratios are also calculated using approximately 2900 control RNA-seq profiles (cancer samples without any mutation in MOV10 and normal
tissue samples) and serve as a background distribution to assess the significance of the observed ratio from the esophageal cancer sample (red dot). A het-
erozygous single-nucleotide variant (SNV; rs6679) in exon 21 shows a linkage with the exon skipping; reads with the alternative “T” allele (the lines shown
in red within the reads) show normal splicing, and reads with the reference “C” allele show skipping of exon 20. This linkage is utilized to examine an allelic
decrease of MOV10 expression in C. (B) Skipping of exon 4 in CYR61 caused by a somatic Alu insertion. Reads from the third and the fourth introns were
often observed in the control RNA-seq profiles, suggesting that they were prespliced transcripts not associated with the Alu insertion. (C) Decreased ex-
pression of the MOV10 allele with exon skipping caused by a somatic L1 insertion shown in A. The esophageal cancer sample had eight heterozygous
SNVs in MOV10. For each of the eight SNV loci, the number of reads with a reference allele and an alternative allele is shown for both whole-genome se-
quencing (DNA) and RNA-sequencing data. The colored boxes (red and green) around SNV read counts represent different haplotypes. The degree of
allelic bias in RNA-sequencing data relative to DNA-sequencing data was tested using Fisher’s exact test, and loci with significant bias (P < 0.05) are under-
lined in bold. On the left box plot, the combined P-value from eight loci in the esophageal cancer sample (red dot) is compared to the distribution of the
combined P-values from 21 control cancer sampleswithout anymutation ormethylation aberration inMOV10 (black box plot). For the SNV (rs6679) with a
linkage to the exon 20 skipping (A), the number of RNA-seq reads that span the SNV loci and show the splicing pattern is shown. Association between SNV
alleles and exon skipping status was tested using Fisher’s exact test. (D) Decreased expression of geneswith somatic L1 insertions. The average difference for
each cancer type is marked by a vertical line. The P-value of the observed average expression difference was calculated based on a background distribution
estimated from random gene sets for each cancer type (colored curved line) (Methods). The number of genes with somatic L1 insertions for each cancer
type is shown in parentheses.
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Figure 4. Immune activity associated with somatic L1 retrotransposition. (A) Reactome pathways for which activity correlates with somatic L1 insertion
frequency. For each pathway category, the percentage of pathways showing a significant positive or negative correlation between pathway activity and
somatic L1 insertion frequency (FDR < 0.05) is shown in a stacked bar. The number of significantly correlated pathways for each category is shown beside
the stacked bar. The number of all member pathways for each category is shown in parentheses, and only the categories with more than 100 member
pathways are shown. (B) Forty-nine immune pathways whose activity shows a significant negative correlation with L1 insertion frequency (FDR < 0.05).
Each cell in the heatmap shows a color-scaled Spearman correlation coefficient between the activity of each immune pathway (row) and the frequency
of somatic L1 insertions in cancer samples from each cancer type (column). (C) Examples of the significant immune pathways. The pathway activity score
(x-axis) and L1 insertion count (y-axis) is marked with a colored dot for each cancer sample. Green, blue, and purple dots represent STAD, ESO, and CRC
samples, respectively. The Spearman correlation coefficient and its P-value are shown. Key member genes whose expression levels were significantly cor-
related with insertion counts (FDR < 0.05) are shown in the heatmap. Each cell in the heatmap shows a color-scaled Spearman correlation coefficient be-
tween gene expression level and L1 insertion frequency. Up to 15 key genes are shown, ranked by the significance of the correlation. Key genes that are
present in multiple pathways are shown once. (D) Correlation between the expression level of 13 known L1 inhibitors and the frequency of somatic L1
insertions. The top row of the heatmap shows the Spearman correlation coefficient between the activity of a gene set with 13 known inhibitors and L1
insertion frequency for each cancer type (column). The bottom rows of the heatmap show the coefficients for individual inhibitors (row). A row with a
PAN-GI correlation of q < 0.01 and q < 0.001 (adjusted P-values combined across all cancer types using the Fisher’s method) is marked with double and
triple asterisks, respectively. (E) Various immune gene sets showing a negative correlation with L1 insertion frequency.
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consistently found the immune system category to have the high-
est fraction of pathways thatwere negatively associatedwith L1 ex-
pression (18 of 176, 10%) (Supplemental Fig. S4; Supplemental
Table S7).

Among the immune-related pathways, “Immunoregulatory
interactions between a lymphoid and a non-lymphoid cell”
showed the most significant association with L1 insertions (Fig.
4C). Among its 112 member genes, we identified 67 key genes
whose expression levels were significantly correlated with L1 in-
sertion frequency (FDR < 0.05) (Supplemental Table S8). Tumors
with active toll-like receptor (TLR) and STAT6 signaling showed
low somatic L1 insertion counts (Fig. 4C). The key genes for the
“TLR cascade” pathway included several TLRs (TLR1, TLR7) along
with the binding ligand (CD36) and a kinase (BTK) (Fig. 4C; Sup-
plemental Table S8). There were two key genes for the “STAT6me-
diated induction of chemokines” pathway: STAT6 and TMEM173
(also known as STING). TLRs play a critical role in the activation of
innate and adaptive immunity by sensing exogenous pathogens
and endogenous retroviruses (ERV) and activating IFN signaling
(Pasare and Medzhitov 2005; Chiappinelli et al. 2015). STAT6 ac-
tivation by TMEM173-mediated sensing of cytosolic DNA derived
from the cell itself or from foreign pathogens (i.e., viral or bacte-
rial) also results in the induction of IFN signaling (Chen et al.
2011). Hence, molecules derived from L1s may have triggered
TLR and/or STAT6 signaling and resulted into a downstream IFN
signaling to suppress L1 activity.

Several L1 inhibitors, including SAMHD1, MOV10, and
APOBEC3 family proteins, are known to be activated by IFNs (Yu
et al. 2015; Riess et al. 2017). As expected, tumors with high IFN
signaling activity showed few L1 insertions (Fig. 4C). Notably,
there was a significant inverse correlation between the expression
of SAMHD1 and L1 insertion counts (Fig. 4C; Goodier 2016).
SAMHD1 is a known L1 inhibitor whose mutation is found in
the congenital autoimmune disease Aicardi-Goutieres Syndrome
(AGS). It is known to block L1 insertions by restricting their reverse
transcription and sequestering L1 RNP within stress granules (Hu
et al. 2015). We examined 12 additional known L1 inhibitors
(Goodier 2016) and found negative correlations between the ex-
pression levels of APOBEC families (APOBEC3C/D/F/H) and L1 in-
sertion counts (FDR < 0.01) (Fig. 4D). All of this suggests that the
IFN response triggered by L1-derived molecules, for example,
through TLR and/or STAT6 signaling, may have activated these
L1 suppressors and effectively restricted L1 retrotransposition.

We further examined the relationship between L1 inser-
tions and cancer immunity by analyzing additional immune
gene sets. The gene sets comprised marker genes of several im-
mune-stimulatory cells including B and cytotoxic T cells, and
other immune cells, such as macrophages, neutrophils, and nat-
ural killer cells (Fig. 4E; Breuer et al. 2013; Rooney et al. 2015).
We consistently found negative correlations between L1 retro-
transposition and immune-stimulatory activities (Fig. 4E). We
also observed overall negative correlations between L1 retrotrans-
position and immune-inhibitory signals such as the activities of
regulatory T cells and PD1-signaling (Supplemental Fig. S5), as
reported in cancer immune evasion and chronic inflammatory
conditions (Rooney et al. 2015; Davoli et al. 2017). However,
the pattern was inconsistent in esophageal cancer. Analysis of
more cancer samples and/or cancer types is needed to establish
the relationship with immune-inhibitory signals. Nonetheless,
our results provide concrete evidence for the immunological as-
sociation of L1 retrotransposition across diverse immune-stimu-
latory cell types.

Characterization of cancer subgroups with differential immune
activity

Based on the 49 L1-associated immune pathways in 112 cancer
samples, we identified two distinct cancer subgroups with differ-
ent immune signatures for stomach/esophageal cancer (SE; SE-
High and SE-Low) and colorectal cancer (CRC; CRC-High and
CRC-Low) (Fig. 5). With these distinct cancer subgroups, we con-
firmed that tumors in the high immune subgroups showed high
cytolytic activities measured by the expression levels of two cyto-
toxic T cell effector genes (GZMA and PRF1; P = 3.9 × 10−8 and
P = 8.3 × 10−5 for SE and CRC) (Supplemental Fig. S6A; Rooney
et al. 2015). We also confirmed that tumors in the high immune
subgroups tended to show less frequent somatic L1 insertions
and lower L1 expression levels than tumors in the low-immune
subgroups (Fig. 5; Supplemental Fig. S6B,C).

We next investigated features that are potential determinants
of immune activities in different cancer types. In stomach cancer,
oncogenic Epstein–Barr virus (EBV) infection has been reported in
10% of stomach cancer cases, and EBV-positive tumors showed a
favorable prognosis and extensive immune cell infiltration
(Iizasa et al. 2012; The Cancer Genome Atlas Research Network
2014). We found that all but one of the eight EBV-positive stom-
ach cancer samples belonged to the immune-high subgroup (SE-
High) (Fig. 5; Supplemental Fig. S6D). In colorectal cancer, a
high level of indel mutations in short tandem repeats, known as
microsatellite instability (MSI-high), has been reported in 12% of
sporadic colorectal cancersmainly caused bymismatch repair defi-
ciency (Kawakami et al. 2015; Cortes-Ciriano et al. 2017). It is
known that MSI-high colorectal tumors have a high neoantigen
burden that elicits antitumor immune response and shows a favor-
able prognosis and a better response to immunotherapy (Bodmer
et al. 1994; Le et al. 2017).We observed that colorectal cancer sam-
ples in the high immune subgroup showed more frequent MSI-
high phenotypes and higher levels of point mutations and RNA
editing than those in the low-immune subgroup, all supporting
a higher tumor-antigen load (P = 0.014 for MSI-high, P = 0.004
for SNV/Indel counts, and P = 0.0017 for RNA editing, respective-
ly) (Supplemental Fig. S6D–F).

We found that TP53 mutations were enriched in tumors in
the low-immune groups (P = 0.0033 for SE-Low and P = 0.036 for
CRC-Low) (Fig. 5; Supplemental Fig. S6G), consistent with previ-
ous findings that TP53 dysfunction leads to immunosuppression
(Rooney et al. 2015; Cui and Guo 2016). In esophageal cancer,
all but one of the 17 TP53-mutated patients showed low immune
activity and belonged to the low-immune group (exact binomial
test P = 0.0011). These along with our earlier results on frequent
TP53 mutations in tumors with a higher load of L1 insertions
suggest the critical role of TP53 in restricting retrotransposons
as a guardian of L1 expression and cancer immunity. Another
potential factor related to low cancer immunity, specifically
cancer immune evasion, is aneuploidy or large copy number aber-
ration in cancer, as a recent study suggested (Davoli et al. 2017).
Indeed, we confirmed broader copy number aberrations measured
by the number of affected genes in low-immune groups (P = 0.02
for SE-Low and P = 0.013 for CRC-Low) (Fig. 5; Supplemental
Fig. S6H).

Discussion
It remains an open question whether transposable elements, par-
ticularly L1s, play a role in tumorigenesis and what factors
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determine variable L1 retrotransposition rates in tumors. Here,
we analyzed about 200 cancer genomes from three types of
gastrointestinal cancer samples and identified a large set of somatic
L1 insertions. We found the insertions in some known cancer
genes, including LRP1B, PTPRT, ROBO1, and PARK2, in multiple
cancer samples. We performed an integrative analysis using
RNA-seq profiles of these samples, and found that ∼20% of
somatic L1 insertions in genes were expressed at a moderate to
high level and that they generally disrupted expression of target
genes. We also detected somatic retrotransposon insertions caus-
ing splicing aberrations and the resulting expression decrease of
the affected allele.

The Tea method was previously shown to detect heterozy-
gous insertions in samples with tumor purity as low as 49% (Lee
et al. 2012). Since the median purity of tumors in this study was
63%, and importantly 83% of tumors in the high immune groups
had tumor purity higher than 49%, we expect Tea to show similar
sensitivity for tumors from high- versus low-immune groups. We
also note that Tea produces comparable results for BAM files
aligned to hg19 and GRCh38; thus, our analysis will not be affect-
ed by the choice of reference genomes for read mapping.

Notably, we found that immune activity of tumors is a major
factor in explaining the L1 retrotransposition rate. Less L1 retro-
transposition activity was found in tumors with high immune ac-
tivity triggered largely by exogenous (e.g., EBV) or endogenous
immunogens (e.g., SNV,MSI, andRNA editing).Most importantly,
our findings suggest that when cancers have low immune activity
or immune evasion led by such things as a high CNV load and
TP53 mutation, they are prone to extensive L1 retrotransposition
and thus are at increased risk of tumorigenic insertion events.

It is possible that the negative correlation we observed be-
tween L1 and immune activity may result from disruptions of L1
suppression, such as TP53 mutations and compromised DNA
methyltransferases that independently cause immune evasion
while activating L1s as a secondary effect. An alternative explana-
tion is that L1s promote immune evasion by disrupting immune
surveillance, for example, through insertional mutagenesis, geno-
mic arrangements, splicing disruption, and triggering RNA editing
of immune genes, although L1s also have the potential to cause tu-
mor neoantigens. One potential way of L1s to disrupt immune sur-
veillance is for the activities of DNA and RNA deaminases (e.g.,
AID/APOBEC and ADAR1) triggered by immune responses, such

Figure 5. Cancer subgroups with distinctive immune activity signatures. The heatmap represents the activity of 49 significant immune pathways (rows)
in 112 cancer samples (columns). Unsupervised clustering identifies cancer subgroups according to immune activity: stomach/esophageal (SE)-High,
SE-Low, colorectal (CRC)-High, and CRC-Low. Clinical and molecular features of each cancer sample are marked on the top of the heatmap. Higher L1
insertion frequency and L1 expression levels are marked in darker red and orange, respectively. Cancer samples with EBV infection, MSI-high phenotype,
and nonsynonymousmutations in TP53 aremarkedwith filled boxes. Higher somatic SNV counts, RNA editing level, and counts of geneswith somatic copy
number aberrations are marked in darker colors. The color scale was separately normalized for stomach-esophageal cancer and colorectal cancer samples.
Samples without RNA-seq data are marked in gray. A feature showing a significant difference between cancer subgroups is marked with an asterisk. The
Mann-Whitney U test and Fisher’s exact test were used to test statistical significance for continuous and categorical features, respectively.
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as TLR and IFN signaling, to suppress L1s, in turn leading to hyper-
mutation and increased RNA editing (Blanc and Davidson 2010;
Roberts et al. 2013; Rebhandl and Geisberger 2015; Orecchini
et al. 2017), and ultimately increasing the risk of impairing im-
mune genes.

Last, L1 might directly mediate immune tolerance through
unknown mechanisms. For example, persistent IFN signaling
due to chronic L1 expression might have shifted IFN signaling
from the immune-stimulatory to the immune-suppressive mode,
as observed in the presence of chronic viral infection (Minn and
Wherry 2016). There might be other mechanisms by which L1s
directly mediate immune tolerance; for instance, L1 expression
may directly affect signaling to lymphocytes. More investigation
is warranted in order to understand the mechanisms underlying
the associations we have identified and to further illuminate the
role of transposable elements in cancer.

Methods

Whole-genome sequencing data

We downloaded TCGAwhole-genome sequencing (WGS) data set
from CGHub (http://cghub.ucsc.edu). The data set was comprised
of BAM files for 62 colorectal, 40 stomach, and 19 esophageal can-
cer samples and matched germline (blood) samples. We down-
loaded a non-TCGA WGS data set from EGA (accession ID:
EGAD00001000782) containing BAM files for 55 stomach cancer
samples and matched germline samples (Wang et al. 2014). We
also downloaded a non-TCGA WGS data set from dbGaP
(phs000598.v1.p1) containing BAM files for 13 esophageal cancer
samples andmatched germline samples (Dulak et al. 2013). We re-
aligned the 110 BAM files (normal and tumor) in the stomach can-
cer data set using the hg19 reference genome and BWA (version
0.6.2) (Li and Durbin 2009). We also marked PCR duplicates for
those BAM files using Picard (http://broadinstitute.github.io/
picard). These files do not include BAM files that failed to down-
load, realign, or be runwith the Tea pipeline, whichwere excluded
from our analysis. Currently the TCGA data is hosted at the
Genomic Data Commons (https://gdc.cancer.gov/).

RNA-sequencing and gene expression data

We obtained RNA-sequencing BAM files for 107 cancer samples
and 94 normal gastrointestinal tissues of TCGA cancer patients
from the NCI Genomic Data Commons Data Portal (https://
portal.gdc.cancer.gov/) and gene-level expression data for the
TCGA samples from the UCSC Cancer Genomics Browser (https://
genome-cancer.ucsc.edu/). For non-TCGA stomach cancer samples,
we downloaded raw expression array data from the European
Genome-phenome Archive (EGA; accession ID: EGAD0001
0000528) and extracted gene-level expression data using the
IlluminaExpressionFileCreator module in GenePattern (Reich et
al. 2006). For non-TCGA esophageal cancer samples, we download-
ed gene-level expression data from the Gene Expression Omnibus
(GEO; accession ID: GSE42363). We used ComBat (Johnson et al.
2007) to combine expression data from different studies for each
cancer type.

Detection of somatic L1 insertions

We implemented a 3′ transduction callingmodule in the previous-
ly developed transposon detection pipeline (Lee et al. 2012), the
Transposable Element Analyzer (Tea) and used this improved ver-
sion to identify somatic L1 insertions. Each insertionwas classified
as one of the three types of events defined by Tubio et al. (2014):

solo, partnered, or orphan events. To be identified as an insertion,
the insertion candidate must have had a poly(A) tail and a tar-
get site duplication (TSD) ranging from 5 to 35 bp long
(Supplemental Methods).

Somatic SNV/indel and copy number aberration call sets

We generated somatic SNV and indel call sets for TCGA colorectal
cancer samples usingMuTect (Cibulskis et al. 2013) and VarScan 2
(Koboldt et al. 2012) with default options, respectively. We anno-
tated the mutations using Oncotator (Ramos et al. 2015). For
TCGA stomach and esophageal cancer samples, we obtained
somatic SNV/indel call sets from the UCSC Cancer Genomics
Browser. For non-TCGA data sets, we obtained somatic SNV/indel
call sets from Supplemental Data in original publications. Only
nonsynonymous mutations were used in the analyses. We exam-
ined the association between mutation status and somatic L1 in-
sertion counts for 13 genes mutated in at least 20% of our cancer
samples. We observed that among the TCGA colorectal cancer
samples for which clinical MSI assays were performed, all the cases
with the MSI-high phenotype except two cases carried more than
100 nonsynonymous indels, whereas all the non-MSI-high cases
carried less than 100 nonsynonymous indels. Thus, we classified
cancer samples with more than 100 nonsynonymous indels as
MSI-high (n = 2). Somatic copy number aberration data were
downloaded from the UCSC Cancer Genomics Browser. The data
provided gene-level copy number changes estimated using the
GISTIC method (Mermel et al. 2011).

RNA editing analysis

We downloaded known RNA editing loci in Chromosome 1 from
the REDIportal website (http://srv00.recas.ba.infn.it/atlas/) (Pic-
ardi et al. 2017). We filtered out loci when they were reported in
dbSNP150 or in our somatic SNV call set. We called variants at
these loci from RNA-seq data using VarScan 2 (Koboldt et al.
2012) and selected loci covered by at least 10 reads across all cancer
samples, resulting in 834 loci. For each of 834 loci, we measured
the RNA editing level by dividing the number of reads with a
variant allele by the total number of reads spanning the locus.
We calculated the average editing level across 834 loci for each can-
cer sample.

L1 expression quantification

Reads from RNA-sequencing data were aligned to an L1 sequence
library using BWA (Li and Durbin 2009). The L1 sequence library
included the L1Hs consensus sequence in Repbase (http://www.
girinst.org/repbase/) and its variants created by diagnostic nucleo-
tide substitutions for Ta-1d, Ta-1nd_G1, Ta-1n_C, Ta-0, and Pre-
Ta_ACG_G subfamilies. It also included L1Hs sequences that
were >6 kb in size and with a divergence score (relative to the con-
sensus) <5% in the human reference genome (hg19) annotated by
RepeatMasker (Smit et al. 2013–2015). Reads mapping to Alu and
SVA sequence library were excluded. To improve our estimation
of L1HS-specific expression, we additionally used TEtranscripts
(Jin et al. 2015). From an original BAM file, we extracted reads
that mapped to our own L1HS sequence library described above.
Then, we ran TEtranscripts using the extracted reads and calculat-
ed L1HS expression normalized to reads per million mapped reads
(RPM) unit.

Gene expression analysis

For each genewith a somatic L1 insertion, we calculated the differ-
ence between the expression level of the gene from the cancer
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sample with the insertion and the average expression level from
cancer samples without any mutation in the gene. Genes that
did not have expression level for at least 10 control samples were
excluded in our analysis. We then calculated the average of the ex-
pression differences for each cancer type. To calculate the P-value
of the observed average expression difference, we estimated a back-
ground distribution by using 10,000 randomly selected gene sets
with the same number of genes as in our gene set having somatic
L1 insertions for each cancer type. The empirical P-valuewas calcu-
lated as the proportion of the random gene sets that produced an
average expression difference that was less than the observed
value.

P-values for enrichment/depletion of genes with somatic L1
insertions in each expression level categorywere computed by a bi-
nomial test. To correct for the length of genes, all genes were divid-
ed into quartile based on their mean expression level in each
cancer type and calculated the expected probability by dividing
the total length of genes in each expression category by the total
length of all genes.

Pathway activity analysis

We obtained a set of pathways from the Reactome database
(Fabregat et al. 2016). Using ssGSEA (Barbie et al. 2009) in
GenePattern (Reich et al. 2006), we measured the activity of each
pathway in each cancer sample based on the expression level of
its member genes. Genes whose expression levels were signifi-
cantly correlated with insertion counts (FDR <0.05; adjusted com-
bined P-values across all cancer types using the Fisher’s method)
were defined as key genes for each pathway. We annotated key
genes for each significant immune pathway with their druggabil-
ity using the Drug Gene Interaction Database (DGIdb) (Cotto
et al. 2018). We obtained additional gene sets reflecting diverse as-
pects of the immune system (Rooney et al. 2015) and known L1 in-
hibitors from previous publications (Goodier 2016). Cancer
samples were clustered based on the activities of immune path-
ways using non-negative matrix factorization (NMF) (Brunet
et al. 2004) in GenePattern with default parameters (Reich et al.
2006). We separately performed clustering for STAD/ESO and
CRC with k = 2.

Insertion recurrence analysis

We selected genes with somatic L1 insertions inmore than one pa-
tient. For each of the recurrently affected genes, we evaluated
whether the number of somatic L1 insertions was significantly fre-
quent using the Exact Binomial test in R (R Core Team 2015).With
an assumption that each genomic location has an equal chance of
having an L1 insertion, we calculated the expected probability (P)
for the binomial test by dividing the number of all intragenic L1
insertions with the total length of the genes with at least one
insertion. Binomial P-values were corrected formultiple testing us-
ing the Benjamini-Hochberg method (Hochberg and Benjamini
1990).

Splicing and epigenetic feature annotation

We obtained 238 splicing enhancer and 176 splicing silencer mo-
tifs from two published papers (Fairbrother et al. 2004;Wang et al.
2004). We downloaded the chromHMM annotation tracks for 12
gastrointestinal tissue samples from the Roadmap Epigenome pro-
ject (Roadmap Epigenomics Consortium 2015). For each intronic
L1 insertion in the top 20 affected genes, we annotated the pres-
ence of a splicing regulatorymotif and the status of active chroma-
tin (promoter or enhancer).

Gene set enrichment analysis

We tested if genes with somatic L1 insertions in more than one
cancer samplewere enriched in certainGeneOntology (GO) terms
in the biological process category. We used GOseq (Iskow et al.
2010) that allowed for adjustment of gene length bias and took
as inputs the longest isoform length (the sum of the lengths of
all unique exons and introns) for each gene. To identify DNA re-
pair pathways associated with somatic L1 insertion frequency,
we obtained 15 DNA repair pathways from a previous publication
(Jeggo et al. 2016) and classified cancer samples into the mutant
and wild-type groups depending on the presence of a nonsynony-
mous mutation in any member gene for each pathway. We then
compared L1 insertion frequencies between the two groups using
the Mann-Whitney U test.

Splicing analysis

To identify somatic L1 insertion-mediated abnormal splicing, we
used our previously established ratio-based approach to detect al-
tered splicing caused by somatic mutations (Jung et al. 2015).
Specifically, we first extracted abnormally spliced reads near retro-
transposon insertion loci and then calculated the ratio of abnor-
mally spliced reads to total reads (the sum of normally and
abnormally spliced reads). Uniquely aligned reads excluding PCR
duplicates were subjected to this analysis. Next, we assessed
whether the ratio was significantly higher than expected, given
the background distribution estimated from normal control sam-
ples and tumor samples (up to 111 TCGA tumor samples) that
lacked nonsynonymous mutations for a given gene. We obtained
a total of 2860 control normal RNA-seq data from the Genotype-
Tissue Expression (GTEx) project (The GTEx Consortium 2013)
To confirm that the observed splicing change was caused by a
somatic retrotransposon insertion, the observed ratio had to be
within the top 1% of the background ratio distribution. We
screened 69 additional TCGA cancer RNA-seq data to detect splic-
ing aberration caused by somatic retrotransposon insertions re-
ported in a previous study (Helman et al. 2014).

Analysis of allelic expression of MOV10

We called SNVs in MOV10 from WGS and RNA-seq data from
TCGA cancer samples using HaplotypeCaller (DePristo et al.
2011). We excluded cancer samples when they had any nonsy-
nonymous mutation, copy number aberration, or DNA methyla-
tion (beta value >0.3) in MOV10. For each heterozygous SNV
site, both reference and alternative alleles were required to have
at least five reads in WGS data to be included in our analysis. In
RNA-sequencing data, at least one of the alleles was required to
have five reads. A total of 21 cancer samples with at least five het-
erozygous SNVs inMOV10 satisfying the minimum read count re-
quirement were used in the analysis as control samples. We used
Fisher’s exact test to identify different allelic ratios between
DNA- and RNA-sequencing data for each SNV site. We then com-
bined P-values from all heterozygous SNV sites in MOV10 using
Fisher’s method. The combined P-value was calculated for the
TCGA cancer sample (V5-A7RC) with a somatic L1 insertion in
MOV10 as well as for each of the 21 control cancer samples. For
the SNV (rs6679) with a linkage with the exon 20 skipping, we
counted the number of RNA-seq reads that span the SNV loci ac-
cording to the SNV allele and the splicing pattern (i.e., exon skip-
ping or normal splicing). We tested association between SNV
alleles and exon skipping status using Fisher’s exact test.
Haplotype information was derived using the LDhap module of
LDlink (Machiela and Chanock 2015).
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