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GENETICS

Endogenous retroviruses mediate transcriptional
rewiring in response to oncogenic signaling in

colorectal cancer

Atma Ivancevic', David M. Simpson', Olivia M. Joyner’, Stacey M. Bagby?, Lily L. Nguyen'?,

Ben G. Bitler®, Todd M. Pitts?, Edward B. Chuong'*

Cancer cells exhibit rewired transcriptional regulatory networks that promote tumor growth and survival. How-
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ever, the mechanisms underlying the formation of these pathological networks remain poorly understood.
Through a pan-cancer epigenomic analysis, we found that primate-specific endogenous retroviruses (ERVs) are a
rich source of enhancers displaying cancer-specific activity. In colorectal cancer and other epithelial tumors, onco-
genic MAPK/AP1 signaling drives the activation of enhancers derived from the primate-specific ERV family LTR10.
Functional studies in colorectal cancer cells revealed that LTR10 elements regulate tumor-specific expression of
multiple genes associated with tumorigenesis, such as ATG72 and XRCC4. Within the human population, individu-
al LTR10 elements exhibit germline and somatic structural variation resulting from a highly mutable internal tan-
dem repeat region, which affects AP1 binding activity. Our findings reveal that ERV-derived enhancers contribute
to transcriptional dysregulation in response to oncogenic signaling and shape the evolution of cancer-specific

regulatory networks.

INTRODUCTION

Cancer cells undergo global transcriptional changes resulting
from genetic and epigenetic alterations during tumorigenesis (1).
While regulatory remodeling can arise from somatic noncoding
mutations (2), epigenomic studies have revealed that transforma-
tion is associated with aberrant epigenetic activation of enhancer
sequences that are typically silenced in normal tissues (3-5).
Pathological enhancer activity is an established mechanism un-
derlying tumorigenesis and therapy resistance, and therapeutic
modulation of enhancer activity is an active area of investigation
(6-9). However, we have a limited understanding of the molecu-
lar processes that shape and establish the enhancer landscapes of
cancer cells.

Transposable elements (TEs) including endogenous retroviruses
(ERVs) represent a substantial source of enhancers that could shape
cancer-specific gene regulation (10). Many cancers exhibit genome-
wide transcriptional reactivation of TEs, which can directly affect
cells by promoting oncogenic mutations and stimulating immune
signaling (11-14). In addition, the reactivation of TEs is increas-
ingly recognized to have gene regulatory consequences in cancer
cells (15, 16). Several transcriptomic studies have uncovered TEs as
a source of cancer-specific alternative promoters across many types
of cancer, with some examples shown to drive oncogene expression
(17-21). TEs also show chromatin signatures of enhancer activity in
cancer cell lines (22-24), yet their functional relevance in patient
tumors has remained largely unexplored. Recent studies have char-
acterized TE-derived enhancers with oncogenic effects in acute my-
eloid leukemia (25) and prostate cancer (26), but the prevalence and
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mechanisms of TE-derived enhancer activity are unknown for most
cancer types.

Here, we analyzed published cancer epigenome datasets to under-
stand how TEs influence enhancer landscapes and gene regulation
across cancer types. Our pan-cancer analysis revealed that elements
from a primate-specific ERV named long terminal repeat 10 (LTR10)
show enhancer activity in many epithelial tumors, and this activity is
regulated by signaling pathways involving mitogen-activated protein
kinase (MAPK) and activator protein 1 (AP1). We conducted func-
tional studies in HCT116 colorectal cancer cells and found that
LTR10 elements regulate AP1-dependent gene expression at multiple
loci that include genes with established roles in tumorigenesis. Last,
we discovered that LTR10 elements contain highly mutable sequenc-
es that potentially contribute genomic variation affecting cancer-
specific gene expression. Our work implicates ERVs as a source of
pathological regulatory variants that facilitate transcriptional rewir-
ing in cancer.

RESULTS

To assess the contribution of TEs to cancer cell epigenomes, we ana-
lyzed aggregate chromatin accessibility maps from 21 human can-
cers generated by The Cancer Genome Atlas (TCGA) project (27).
We defined cancer-specific subsets of accessible regions by subtract-
ing regions that show evidence of regulatory activity in any healthy
adult tissue profiled by the Roadmap Consortium (Fig. 1A) (28). Of
1315 total repeat subfamilies annotated in the human genome, we
found 23 subfamilies that showed significant enrichment within the
accessible chromatin in at least one cancer type (Fig. 1B), of which
19 correspond to long terminal repeat (LTR) regions of primate-
specific ERVs (table S1). These observations from chromatin acces-
sibility data generated from primary tumors confirm previous
reports of LTR-derived regulatory activity in cancer cell lines (22,
24, 25) and support a role for ERVs in shaping patient tumor
epigenomes.
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Fig. 1. Pan-cancer epigenomic analysis of TE activity. (A) Pipeline to estimate TE subfamily enrichment within cancer-specific regulatory regions. Aggregate ATAC-seq
maps associated with TCGA tumor types were filtered to remove regulatory regions predicted in normal adult tissues. Cancer-specific accessible chromatin regions were
tested for enrichment of 1315 repeat subfamilies. (B) Bubble chart summarizing TE subfamily enrichment within cancer-specific ATAC-seq regions across 21 cancer types
profiled by TCGA (acronyms shown on the x axis; full names provided at https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-abbreviations). TE sub-
families and cancer types are sorted on the basis of maximum enrichment score. (C) Enrichment of TE subfamilies within cancer-specific ATAC-seq associated with colon
adenocarcinomas from TCGA. Every point represents a TE subfamily. Enriched TEs are shown in red; depleted TEs are shown in blue. (D) Estimated origin of HERV-I ele-
ments on the primate phylogeny based on the genomic presence or absence. (E) Principal components analysis based on multiple sequence alignment of LTR10 se-
quences in the human genome. Every point represents an individual LTR10 sequence. LTR10A and LTR10F sequences are colored orange and red, respectively. (F) Heatmap
of representative patient tumor ATAC-seq signals (TCGA patients COAD P053, P012, P002, P025, P004, PO16, PO01, and P049) over the merged set of 649 LTR10A/F ele-
ments. Bottom metaprofiles represent average normalized ATAC signal across elements. (G) Heatmap of enhancer-associated chromatin marks from HCT116 cells over the
merged set of 649 LTR10A/F elements. From left to right: H3K27ac ChIP-seq (GSE97527), H3K4me1 ChIP-seq (GSE101646), POLR2A ChlIP-seq (GSE32465), EP300 ChIP-seq
(GSE51176), and HCT116 ATAC-seq (GSE126215). Bottom metaprofiles represent the normalized signal across elements.
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LTR10 elements exhibit cancer-specific regulatory activity

To further investigate the cancer-specific regulatory activity of
ERVs, we focused on LTR10 elements, which were enriched within
cancer-specific accessible chromatin for several types of epithelial
tumors including colorectal, stomach, prostate, and lung tumors
(Fig. 1C and fig. S1). LTR10 elements (including LTR10A-G,
n = 2331) are derived from the LTR of the gammaretrovirus human
endogenous retrovirus I (HERV-I), which integrated into the an-
thropoid genome 30 million years ago (Fig. 1, D and E) (22). As our
initial TCGA analysis was conducted using aggregate data for each
tumor type, we first confirmed that LTR10 elements showed recur-
rent chromatin accessibility across colorectal tumors from multiple
individual patients (Fig. 1F and fig. S2). We then analyzed epig-
enomic datasets from the HCT116 colorectal cancer cell line (3, 29-31)
and found that LTR10A and LTR10F elements exhibit canonical
chromatin hallmarks of enhancer activity, including enrichment
of histone modifications histone H3 lysine 27 acetylation (H3K27ac)
and histone H3 lysine 4 monomethylation (H3K4mel), the tran-
scriptional coactivator p300, and RNA polymerase II occupancy
(Fig. 1G). LTR10C elements have previously been identified as a
source of p53 binding sites (22, 32). We did not see enhancer-
associated chromatin marks at LTR10C elements in HCT116 cells
(fig. S3), which are p53-wild-type, but did observe H3K27ac signal
at LTR10C elements in several p53-mutant colorectal cancer cell
lines (fig. S4 and table S2). Likewise, LTR10A and LTR10F enhancer
signal varied across different colorectal cancer cell lines (fig. S4 and
table S2), suggesting that LTR10 activation is highly cell line and
tumor specific. While most LTR10A and LTRI0F elements are not
transcribed, some show evidence of transcription as promoters for
full-length noncoding HERV-I insertions or cellular transcripts
(fig. S5 and table S3). Together, elements derived from the LTR10A
and LTR10F subfamilies (hereafter referred to as LTR10 elements)
show robust epigenomic signatures associated with enhancer activ-
ity in colorectal cancer cells.

We expanded our analysis to include epigenomic states from all
adult tissues (28). We found no evidence for LTR10 enhancer activ-
ity in normal tissues but instead observed general enrichment of
H3K9me3-associated heterochromatin marks (fig. S6 and table S4).
To identify factors that directly bind to and potentially repress
LTR10 elements, we analyzed the Cistrome database (31) of pub-
lished human ChIP-seq datasets to identify transcriptional repres-
sors with evidence for enriched binding within LTR10 elements.
Considering all cell types, we found that LTR10 elements are sig-
nificantly enriched for binding by ZNF562, ZNF671, TRIM28, and
SETDBI (Fig. 2, A and B, and tables S5 and S6), which are compo-
nents of the Kriippel-associated box zinc finger protein (KRAB-
ZNF) transposon silencing pathway (33). In additional datasets
generated from healthy colorectal tissue samples (3, 34-36), LTR10
elements do not show any evidence of enhancer activity (fig. S7).
Our analysis suggests that, as expected for most primate-specific
TEs (37), LTR10 elements are normally subject to H3K9me3-
mediated epigenetic silencing in somatic tissues.

LTR10 elements are bound by the AP1 transcription

factor complex

To identify which pathways are responsible for cancer-specific reac-
tivation of LTR10 elements, we focused our Cistrome enrichment
analysis on activating transcription factors in colorectal cancer cell
lines. LTR10 elements were significantly enriched for binding by
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AP1 complex members (Fig. 2, C and D, and table S5) including
the fos-like antigen 1 (FOSL1), jun D proto-oncogene (JUND),
and activating transcription factor 3 (ATF3) transcription factors.
The LTR10A and LTR10F consensus sequences harbor multiple
predicted AP1 binding motifs (fig. S8), which most closely resem-
ble binding sites for AP1 component FOSL1 (Fig. 2E), and are en-
riched within LTR10 elements marked by H3K27ac in HCT116
cells. These AP1 motifs are largely absent in other LTR10 subfami-
lies (Fig. 2E). Expanding our motif analysis to tumor-specific ac-
cessible chromatin from 21 different cancer types, we found that
AP1 motif enrichment generally correlates with LTR10 enrich-
ment, although this correlation is largely driven by LTR10A en-
richment in lung adenocarcinomas (labeled LUAD in fig. S9;
removed as an outlier in fig. S10). In contrast, cancers without
LTR10 enrichment show little to no enrichment of AP1 motifs in
tumor-specific accessible chromatin (figs. S9 and S10). These anal-
yses indicate that the cancer-specific enhancer activity of LTR10
elements is likely driven by sequence-specific recruitment of the
AP1 complex.

LTR10 epigenetic and transcriptional activity is elevated in
patient tumor cells

We next compared the epigenetic status of LTR10 elements between
patient-derived colorectal cancer cells and normal cells. In multiple
patient-matched epigenomic datasets (38, 39), LTR10 elements
show globally increased levels of enhancer-associated histone modi-
fications H3K27ac and H3K4mel in tumor samples compared to
adjacent normal colorectal tissues (Fig. 2F and fig. S11). In contrast,
LTR10 elements did not show global changes in H3K9me3 or H3K-
27me3 ChIP-seq signal in tumors compared to normal cells (fig. S12).
These observations suggest that removal of repressive histone marks
may not be required for LTR10 enhancer activity; however, single-
cell epigenomic profiling would be necessary to determine whether
LTR10 elements are marked by both active and repressive marks in
the same cells.

We further assessed the transcriptional activity of LTR10 ele-
ments using matched tumor/normal RNA sequencing (RNA-seq)
from 38 patients with colorectal adenocarcinomas from TCGA con-
trolled access data (fig. S13) (27). Our RNA-seq analysis of the patient
cohort suggests that LTR10 transcripts are generally increased in
tumor versus normal samples, particularly at LTRI0A elements
(Fig. 2G, fig. S14, and table S7). Likewise, AP1 factor FOSLI showed
a robust and significant increase in expression in tumor versus nor-
mal samples (Fig. 2G, fig. S15, and table S7), consistent with our
hypothesis that the AP1 complex drives LTR10 transcriptional ac-
tivity. In contrast, predicted LTR10 repressors such as KRAB-zinc
finger ZNF671 showed a significant decrease in expression in tumor
versus normal samples (fig. S16 and table S7). Together, 15 of the
38 patients show a consistent increase in FOSLI, LTR10A, and
LTRI1O0F transcriptional activity in colorectal tumor cells (table S7).

LTR10 transcription marks tumor-specific epithelial cells

We next investigated LTR10 transcription at the single-cell level. We
analyzed an independent cohort of 36 patients with colorectal
cancer with publicly available single-cell RNA-seq (scRNA-seq)
from matched tumor and normal samples for each patient (40).
We used scTE (41) to reprocess the datasets and measure cell
population-specific expression of TE subfamilies. In line with our
previous results from bulk RNA-seq, we found significant and recurrent
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Fig. 2. Regulatory activity of LTR10 in tumor and normal cells. (A) Transcriptional repressors associated with LTR10A/F elements, ranked by enrichment score. (B) Heatmap
of ChIP-seq signal from H3K9me3 and repressive factors, over LTR10A/F elements. From left to right: H3K9me3 ChlIP-seq (GSE16256), ZNF562 ChIP-seq (GSE78099), TRIM28
ChlIP-seq (GSE84382), SETDB1 ChlIP-seq (GSE31477), ZEB1 (GSE106896), and ZEB2 ChIP-seq (GSE91406). (C) Transcriptional activators associated with LTR10A/F elements,
ranked by enrichment score. (D) Heatmap of ChIP-seq signal from H3K27ac and activating transcription factors in HCT116 cells, over LTR10A/F elements. From left to right:
H3K27ac ChIP-seq (GSE96299) and ChIP-seq for FOSL1, JUND, USF1, SRF, and CEBPB (all from GSE32465). (E) Schematic of AP1 motif locations for LTR10 consensus sequences
from each subfamily. Sequence logo for AP1 motif FOSL1 (MA0477.1 from JASPAR) is shown, and predicted motif locations are marked. (F) Heatmap of H3K27ac and H3K4me1
ChIP-seq signals from tumor (T) and normal (N) samples from patients AKCC52 and AKCC58 with colorectal cancer (39) over LTR10A/F elements. Bottom metaprofiles repre-
sent average normalized ChIP signal. (G) Dot plots of normalized counts for FOSL1, LTR10A, and LTR10F from bulk RNA-seq derived from a cohort of 38 TCGA patients with
colorectal adenocarcinomas. Each patient has one tumor (T) sample and one normal (N) colon sample. **#*P < 0.001, paired sample Wilcoxon test. (H) UMAP projections of
the single-cell transcriptome of patient C136 from (40). UMAPs are colored by tissue type or cell type. (I) UMAP projections of the same patient, colored by the expression of
FOSL1, LTR10A, or LTR10F. (J) Bubble plot of the same patient, showing the mean expression of FOSL1, LTR10A, and LTR10F in tumor epithelia versus normal epithelia.
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transcription of LTR10 elements in tumor-specific epithelial cells
for 12 of 36 patients (Fig. 2, H to J; figs. S17 to S20; and table S8). We
observed coexpression of LTR10 and FOSLI in tumor-specific epi-
thelial cells for 10 of these patients (table S8), consistent with a role
for AP1 signaling in regulating LTR10 elements. As seen at the bulk
level, the expression of LTR10-associated transcriptional repressors
(e.g., ZNF671, ZEBI, and ZEB2) was negatively correlated with
LTRI10 activity (figs. S17 to S19). Thus, our single-cell analysis indi-
cates that a subset of patients show robust LTR10 transcriptional
activity specifically in tumor-specific epithelial cells.

LTR10 transcription is associated with dysregulated

MAPK signaling

Our initial analyses of patient cohorts suggest that LTR10 elements
become transcriptionally activated in about 30% of colorectal tu-
mors. To determine which tumor molecular subtypes are most like-
ly to drive LTR10 activation, we performed correlative studies
between LTR10 activity and tumor mutations, patient survival rates,
and clinical outcomes. For this purpose, we obtained and analyzed
RNA-seq from 358 primary tumor samples derived from TCGA pa-
tients with colon adenocarcinomas (27). We first focused on corre-
lating LTR10 transcriptional activity with KRAS mutation status.
KRAS is one of the most frequently mutated oncogenes in cancer:
Approximately 30 to 40% of patients with colorectal cancer harbor
missense mutations in KRAS, and KRAS mutations have long been
associated with increased tumor aggressiveness, resistance to treat-
ment, and poor patient outcomes (42). We found that LTR10A tran-
scripts, in particular, are significantly elevated in tumors that harbor
a KRAS mutation (fig. S21 and table S9), although we did not ob-
serve a significant difference in FOSLI expression (fig. S22 and
table S9).

Next, we performed survival analyses based on the expression of
LTR10 elements or proximal genes. Univariate Cox regression anal-
ysis identified the expression of endogenous LTR10 transcripts as a
potential risk factor in colorectal tumors (fig. S23 and table S10).
Other factors that significantly associated with survival outcome in
this dataset of 358 tumors were tumor stage (fig. S24) and patient
age (fig. S25). We extended our analysis to multivariate Cox regres-
sion models, integrating clinical variables such as patient age, tumor
stage, and KRAS mutation status with endogenous LTR10 expres-
sion and gene set scores. Several multivariate models demonstrated
significant predictive ability, with accuracies ranging from 74 to
81% (table S10). Last, we used the Gene Expression Profiling Inter-
active Analysis (GEPIA) platform (43) to assess the prognostic po-
tential of LTR10-associated genes across a larger dataset of 7288
tumors spanning 21 epithelial cancers. This broader analysis high-
lighted FOSLI and several other genes proximal to LTR10 elements
as robust predictors of low survival probability (figs. S26 and S27).
Collectively, these findings suggest that LTR10 elements may influ-
ence cancer prognosis in epithelial cancers and underscore the need
for larger colorectal tumor datasets to accurately determine survival
associations.

AP1 signaling is required for LTR10 enhancer activity

Dysregulation of AP1 signaling occurs in many cancers, driven by
mutations that cause oncogenic activation of the MAPK signaling
pathway (44). On the basis of our findings that LTR10 elements are
bound by AP1, and LTR10 transcriptional activity is correlated with
the expression of AP1 factor FOSL1, we tested whether LTR10
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regulatory activity is affected by modulation of the AP1/MAPK sig-
naling pathway using luciferase reporter assays. We synthesized the
LTR10A and LTR10F consensus sequences as well as variants where
the AP1 motifs were disrupted and cloned the sequences into an
enhancer reporter construct. We measured reporter activity in
HCT116 cells that were treated for 24 hours with either tumor
necrosis factor-a (TNFa) to stimulate signaling or cobimetinib
[a MAPK kinase 1 (MEK1) inhibitor] to inhibit signaling. Consistent
with regulation by AP1, cobimetinib treatment caused a decrease in
LTR10-driven reporter activity, and TNFa caused an increase
(Fig. 3A). Overall regulatory activity was greatly reduced in se-
quences where the AP1 motif was disrupted (Fig. 3A). These results
show that LTR10 enhancer activity can be directly regulated by
modulation of the MAPK/AP1 signaling pathway in cancer cells.

To test the role of the AP1 complex in endogenous LTR10 regula-
tion, we used CRISPRI to silence AP1 components FOSLI and
JUN. Using HCT116 cells expressing dCas9-KRAB-MeCP2 (45), we
transfected a guide RNA (gRNA) targeting the transcription start
site (TSS) of either FOSL1 or JUN and then used RNA-seq to com-
pare gene and TE expression to control cells transfected with a non-
targeting gRNA. For each experiment, we first confirmed silencing
of the target gene (FOSLI: figs. S28 and S29; JUN: figs. S30 and S31)
and then analyzed TE transcript expression. TE transcripts were
summarized at the subfamily level to account for reads mapping to
multiple insertions of the same TE (46). This analysis revealed
that full-length LTR10/HERV-I elements were significantly down-
regulated upon silencing FOSLI (Fig. 3B) or JUN (fig. $32), support-
ing a direct role for the AP1 complex in regulating LTR10 activity.

Next, we investigated how endogenous LTR10 elements respond
to modulation of MAPK/AP1 signaling at both the RNA and chro-
matin level. We treated HCT116 cells with either cobimetinib or
TNFa for 24 hours and profiled each response using RNA-seq and
H3K27ac cleavage under targets and release using nuclease
(CUT&RUN). Consistent with our reporter assay results, our RNA-
seq analysis showed that full-length LTR10/HERV-I transcripts
were significantly down-regulated upon cobimetinib treatment
(Fig. 3C) and up-regulated upon TNFa treatment (Fig. 3D). Expres-
sion of FOSL1 was likewise down-regulated by cobimetinib and up-
regulated by TNFa (figs. S33 and S34). To confirm that LTR10
elements can be therapeutically silenced, we tested how LTR10 tran-
scripts respond to treatment with a second MAPK inhibitor, tra-
metinib. Cobimetinib and trametinib are both inhibitors of MEK1,
a key protein kinase in the MAPK signaling pathway. Consistent
with our cobimetinib results, our RNA-seq analysis showed that tra-
metinib treatment results in down-regulation of FOSLI and LTR10
transcripts after 24 hours of treatment in HCT116 cells [publicly
sourced RNA-seq from Gene Expression Omnibus (GEO) accession
GSE78519; figs. S35 and S36 and table S11], as well as 21 days of
treatment by oral gavage in HCT116 cell line-based xenografts
(CDXs) in immunodeficient mice (figs. S37 and S38 and table S11).
These results indicate that LTR10 elements are dependent on the
MAPK signaling pathway and can be effectively silenced with the
use of MEK1 inhibitors.

LTR10 elements showed similar responses based on H3K27ac
CUT&RUN signal, exhibiting significant enrichment within the
genome-wide set of predicted enhancers down-regulated by cobi-
metinib or up-regulated by TNFa (Fig. 3, E and F, and figs. $39 and
S40). We also observed clear TNFa-induced H3K27ac signal over
LTR10 elements in a published dataset of SW480 colorectal cancer
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Fig. 3. Control of LTR10 activity by AP1/MAPK signaling. (A) Luciferase reporter assays of LTR10A/F consensus sequences, including sequence variants containing shuffled AP1
motifs. Reporter activity was measured in HCT116 cells treated with dimethyl sulfoxide (DMSO; n = 3), cobimetinib (n = 3), or TNFa (n = 3) for 24 hours. Values are normalized to
firefly cotransfection controls and presented as fold change (FC) against the mean values from cells transfected with an empty minimal promoter pNL3.3 vector. *P < 0.05, **P < 0.01,
and **#P < 0.001, two-tailed Student's t test. Error bars denote SEM. (B to D) MA (also known as minus-average plots) plots of TE subfamilies showing significant differential expres-
sionin HCT116 cells subject to FOSL1 silencing (B), 24-hour cobimetinib treatment (C), or 24-hour TNFa treatment (D), based on RNA-seq. Dots are colored in red if they are significant
(adjusted P < 0.05, log,FC < 0 for FOSL1/cobimetinib and log,FC > 0 for TNFa). (E) Volcano plot showing TE subfamily enrichment in the set of H3K27ac regions significantly down-
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cells (fig. S41) (47). These results indicate that LTR10 elements rep-
resent a notable subset of genome-wide enhancers and transcripts in
HCT116 cells that are directly modulated by AP1/MAPK signaling.

LTR10 elements regulate cancer-specific pathological

gene expression

To determine whether any LTR10-derived enhancers have a func-
tional effect on AP1/MAPK-dependent gene expression in colorec-
tal cancer cells, we used our RNA-seq and CUT&RUN data from
HCT116 cells to identify elements predicted to have gene regulatory
activity. We first noted that zinc fingers predicted to repress LTR10,
such as ZNF671 and ZEB2, had barely detectable expression levels in
HCT116 cells (fig. S42). This supports our results from the single-
cell and bulk patient analyses and suggests that expression of these
zinc fingers is protective (48, 49). We speculate that one of the ways
in which loss of these zinc fingers contributes to cancer progression
is by derepressing LTR10 enhancers and enabling the pathological
activity of LTR10 target genes.

While we found that the AP1 component FOSLI is required for
LTR10 regulatory activity, oncogenic MAPK signaling can mediate
transcriptional dysregulation through additional pathways beyond
FOSLI and AP1 signaling (50). Therefore, we defined potential
AP1/MAPK-regulated genes using two approaches, based on our
RNA-seq data from our FOSLI knockdown or TNFa/cobimetinib
treatment. We first defined a set of 456 AP1-dependent genes based
on being significantly down-regulated by our CRISPRi silencing of
the AP1 component FOSLI (table S12). We identified LTR10 ele-
ments predicted to regulate these genes using the activity by contact
model (51) to assign enhancer-gene targets based on LTR10 element
H3K27ac signal and chromatin interaction data. This identified 38
LTR10-derived enhancers (Fig. 3G) predicted to regulate 56 (12.2%)
of the 456 AP1-dependent genes (table S12), including many with
established roles in cancer pathophysiology.

In a secondary analysis, we defined 620 MAPK-dependent genes
as genes that are both up-regulated by TNFa and down-regulated by
cobimetinib, and found 57 LTR10-derived enhancers predicted to
regulate 74 (11.9%) of these genes (fig. S43 and table S13). Collec-
tively, we identified a total of 71 distinct LTR10 enhancers (table S14)
predicted to contribute to the regulation of roughly 12% of genes
with AP1- or MAPK-dependent gene expression in HCT116 cells,
supporting an important role in mediating global transcriptional
rewiring in cancer.

We tested the regulatory activity of six predicted LTR10 enhanc-
ers using CRISPR to knock down or knock out individual elements
in HCT116 cells. We prioritized the elements based on epigenomic
evidence of tumor-specific enhancer activity and having predicted
target genes with reported relevance to tumor development or ther-
apy resistance. We separately silenced each LTR10 element using
CRISPRi and selected one element (LTR10.KDM6A) to delete using
CRISPR/Cas9, due to its intronic location. We used RNA-seq to de-
termine the transcriptional consequences of perturbing each ele-
ment. For each LTR10 tested, we observed local down-regulation of
multiple genes within 1.5 Mb of the targeted element, confirming
their activity as functional enhancers in HCT116 cells. These in-
cluded ATG12, XRCC4, TMEM167A, VCAN, NES, FGF2, AGPATS,
MAOB, and MIR222HG (Figs. 4 and 5; figs. S44 to S53; and tables S15
to S20). For three elements (LTR10.MEF2D, LTR10.MCPHI1, and
LTR10.KDM6A), the predicted target gene did not show significant
expression changes, but we observed down-regulation of other AP1/

Ivancevic et al., Sci. Adv. 10, eado1218 (2024) 17 July 2024

MAPK-dependent genes near the element (figs. S45, $49, and S51).
Collectively, our characterization of six LTR10 elements verified
that 21 genes are regulated by LTR10 enhancers; most (18 of 21)
of which are regulated by AP1/MAPK signaling based on our
RNA-seq data. These experiments demonstrate that multiple LTR10
enhancers mediate AP1/MAPK-dependent gene expression of
nearby genes in HCT116 cells.

From a therapeutic perspective, it is important to know whether
LTR10 elements can be broadly targeted. We designed six single
guide RNAs (sgRNAs) to target all elements from the LTR10A and
LTRIOF subfamilies, picking the top sgRNAs based on the highest
number of targeted elements, high on-target scores, and low off-
targeting to other genomic regions (table S21). We found that six
sgRNAs would target at most ~49% of intact LTR10 copies (356 of
734) or ~43% of predicted LTR10 enhancers and promoters (39 of
91) (table S21). This is a substantially lower proportion of elements
than are usually targeted by multiplexed epigenome editing (52). It
would likely be more effective to target specific LTR10 enhancers
that contribute to tumor phenotypes or target the transcriptional
activators of LTR10 elements instead (e.g., FOSLI).

We focused on two of the CRISPR-validated LTR10 enhancers to
explore their functional impact on tumor cells. We first investigated
an enhancer that regulates ATGI12 (LTR10.ATG12), formed by two
LTR10F elements on chromosome 5, located 87 kb from predicted
target genes ATG12 and AP3S1 (Fig. 4A). Silencing the LTRI10.
ATG12 enhancer resulted in down-regulation of ATG12 as well as
the neighboring gene AP3S1 and eight other genes within 1.5 Mb
(Fig. 4, B to D, and table S15). As a separate control, we used CRISPRi
to silence the ATG12 promoter and found highly specific silencing
of ATGI12 (figs. S54 and S55 and table S22). These results indicate
that the LTR10.ATG12 element functions as an enhancer that affects
multiple genes in the locus. Genome-wide, we observed differential
regulation of other genes, possibly due to indirect effects from target
gene knockdown or off-target silencing of other LTR10 elements
(fig. S56). Notably, we observed that multiple genes regulated by
LTR10.ATG12 showed similar patterns of transcriptional down-
regulation in response to FOSLI silencing and cobimetinib treat-
ment (Fig. 4D). These results indicate that LTR10.ATG12 acts as an
enhancer that controls AP1-dependent transcriptional activation of
multiple genes in the ATG12/AP3S1 locus in HCT116 cells.

The ATGI2 gene encodes a ubiquitin-like modifier required for
macroautophagy as well as mitochondrial homeostasis and apopto-
sis (53-56). Expression of ATG12 is associated with tumorigenesis
and therapy resistance in colorectal and gastric cancer (57, 58), but
the mechanism of cancer-specific regulation of ATGI2 has not
been characterized. Therefore, we aimed to determine whether the
LTR10.ATG12 enhancer was responsible for regulating ATGI2
expression and activity in HCT116 cells. First, we validated that
silencing the enhancer resulted in decreased ATG12 protein levels
by immunoblotting (Fig. 4E). In cells where either ATGI2 or the
enhancer was silenced, there was a clear reduction in protein levels
of both free ATG12 and the ATG3-ATG12 conjugate. There was
minimal knockdown effect on the levels of the ATG5-ATG12 conju-
gate, which has previously been observed in ATGI12 silencing ex-
periments and is due to the high stability of the ATG5-ATG12
complex (53).

We tested whether ATG12-dependent functions require the ac-
tivity of the LTR10.ATG12 enhancer. We treated each cell line with
staurosporine (STS) to trigger mitochondrial apoptosis, which is
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Normalized count

Fig. 4. Functional characterization of LTR10.ATG12in HCT116 cells. (A) Genome browser screenshot of the ATG12/AP351 locus with the LTR10.ATG12 enhancer labeled.
From top to bottom: JUND and FOSL1 ChlIP-seq (GSE32465), H3K27ac CUT&RUN (in-house), tumor/normal H3K27ac ChlIP-seq from patient AKCC52 (39), tumor ATAC-seq
from TCGA-COAD patient P022, HCT116 RNA-seq (in-house), and HCT116 PRO-seq (GSE129501). (B) Normalized RNA-seq expression values of ATG12, AP3S1,and ARLT4EPL
in dCas9-KRAB-MeCP2 HCT116 cells stably transfected with gRNAs targeting the ATG12TSS (n = 2), the LTR10.ATG12 element (n = 2), or nontargeting [green fluorescent
protein (GFP)] control (n = 2). #*P < 0.05, **P < 0.01, and ***P < 0.001, Welch's t test. Error bars denote SEM. (C) MA plot showing global gene expression changes in cells
in response to silencing LTR10.ATG12. Significantly down-regulated genes are shown in red. (D) Scatterplot of gene expression changes in the locus containing the LTR10.
ATG12 element, associated with (i) silencing LTR10.ATG12, (ii) silencing FOSLT, or (iii) cobimetinib treatment. Significantly down-regulated genes are shown in red; signifi-
cantly up-regulated genes are shown in blue. Significantly down-regulated genes located within 1.5 Mb of the targeted element are labeled (element box not drawn to
scale). (E) Immunoblot of endogenous ATG12 in each CRISPRi cell line. Different ATG12 conjugate forms are labeled. (F) Caspase-3/7 activity after 12 hours staurosporine
(STS) treatment, measured by the Caspase-Glo 3/7 assay. Treatments were performed in triplicate, and signal for each cell line was normalized to signal from DMSO treat-
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Fig. 5. Functional characterization of LTR10.XRCC4 in HCT116 cells and xenograft models. (A) Genome browser screenshot of the XRCC4 locus with the LTR10.XRCC4
enhancer labeled. From top to bottom: JUND and FOSL1 ChlIP-seq (GSE32465), H3K27ac CUT&RUN (in-house), H3K27ac ChIP-seq from patient AKCC52 (39), ATAC-seq from
TCGA-COAD patient P022, HCT116 RNA-seq (in-house), and HCT116 PRO-seq (GSE129501). (B) Scatterplot of gene expression changes at the XRCC4 locus after CRISPR
silencing of the LTR10.XRCC4 enhancer. Significantly down-regulated genes are shown in red; significantly up-regulated genes are shown in blue. Significantly down-
regulated genes located within 1.5 Mb of the targeted element are labeled. (C) Quantitative reverse transcription polymerase chain reaction expression values of XRCC4
and VCAN in wild-type HCT116 cells (n = 3) and LTR10.XRCC4 knockout cells (n = 3). *P < 0.05, Welch'’s t test. Error bars denote SEM. CTCF, CCCTC-binding factor. (D) Dose-
response curve showing cell viability in response to 0 to 10 Gy irradiation for LTR10.XRCC4 knockout and wild-type cells. *P < 0.05, paired Student'’s t test. Error bars denote
SEM. (E) Classification of responder versus nonresponder for wild-type and LTR10.XRCC4 knockout cells, based on xenograft growth curves of untreated or irradiated mice.
Three measures were calculated (700): tumor growth inhibition (TGI), modified response evaluation criteria in solid tumors (mRECIST), and area under the curve (AUC). PD,
progressive disease; SD, stable disease. (F and G) Average growth curves for wild-type (F) versus LTR10.XRCC4 knockout (G) xenograft tumors, with and without irradiation,
for 28 days. 8 Gy treatment time points (days 2, 4, 14, 16, and 18) are indicated by red triangles. *P < 0.05, **P < 0.01, and ***P < 0.001, two-sample t test assuming equal
variances. Error bars denote SEM.
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dependent on free ATG12 binding to B-cell lymphoma 2 (Bcl-2)
(54). In cells where either ATG12 or the enhancer was silenced, we
observed significantly reduced caspase 3/7 activity, indicating defec-
tive mitochondrial apoptosis (Fig. 4F). We did not detect differences
in macroautophagy in cells treated with bafilomycin (fig. S57),
consistent with the lack of knockdown of the ATG5-ATG12 conju-
gate (56). Our experimental results from silencing both ATG12 and
the enhancer are concordant with previous studies directly silencing
ATGI2 using small interfering RNAs in other cancer cell lines
(53, 54). Together, these experiments demonstrate that the LTR10.
ATG12 enhancer is functionally important for ATG12-dependent
activity in HCT116 cells.

We next focused on the LTR10.XRCC4 enhancer, which regu-
lates XRCC4 and VCAN based on our CRISPRi silencing experi-
ment (Fig. 5, A and B; figs. S58 and S59; and table S16). XRCC4 is a
DNA repair gene required for nonhomologous end joining and pro-
motes resistance to chemotherapy and radiation therapy (59-63).
VCAN is an extracellular matrix protein that promotes tumor me-
tastasis, invasion, and growth (64-66). Both VCAN and XRCC4
have been reported to be regulated by MAPK/AP1 signaling in
tumor cells (60, 67), but the specific regulatory elements driving
tumor-specific expression of these genes are unknown. We validated
the enhancer activity of this element by generating cells harboring
homozygous deletions using CRISPR (figs. S60 and S61) and con-
firmed that XRCC4 and VCAN were significantly down-regulated in
edited cells (Fig. 5C).

Previous studies have demonstrated that silencing or knocking
out XRCC4 directly causes increased sensitivity to DNA-damaging
agents such as irradiation (59, 68, 69), including in HCT116 cells
(70). To test whether the LTR10.XRCC4 enhancer regulates XRCC4
function in cancer, we subjected control and knockout cells to 10-
Gy irradiation and found that knockout cells showed reduced via-
bility following irradiation (Fig. 5D). This is consistent with a
previous study showing the role of XRCC4 in tumor cell survival
following irradiation (71). We next tested how the deletion of
LTR10.XRCC4 affects tumor response to irradiation in a mouse
xenograft model. Irradiation inhibits the growth of tumors derived
from HCT116 cells (72); therefore, we tested whether reducing
XRCC4 expression by deleting LTR10.XRCC4 affects tumor growth
inhibition by irradiation. We transplanted either control HCT116
cells or cells harboring a homozygous deletion of LTR10.XRCC4
into athymic nude mice and subjected the mice to 8-Gy irradiation
or mock irradiation. Our previous RNA-seq results showed that
CRISPR silencing or deletion of the LTR10.XRCC4 enhancer silences
both XRCC4 and VCAN (Fig. 5, B and C, and figs. S58 and S59). By
the end of the experiment, the specific growth rate of the non-
irradiated tumors were similar for both the control and the knock-
out, allowing us to use all tumors in the study.

Tumors derived from both control and knockout cells showed
growth inhibition in response to irradiation (Fig. 5, E to G; figs. S62
to S64; and table S23). However, LTR10.XRCC4 knockout tumors
showed more significant overall tumor growth inhibition by irradia-
tion (Fig. 5E), including at earlier time points (Fig. 5, F and G).
No significant toxicities were seen in animal weights. We note that
although we injected the same number of cells into mice for both
the control and knockout (2.5 million), we observed differences in
overall tumor sizes between wild-type and knockout tumors, par-
ticularly at the start of the experiment (fig. S65). This difference in
initial tumor volume may be due to the fact that the LTR10.XRCC4

Ivancevic et al., Sci. Adv. 10, eado1218 (2024) 17 July 2024

knockout also reduced expression of VCAN, a gene that is often
associated with tumor growth and establishment (73, 74). While
the difference seen in knockout tumors was modest, our results are
consistent with previous studies showing how XRCC4 knockdown
in tumor cells leads to increased sensitivity to radiation or chemo-
therapy drugs such as cisplatin (59, 60). These findings support
a role for the LTR10.XRCC4 enhancer in regulating a clinically
relevant tumor phenotype.

LTR10 elements contain highly mutable VNTRs
Last, we investigated variation at LTR10 elements across 15,708
human genomes profiled by the Genome Aggregation database
(gnomAD) (75). All LTR10 insertions are fixed, but we observed an
unexpected enrichment of >10-bp indel structural variants affect-
ing the AP1 motif region specific to LTR10A and LTRI10F, but not
other LTR10 subfamilies such as LTR10C (Fig. 6A). Further se-
quence inspection revealed that LTR10A and LTR10F elements con-
tain an internal variable number of tandem repeats (VNTR) region,
composed of a 28- to 30-bp sequence that includes the AP1 motif
(Fig. 6B and fig. S66). Individual LTR10 elements show a wide range
of regulatory potential in HCT116 cells, as approximated by peak
scores of H3K27ac CUT&RUN and FOSL1 ChIP-seq (fig. S67 and
table S24) and demonstrated by the CRISPR-validated LTR10 en-
hancers. We speculate that the number of AP1 motifs within LTR10
elements may influence their regulatory potential. LTR10 elements
annotated in the reference genome show extensive variation in
tandem repeat length, with up to 33 copies of the AP1 motif (fig. S68
and table S25). The number of motifs strongly correlates with
H3K27ac and FOSL1 binding activity in HCT116 cells (fig. S68),
suggesting that tandem repeat length affects AP1-dependent regula-
tion of individual elements. Across the human population, LTR10A
and LTRIOF elements harbor many rare and common indel struc-
tural variants of lengths that follow a 28- to 30-bp periodicity, and
this pattern is absent in LTR10C elements which lack the tandem
repeat region (Fig. 6, C and D). These elevated levels of polymor-
phism across copies and individuals are characteristic of unstable
tandem repeat regions (76) and suggest that LTR10 VNTR regions
may be a common source of genomic regulatory variation.

Accurately genotyping tandem repeat length polymorphisms
remains a major challenge using short-read data; therefore, we
validated the presence of LTR10 VNTR polymorphisms using
structural variant calls generated from long-read whole-genome se-
quences from 15 individuals (77). We recovered indel structural
variants within 24 distinct LTR10A and LTR10F elements, which
also showed 28- to 30-bp periodicity (Fig. 6D and fig. S69). We
confirmed the presence of additional LTR10 VNTR indels using a
separate long-read dataset from 25 Asian individuals (Fig. 6E and
figs. S70 to S75) (78). At the LTR10.ATG12 locus, we observed mul-
tiple indels supported by both short-read and long-read data that
are predicted to affect AP1 motif copy number (Fig. 6E and fig. S71).
At a genome-wide level, LTR10 elements were a significantly en-
riched source of long-read indels, despite being fixed in the popula-
tion (Fig. 6F). Therefore, expansions or contractions within LTR10
VNTR regions are an underappreciated source of germline genetic
variation that could underlie regulatory variation, consistent with
polymorphisms recently reported in the VNTR region of SINE-
VNTR-Alu (SVA) elements (79).

Last, we searched for evidence of tumor-specific somatic ex-
pansions within LTR10 VNTR regions. We analyzed a long-read
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Fig. 6. LTR10 repeat instability and polymorphism. (A) Heatmap of FOSL1 ChIP-seq, gnomAD indels between 10 and 300 bp in length, and AP1 motif matches (P < 1 x
107 across LTR10A, LTR10F, and LTR10C elements. Overlapping elements were removed, retaining 990 LTR10 elements total across the three subfamilies. FOSL1 ChiP-seq
was obtained from GSE32465. (B) Schematic of VNTR regions within LTR10A and LTR10F elements. (C) Scatterplot of high-confidence gnomAD indels between 10 and 300 bp
in length detected in LTR10A, LTR10F, or LTR10C subfamilies. Each indel is plotted by its length and allele frequency. (D) As in (C) but using long-read supported data.
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whole-genome sequencing dataset generated from matched colorec-
tal tumor and normal tissues from 20 patients (80), using Sniffles2
(81), to identify tumor-specific repeat expansions within LTR10
VNTR regions. After manually inspecting reads at each locus, we
found evidence for tumor-specific VNTR expansions at H3K27ac-
marked LTR10 elements in 5 of 20 patients (figs. S76 to S80 and
table S26). Three patients showed independent somatic expansions
at the same LTR10A locus on chromosome 1 located near gene
GPR137B (figs. S76, S77, and S80), suggesting that this locus is
prone to interindividual variation at both the germline (fig. S69) and
somatic levels. We also found evidence of tumor-specific mosaic
VNTR deletions in four patients (figs. S81 to S84 and table $26). Our
observation that tumors can exhibit both somatic deletions as well
as expansions likely reflects the random nature of changes that oc-
cur in tumor cells. However, all of the tumor-specific VNTR dele-
tions we identified were small variants affecting one or two AP1
motifs (figs. S81 to S84). In contrast, the predicted tumor-specific
expansions were sometimes thousands of base pairs in length, intro-
ducing hundreds of additional AP1 motifs [e.g., see structural vari-
ant (SV) lengths for patients C553, C568, and C597 in table S26].
One patient with high microsatellite instability showed evidence of
multiple tumor-specific LTR10 variants: a predicted LTR10A VNTR
expansion over 11,600 bp in length (fig. S76 and table S26), as well
as two deletions at different LTR1I0F VNTR loci (figs. S82 and S83).
While a larger cohort would be necessary to determine whether
these expansions are enriched within tumors with microsatellite in-
stability, these analyses provide evidence that LTR10 VNTRs are
subject to tumor-specific somatic expansions and contractions.
Given that AP1 motif copy number has been shown to positively
correlate with expression levels (82), we suspect that these VNTR
expansions may affect tumor-specific gene regulatory activity.

DISCUSSION

Our study demonstrates that oncogenic MAPK/AP1 signaling
drives global epigenetic and transcriptional activation of LTR10
elements in colorectal cancer and other epithelial cancers. A subset
of these elements act as enhancers that facilitate pathological AP1-
dependent transcriptional rewiring at multiple loci in cancer cells.
Collectively, our data have several key implications for understand-
ing how TEs shape cancer-specific regulatory networks.

First, our pan-cancer epigenomic analysis revealed multiple
primate-specific ERV families that are enriched within tumor-
specific accessible chromatin across all 21 solid tumor types profiled
by TCGA (27). This implicates ERV's as a pervasive source of regula-
tory elements that shape gene regulation across most tumor types,
expanding on recent studies that characterized TE-derived enhanc-
ers in prostate cancer (26) and acute myeloid leukemia (25) as well
as other genomic studies profiling tumor-specific TE-derived en-
hancer activity in different cancers (17, 18, 20, 21, 83). We focused
on LTR10 elements as a case example, which showed recurrent epig-
enomic signatures of enhancer activity in epithelial cancers includ-
ing colorectal cancer. Both bulk and scRNA-seq analysis of patient
tumors revealed that LTR10 elements display tumor-specific tran-
scriptional activation in a substantial fraction (~30%) of cases.
While our study found that LTR10 elements are normally repressed
in adult somatic tissues and largely show tumor-specific enhancer
activity, a recent study reported that some LTR10 elements also show
enhancer activity in the developing human placenta (84), consistent
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with the hypothesis that reactivation of placental-specific gene regu-
latory networks may contribute to cancer pathogenesis (85-87).

Using CRISPR to silence or knock out individual elements in
HCT116 colorectal cancer cells, we found that LTR10-derived en-
hancers causally drive AP1-dependent gene expression at multiple
loci, including genes with established roles in tumorigenesis and
therapy resistance such as ATG12, XRCC4, and VCAN (57, 59, 63-65,
88-90). While we focused on LTR10 elements predicted to regu-
late genes with established relevance to cancer, we also uncovered
many elements that did not have predicted gene regulatory or func-
tional consequences, indicating that LTR10 enhancer activity is not
intrinsically pathological. Moreover, the regulatory activity of differ-
ent LTR10-derived enhancers across the genome is likely to vary
across individual tumors depending on the genetic and epigenetic
background of the tumor and individual. Nevertheless, our findings
support a model where LTR10-derived enhancers are important
contributors to tumor-specific transcriptional dysregulation, which,
in some cases, can influence tumorigenesis and therapy resistance.

Second, our work shows that ERV-derived enhancers link onco-
genic AP1/MAPK signaling to pathological transcriptional rewiring
in colorectal cancer. Components of the MAPK pathway are fre-
quently mutated in cancers, leading to oncogenic hyperactivation of
MAPK signaling which promotes pathological gene expression and
tumor cell proliferation (44, 91). However, this process is poorly
defined at the genomic level, and the specific regulatory elements
that drive AP1-dependent transcriptional dysregulation have re-
mained uncharted. Furthermore, inhibition of MAPK signaling is a
common therapeutic strategy for many cancers (92, 93) including
colorectal cancer (94, 95), but we have an incomplete understanding
of how MAPK inhibition alters cancer epigenomes to achieve a ther-
apeutic effect. Our study shows that oncogenic AP1/MAPK signal-
ing results in activation of LTR10 enhancers, and treatment with
MAPK inhibitors effectively silences LTR10 regulatory activity in
cancer cells. Therefore, the silencing of LTR10 ERV regulatory activ-
ity is an important but underappreciated mechanism underlying
therapeutic MAPK inhibition.

Last, we discovered that LTR10 elements are frequently affected
by tandem repeat expansions that could influence their regulatory
activity. Although all LTR10 insertions are fixed in the human popu-
lation, they contain internal tandem repeats that show high levels of
length polymorphism associated with repeat instability, consistent
with a recent report of variable-length SVA elements which also
contain internal tandem repeats (79). Germline or somatic variation
in AP1 motif copy number within these elements may alter cancer-
specific enhancer landscapes, and we found evidence that LTR10
VNTRs can be subject to somatic expansions or contractions in can-
cer cells with microsatellite instability (96).

Our study has several limitations. First, all epigenomic analyses
were performed using datasets derived from bulk tumors. While we
were able to infer LTR10 activity using scRNA-seq datasets, analysis
of single-cell ATAC-seq (scATAC-seq) datasets would be critical for
identifying patient-relevant LTR10 regulatory elements and better
understanding their activity in the context of the tumor microenvi-
ronment. Second, while we observed functional consequences from
silencing or deleting LTR10 elements in HCT116 cells, these find-
ings do not necessarily indicate that the specific enhancers are func-
tionally significant in patient tumors. Further investigation using
patient-derived organoid models and immunocompetent mice
will be necessary. Third, while we found evidence of germline and
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somatic variation of AP1 motif copy number at LTR10 VNTR re-
gions, we did not experimentally demonstrate their effect on gene
regulation. There is strong evidence that tandem repeat expansions
can affect gene expression in disease (97, 98), and it is well estab-
lished that having multiple copies of a motif within a regulatory
element leads to increased regulatory activity (82, 99), which is
consistent with our observed global correlation between AP1 motif
copy number and ChIP-seq signal strength (fig. S68).

Despite these limitations, our work uncovers LTR10 elements as an
important source of MAPK/AP1-mediated transcriptional dysregula-
tion in colorectal cancer. Our study of LTR10 highlights how TEs that
are normally silenced can become reactivated in cancer and cause aber-
rant gene expression. For elements that promote pathogenesis, their
restricted activity in age-associated diseases like cancer may result in
reduced or nearly neutral fitness consequences. Therefore, the accumu-
lation of TEs subject to epigenetic silencing may be a fundamental pro-
cess that shapes cancer-specific gene regulatory networks.

MATERIALS AND METHODS

Cell culture

The HCT116 cell line was purchased from American Type Culture
Collection (ATCC) and cultured in McCoy’s 5A medium supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomy-
cin (Gibco). Cells were cultured at 37°C in 5% carbon dioxide.
Transfections were performed using FuGENE (Promega). For treat-
ments modulating MAPK signaling, HCT116 cells were untreated
or treated for 24 hours with 1 pM cobimetinib, TNFa (100 ng/ml),
or dimethyl sulfoxide (DMSO).

CRISPR-mediated silencing and knockout of LTR10s

For CRISPR-mediated silencing (e.g., CRISPRi) of select LTR10
elements and gene TSS, a HCT116 dCas9-KRAB-MeCP2 stable
line was first generated using the PiggyBac system (System Biosci-
ence). The PiggyBac donor plasmid, PB-CAGGS-dCas9-KRAB-
MeCP2, was cotransfected with the Super PiggyBac transposase
expression vector (SPBT) into HCT116 cells. The pB-CAGGS-
dCas9-KRAB-MeCP2 construct was a gift from Alejandro Chavez
and George Church (Addgene plasmid #110824). Twenty-four hours
posttransfection, cells were treated with blasticidin to select for inte-
gration of the dCas9 expression cassette, and selection was main-
tained for 10 days. CRISPR gRNAs specific to the DNA elements of
interest (i.e., 0 predicted off-target sequences) were selected using
precomputed CRISPR target guides available on the UCSC Genome
Browser hg38 assembly, and complementary oligos were synthe-
sized by Integrated DNA Technologies (IDT). Complementary
oligos were designed to generate Bst XI and Blp I overhangs for
cloning into PB-CRISPRia, a custom PiggyBac CRISPR gRNA ex-
pression plasmid based on the lentiviral construct pCRISPRia (a gift
from J. Weissman, Addgene plasmid #84832). Complementary
gRNA-containing oligos were hybridized and phosphorylated in a
single reaction and then ligated into a PB-CRISPRia expression
plasmid linearized with Bst XI and Blp I (New England Biolabs).
Chemically competent stable Escherichia coli (New England Biolabs)
was transformed with 2 pl of each ligation reaction, and resulting
colonies were selected for plasmid DNA isolation using the Zymo-
Pure Plasmid miniprep kit (Zymo Research). Each cloned gRNA
sequence—containing PB-CRISPRia plasmid was verified by Sanger
sequencing (Quintara Bio).
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To generate CRISPRI stable lines, PB-CRISPRia gRNA plasmids
were cotransfected with the PiggyBac transposase vector into the
HCT116 dCas9-KRAB-MeCP2 polyclonal stable line. The following
number of uniquely mapping gRNA plasmids was designed per
target based on the precomputed UCSC hg38 CRISPR target track:
green fluorescent protein (GFP) (1), ATG12 (1), FOSLI1 (1), JUN
(1), LTR10.ATG12 (4), LTR10.FGF2 (2), LTR10.MCPH1 (3), LTR10.
MEF2D (2), and LTR10.XRCC4 (2). The same total amount of
gRNA plasmid was used for transfections involving one or multiple
gRNAs. Twenty-four hours posttransfection, cells were treated
with puromycin to select for integration of the sgRNA expression
cassette(s). Selection was maintained for 5 days before transcrip-
tional analyses.

For CRISPR-mediated knockout of LTR10.KDM6A, two gRNAs
(one specific to each flank of the element) were identified and syn-
thesized as sgRNAs by IDT. For CRISPR-mediated knockout of
LTR10.XRCC4, four gRNAs (two specific to each flank of the ele-
ment) were identified and synthesized as sgRNAs by IDT. Using
IDT’s AltR technology, RNP complexes were generated in vitro and
electroporated into HCT116 cells using the Neon system (Thermo
Fisher Scientific). Clonal lines were isolated using the array dilution
method in a 96-well plate format, and single clones were identified
and screened for homozygous deletions by polymerase chain reac-
tion (PCR) using both flanking and internal primer pairs at the ex-
pected deletion site. gRNAs and PCR primers for each candidate are
provided in table S27.

Cell autophagy and apoptosis assays

For assaying mitochondrial apoptosis, HCT116 CRISPRi cell lines
were treated for 12 hours with STS at 0.5 pM or DMSO (vehicle)
followed by measurement of caspase activity via the Caspase-Glo
3/7 assay (Promega). Results are representative of at least three inde-
pendent experiments. For assaying autophagy, HCT116 CRISPRi
cell lines were untreated or treated with bafilomycin A at 10 or 100 nM
for 6 and 18 hours, followed by tubule-associated protein 1 light
chain 3 beta (LC3B) Western blotting. Results are representative of
at least three independent experiments.

Western blots

For ATG12 Western blots, cell lysates were prepared with mamma-
lian protein extraction reagent (MPER) buffer (Thermo Fisher Sci-
entific). For LC3B Western blots, cell lysates were prepared with
radioimmunoprecipitation assay buffer. All cell lysates were resus-
pended in 4X NuPAGE LDS Sample buffer containing a reducing
agent (Thermo Fisher Scientific). For ATG12 Western blots, total
protein was concentrated and size-selected by passing through an
Amicon Ultra 10K column (Millipore), retaining the high-molecular
weight fraction, and 40 pg of protein was loaded per lane. For
LC3B Western blots, 2 pg of total protein was loaded per lane. Anti-
bodies used were as follows: ATG12 (catalog no. 4180T, Cell Signal-
ing Technologies), B-actin (catalog no. 3700T, Cell Signaling
Technologies), and LC3B (catalog no. NB100-2220, Novus Bio-
logicals). Results are representative of at least three independent
experiments.

Luciferase assay

Reporter assays were conducted in HCT116 cells using the secreted
NanoLuc enhancer activity reporter pNL3.3 (Promega) and nor-
malized against a constitutively active firefly luciferase reporter
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vector, pGL4.50 (Promega). LTR10 consensus sequences for sub-
families LTR10A and LTR10F were downloaded from Dfam (v2.0).
AP1 motifs within LTR10A and LTR10F were shuffled as follows:
LTRIO0A (first two motifs): cctgagtcacc to cagcccegtta; LTR10A
(third motif): cttagtcacc to cagtttaccc; LTR10F (all three motifs):
cctgactcatt to cgtatccttac. Sequences are provided in table S27. Be-
cause of their high repeat content, consensus sequences were syn-
thesized as multiple fragments (IDT, Twist BioScience) and then
assembled into pNL3.3 enhancer reporter plasmids using Gibson
Assembly (New England Biolabs). Each cloned reporter plasmid
was verified by Sanger sequencing (Quintara Bio). To assay reporter
activity, HCT116 cells were transfected with a reporter construct as
well as the pGL4.50 construct constitutively expressing firefly lucif-
erase. Twenty-four hours after transfection, media was replaced
with media containing 1 pM cobimetinib, TNFa (100 ng/ml), or
DMSO (vehicle). Twenty-four hours following treatment, lumines-
cence was measured using the NanoGlo Dual Luciferase Reporter
Assay System (Promega). All experiments were performed with
three treatment replicates per condition in a 96-well plate format.
Luminescence readings were first normalized to firefly cotransfec-
tion controls and then presented as fold change against cells trans-
fected with an empty minimal promoter pNL3.3 vector as a negative
control. Results are representative of at least three independent ex-
periments. Barplots are presented as mean + SD.

Irradiation experiment

HCT116 control or knockout cells were irradiated using a Faxitron
irradiator (model RX-650) at 0, 2, 6, or 10 Gy and then left to re-
cover for up to 5 days. Cell viability was measured by CellTiter-Glo
luminescence assay (Promega). Two replicates (each based on the
average of three CellTiter-Glo readings) were normalized to unir-
radiated (0 Gy) as a control.

Mouse xenograft experiment

All experiments were approved by the Institutional Animal Care
and Use Committee of the University of Colorado Anschutz Medi-
cal Campus and conducted in accordance with the National Insti-
tutes of Health Guidelines for the Care and Use of Laboratory
Animals. Female athymic nude mice (aged 15 to 16 weeks at the
start of the study) were purchased from Envigo (Indianapolis, IN)
and implanted subcutaneously on the hind flanks with 2.5 million
cells in 100 pl of either HCT116 wild-type or LTR10.XRCC4 CRISPR
knockout cells under isoflurane anesthesia with a 23-gauge, %-inch
needle. The cell solution injected consisted of 1:1 ratio of RPMI
media and cultrex (Cultrex Basement Membrane Extract, PathClear,
type 3 from Bio-Techne). We injected wild-type or knockout cells
into 40 mice (20 each, one side per mouse), then mice were ran-
domized into treatment groups (20 irradiated, 20 mock), and treat-
ments were initiated when the average tumor volume reached
between 50 and 100 mm°. Tumor volume was calculated by [(width?)
x length] X 0.52. Eight days after injection, wild-type tumors had an
average tumor volume of 97.88 mm? (all 20 tumors combined), and
LTR10.XRCC4 knockout tumors had an average tumor volume of
56.99 mm° (all 19 tumors combined; one mouse had to be eutha-
nized). These were then split into four groups: wild-type non-
irradiated (average tumor volume, 97.6 mm®), wild-type irradiated
(98.1 mm?), knockout non-irradiated (56.1 mm?), and knockout
irradiated (57.7 mm?). To reduce variables, all groups were started
on irradiation on the same day. Each following irradiation treatment
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was also performed on the same day for wild-type and knockout
groups. Irradiation treatment consisted of 8 Gy X 3 fractions on days
2, 4, 14, 16, and 18. Tumor measurements were taken twice weekly
using digital calipers, toxicity was monitored by measuring body
weight twice weekly, and the study ended at 28 days. Tumor growth
inhibition was measured using KuLGaP (100).

Trametinib-treated xenograft experiment

HCT116 CDXs were used to compare trametinib treatment to ve-
hicle controls. CDX samples were established from HCT116 cells
that were engrafted into two immunodeficient mice. Trametinib was
purchased from Selleck Chemicals (Houston, TX). Trametinib was
dissolved in 10% Cremophor ethoxylated castor oil (EL) + 5% PEG-400
(polyethylene glycol, molecular weight 400) in water. The drug was
dosed at 0.125 mg/kg by oral gavage daily for 21 days. Two repli-
cates, labeled “OL trametinib” and “OR trametinib,” refer to CDXs
from mouse number 0, treated with trametinib, with “L” and “R”
indicating the left and right flank engraftment sites. Two more rep-
licates, labeled “95L vehicle” and “95R vehicle,” denote the control
CDXs from mouse number 95, treated with a vehicle, corresponding
to the left and right flanks.

RNA sequencing

Sequencing libraries were prepared from RNA harvested from treat-
ment or transfection replicates. Total RNA was extracted using the
Quick-RNA Miniprep Plus Kit (Zymo Research). PolyA enrichment
and library preparation were performed using the KAPA BioSys-
tems mRNA HyperPrep Kit according to the manufacturer’s proto-
cols. Briefly, 500 ng of RNA was used as input, and KAPA BioSystems
single-index or unique dual-index adapters were added at a final
concentration of 7 nM. Purified, adapter-ligated library was ampli-
fied for a total of 11 cycles following the manufacturer’s proto-
col. The final libraries were pooled and sequenced on an Illumina
NovaSeq 6000 (University of Colorado Genomics Core) as 150-bp
paired-end reads.

CUT&RUN

Libraries were prepared from treatment replicates. Approximately 5 X
10° viable cells were used for each CUT&RUN reaction, and pull-
downs were generated following the protocol from (101). All buffers
were prepared according to the “high-Ca®*/low-salt” method using
digitonin at a final concentration of 0.05%. The following antibodies
were used at the noted dilutions: rabbit anti-mouse immuno-
globulin G (1:100) and rabbit anti-H3K27ac (1:100). Protein A-
micrococcal nuclease (pA-MNase; gift from S. Henikoff) was added
to each sample following primary antibody incubation at a final
concentration of 700 ng/ml. Chromatin digestion, release, and ex-
traction were carried out according to the standard protocol. Se-
quencing libraries were generated using the KAPA BioSystems
HyperPrep Kit according to the manufacturer’s protocol with the
following modifications: Freshly diluted KAPA BioSystems single-
index adapters were added to each library at a final concentration
of 9 nM. Adapter-ligated libraries underwent a double-sided
0.8%/1.0x cleanup using KAPA BioSystems Pure Beads. Purified,
adapter-ligated libraries were amplified using the following PCR
cycling conditions: 45 s at 98°C, 14X (15 s at 98°C, 10 s at 60°C),
60 s at 72°C. Amplified libraries underwent two 1X cleanups using
Pure Beads. The final libraries were quantified using Qubit dsDNA
High Sensitivity and TapeStation 4200 HSD5000. Libraries were
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pooled and sequenced on an Illumina NovaSeq 6000 (University of
Colorado Genomics Core) as 150-bp paired-end reads.

Processing of sequencing data

Reads obtained from our own datasets and from published studies
were reprocessed using a uniform analysis pipeline. FASTQ reads
were evaluated using FastQC (v0.11.8) and MultiQC (v1.7) and
then trimmed using BBDuk/BBMap (v38.05). For ATAC-seq, ChIP-
seq, and CUT&RUN datasets, reads were aligned to the hg38 hu-
man genome using the Burrows-Wheeler Aligner (BWA) (v0.7.15)
and filtered for uniquely mapping reads [mapping quality (MAPQ) > 10]
with samtools (v1.10). ChIP-seq and ATAC-seq peak calls and nor-
malized signal coverage bigwig plots were generated using MACS2
(v2.1.1) (with setting --SPMR). CUT&RUN peak calls were gener-
ated using MACS2 in paired-end mode using a relaxed P value
threshold without background normalization (--format BAMPE
--pvalue 0.01 --SPMR -B --call-summits). MACS2 was also run in
single-end mode with additional parameters --shift -75 and --extsize
150, and Bedtools (v2.28.0) was used to merge peaks across the two
modes of peak calling for each sample (bedtools merge with options
-¢ 5 -0 max).

RNA-seq and precision run-on sequencing (PRO-seq) reads
were aligned to hg38 using hisat2 (v2.1.0) with option --no-softclip
and filtered for uniquely mapping reads with samtools for MAPQ > 10.
Bigwig tracks were generated using the bamCoverage function of
deepTools (v3.0.1), with counts per million (CPM) normalization
(ignoring chrX and chrM) and a bin size of 1 bp. Some datasets from
TCGA, Encyclopedia of DNA Elements (ENCODE), Cistrome
database, and the The Canadian Centre for Epigenome Mapping
Technologies (CEMT) Epigenomes Project were downloaded as
postprocessed peaks and bigwig files.

TE colocalization analysis

To determine TE subfamily enrichment within regulatory regions,
we used GIGGLE (v0.6.3) (102) to generate a genomic interval
index of all TE subfamilies in the hg38 human genome, based on
Dfam v2.0 repeat annotation (n = 1315 TE subfamilies). Regulatory
regions (e.g., ATAC, ChIP-seq, or CUT&RUN peaks) were queried
against the TE interval index using the GIGGLE search function
(-g 3209286105 -s). Results were ranked by GIGGLE enrichment score,
which is a composite of the product of —log;o(P value) and log,(odds
ratio). Enriched TE subfamilies were defined as those with at least
25 overlaps between TE copies and a set of peak regions, odds ratio
of more than 10, and a GIGGLE score of more than 100 in at least
one cancer type.

Defining cancer-specific regulatory elements

To define cancer-specific regulatory elements, we first obtained
aggregate ATAC-seq regions associated with each tumor type pro-
filed by TCGA (103), which represent a union of recurrent ATAC-
seq regions associated with each tumor type. Next, we identified
regulatory regions in healthy adult tissues based on chromHMM
regulatory regions defined by the Roadmap project. We used
healthy adult tissues from categories 1_TssA, 6_EnhG and 7_Enh.
We did not include fetal tissues (e.g., placental tissues, embry-
onic stem cells, and trophoblast stem cells) in our set of Roadmap
healthy regulatory regions, due to the high levels of basal ERV
regulatory activity in these tissues. Last, cancer-specific regula-
tory regions were defined using the subtract function of bedtools
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(option -A) to subtract Roadmap “healthy adult” regulatory re-
gions from each cancer peak set.

Transcription factor motif analyses

Motif analysis of LTR10 elements was performed using the MEME
suite (v5.1.0) in differential enrichment mode (104). Entire LTR10
sequences were used for the motif analysis. HCT116 CUT&RUN
H3K27ac-marked LTR10A/F sequences (n = 144) were used as in-
put against a background set of unmarked LTRI0A/F sequences
(n =561), with default settings other than the number of motif rep-
etitions (any) and the number of motifs to find (n = 5). Each discov-
ered motif was searched for similarity to known motifs using the
JASPAR 2018 nonredundant DNA database with TomTom (v5.1.0).
FIMO (v5.1.0) was then used to extract motif frequency and hg38
genomic coordinates, with P value threshold set to 1 x 107*,

Motif analysis of cancer-specific ATAC-seq peaks from 21
TCGA cancer types was likewise performed using the MEME suite
(v5.1.0) (104). Cancer-specific peaks for each cancer were defined
by subtracting away Roadmap regulatory regions from each cancer
peak set, as described in the previous section. The number of
cancer-specific peaks for each tumor type was as follows: adreno-
cortical carcinoma (ACC; n = 8123), bladder urothelial carcinoma
(BLCA; n=13,737), breast invasive carcinoma (BRCA; n = 30,494),
cervical squamous cell carcinoma and endocervical adenocarcino-
ma (CESGC; n = 2449), cholangiocarcinoma (CHOL; n = 3012), co-
lon adenocarcinoma (COAD; n = 9370), esophageal carcinoma
(ESCA; n = 12,538), glioblastoma multiforme (GBM; n = 4114),
head and neck squamous cell carcinoma (HNSC; n = 9441), kidney
renal clear cell carcinoma (KIRC; n = 4807), kidney renal papillary
cell carcinoma (KIRP; n = 12,315), brain lower grade glioma (LGG;
n = 3673), liver hepatocellular carcinoma (LIHC; n = 8469), lung
adenocarcinoma (LUAD; n = 16,862), lung squamous cell carcino-
ma (LUSC; n = 15,143), mesothelioma (MESO; n = 5275), pheo-
chromocytoma and paraganglioma (PCPG; n = 7891), prostate
adenocarcinoma (PRAD; n = 12,130), skin cutaneous melanoma
(SKCM; n=13,710), stomach adenocarcinoma (STAD; n = 11,222),
and thyroid carcinoma (THCA; n = 9991). Bedtools (v2.28.0)
getfasta was used to convert the BED format peak files to FASTA
format, and all nucleotides were converted to uppercase letters.
MEME-ChIP (v5.1.0) was then run on each cancer-specific FASTA
file, with settings -ccut 100 (maximum size of a sequence before it
is cut down to a centered section), -order 1 (to set the order of the
Markov background model that is generated from the sequences),
-meme-mod anr (to allow any number of motif repetitions),
-meme-minw 6 (minimum motif width), -meme-maxw 20 (maxi-
mum motif width), -meme-nmotifs 10 (maximum number of
motifs to find), and the JASPAR 2018 nonredundant motif data-
base. The output from CentriMo was used to obtain the AP1 motif P
value for each cancer type (i.e., adjusted P value for motif ID
MAO0477.1 and alt ID FOSL1).

Differential analysis using DESeq2

For RNA-seq samples, gene count tables were generated using featu-
reCounts from the subread (v1.6.2) package with the GENCODE
v34 annotation gtf to estimate counts at the gene level, over each
exon (including -p to count fragments instead of reads for paired-
end reads, -O to assign reads to their overlapping meta-features, -s 2
to specify reverse strandedness, -t exon to specify the feature type,
and -g gene_id to specify the attribute type).
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To quantify TE expression at the subfamily level, RNA-seq sam-
ples were first realigned to hg38 using hisat2 with -k 100 to allow
multimapping reads and --no-softclip to disable soft clipping of
reads. TEtranscripts (v2.1.4) was then used in multimapping mode
with the GENCODE v34 annotation gtf and hg38 GENCODE TE
gtf to assign count values to both genes and TE elements.

For H3K27ac CUT&RUN samples, bedtools multicov was used
to generate a count table of the number of aligned reads that overlap
MACS2-defined peak regions. The top 20,000 peaks were extracted
from each sample and merged (using bedtools merge with -d 100) to
produce the peak file used as input to bedtools multicov.

All count tables were processed with DESeq2 (v1.32.0). Normal-
ized count values were calculated using the default DESeq2 trans-
formation. R packages ggplot2 (v3.3.2), ggrepel (v0.8.2), and apeglm
(v1.8.0) were used to visualize differentially expressed genes and
TEs. The same DESeq2 analyses were used to identify differentially
enriched peak regions between H3K27ac CUT&RUN samples (e.g.,
in response to MAPK treatment). Significantly differentially en-
riched regions were queried against the GIGGLE index of human
repeats to identify overrepresented TE subfamilies.

Reanalysis of patient-derived bulk RNA-seq tumor/normal
colon datasets

BAM files of matched tumor/normal RNA-seq datasets from 38
deidentified patients with colon adenocarcinomas were download-
ed from TCGA-COAD using the Genomic Data Commons (GDC)
Data Transfer Client with a restricted access token. Each patient had
one normal colon sample and one colorectal tumor sample. Gene
and TE counts were assigned using TEtranscripts (v2.1.4) in multi-
mapping mode, as above, with the GENCODE v34 annotation gtf
and hg38 GENCODE TE gtf. Count tables were processed using
DESeq2 (v1.32.0), and normalized count values were calculated us-
ing the multifactor DESeq2 design of ~patient ID + condition,
where condition was either primary tumor or solid normal tissue.
Potential outliers were identified using principal components analy-
sis based on gene counts (e.g., see fig. S13), but all samples were re-
tained for downstream analysis. R packages ggplot2 (v3.3.2), ggrepel
(v0.8.2), and apeglm (v1.8.0) were used to visualize differentially
expressed genes and TEs.

Similarly, to perform correlative studies between LTR10 activity
and tumor mutations or patient survival rates, RNA-seq BAM
files from 358 patient-derived tumor samples were obtained from
TCGA-COAD controlled access data. The steps above were repeated
for each tumor sample to quantify transcription of LTR10 subfami-
lies. KRAS mutation status and survival status for each patient were
derived from the TCGA-COAD patient metadata.

Kaplan-Meier survival curves and Cox proportional hazards
regression analyses were conducted using normalized expression
counts for genes and TEs, along with all available clinical metadata
for each tumor. Multiple testing corrections were implemented
using both the Bonferroni and Benjamini-Hochberg methods to
control for false discovery rates. Multivariate Cox regression models
(detailed in table S10) were developed to integrate clinical variables
such as patient age, tumor stage, KRAS mutation status, and endog-
enous LTR10 expression with gene set scores. Gene set scores were
derived from average expression or gene set variation analysis of
FOSL1-regulated genes (n = 456; table S12), MAPK-regulated
genes (n = 620; table S13), and LTRI10 target genes (n = 120;
table S14).
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Pan-cancer survival analysis of LTR10-associated genes

The prognostic potential of LTR10-associated genes was further eval-
uated across a broader dataset using the GEPIA platform (43). This
analysis included 7288 tumors from 21 epithelial cancers identified
by TCGA tumor abbreviations [ACC, BLCA, BRCA, CESC, CHOL,
COAD, ESCA, HNSC, KIRC, KIRP, LIHC, LUAD, LUSC, ovarian
serous cystadenocarcinoma (OV), pancreatic adenocarcinoma
(PAAD), PRAD, rectum adenocarcinoma (READ), STAD, THCA,
uterine corpus endometrial carcinoma (UCEC), and uterine carcino-
sarcoma (UCS)]. For each gene of interest, patients were stratified
into high- and low-expression groups based on the upper and lower
quartiles of gene expression. The survival rates of these groups were
then compared to assess the prognostic significance of these genes.

Reanalysis of patient-derived scRNA-seq tumor/normal
colon datasets

scRNA-seq datasets of matched tumor/normal colon from 36 dei-
dentified patients with colon adenocarcinomas from (40) were
downloaded using dbGaP controlled access (phs002407.v1.p1). Only
patients with both tumor and adjacent normal tissue were analyzed
(n = 36). Raw FASTQ files for each sample were renamed according
to the required Cell Ranger format and then processed with Cell
Ranger (v7.0.0) count function using default parameters and the Cell
Ranger transcriptome for the human reference genome (refdata-gex-
GRCh38-2020-A). The resulting BAM files were filtered to remove
lines without cell barcodes using samtools (v1.10). scTE (v1.0) was
used to remap reads to both genes and TEs, using the provided hg38
index and default parameters except for -p 8 (number of threads to
use), --hdf5 True (to save the output as a .h5ad formatted file), and
-CB CB -UMI UB [to specify that the BAM file was generated by Cell
Ranger, with cell barcodes and unique molecular identifier (UMI)
integrated into the read “CB:Z” or “UB:Z” tag].

Output h5ad files were processed using Scanpy (v1.9.1) in a cus-
tomized scRNA-seq workflow. Each patient was processed separately.
Cell barcodes were excluded if they satisfied any of the following
criteria: (i) fewer than 1200 reads, (ii) fewer than 750 genes, and
(iii) more than 25% of UMIs mapping to the mitochondrial genome.
Genes and TEs were excluded if their expression level was deemed
“undetectable,” i.e., at least two cells had to contain at least five
reads from the gene/TE. Tumor and normal samples from the same
patient were merged after filtering and quality control, retaining the
tissue of origin (T versus N) information.

For each patient, the filtered and merged data were normalized
to 10,000 reads per cell, log-transformed, and then clustered. Di-
mensionality reduction was performed using principal components
analysis (log = True, n_pcs = 40), t-distributed stochastic neighbor
embedding (tSNE; perplexity = 30, learning_rate = 1000, random_
state = 0, n_pcs = 40), and uniform manifold approximation and
projection (UMAP; n_neighbors = 30, n_pcs = 40, min_dist = 0.8,
spread = 1, random_state = 0, maxiter = 100). Leiden clustering
(resolution = 0.75) was used to assign cells to clusters, and cell clus-
ters with less than 20 cells were excluded from final UMAP visual-
izations. Cell types were annotated using the PanglaoDB database
(105) of gene expression markers, with manual verification.

Identification of potential LTR10 promoters

LTRI10A/F element coordinates in the hg38 genome were searched
against the GeneHancer Regulatory Elements and Gene Interactions
database (106) using the UCSC Table Browser (107). GeneHancer
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regulatory elements that overlapped an LTR10 element were filtered
for element type “Promoter/Enhancer” or “Promoter” Each predict-
ed promoter was matched to its corresponding gene by filtering for
the highest element-gene association score. LTR10-derived promot-
er candidates were then manually checked for promoter-like epig-
enomic signatures using the UCSC genome browser. Promoter
candidates were categorized on the basis of their orientation with
respect to the associated gene (i.e., sense versus antisense) and
ranked from highest to lowest GeneHancer element-gene associa-
tion score (table S3).

Identification of LTR10 enhancer gene targets

LTR10 elements were initially prioritized for CRISPR silencing
or deletion based on enhancer predictions from the activity-by-
contact (ABC) model (51). Publicly available HCT116 ATAC-
seq (GEO accession GSM3593802) and in-house HCT116
H3K27ac CUT&RUN were used as input to the ABC pipeline, as
well as the provided averaged human cell line HiC file. Predicted
enhancer regions with an ABC interaction score of more than
0.001 were intersected with H3K27ac-marked LTR10A/F ele-
ments. Putative LTR10 enhancers were then checked for prox-
imity (e.g., within 1.5 Mb) to FOSL1-regulated genes (i.e., genes
that were significantly down-regulated by FOSLI knockdown)
or MAPK-regulated genes (i.e., genes that were significantly af-
fected by MAPK treatments cobimetinib and TNFa, based on
in-house RNA-seq).

sgRNA prediction for targeting all LTR10 copies in

the genome

To determine whether LTR10 elements could be broadly targeted,
we used a combination of CRISPR-TE (108) and CRISPOR 5.01
(109) to design six sgRNAs for targeting LTR10A/F elements. For
CRISPR-TE, we selected “targeting TE subfamily” as the design
strategy, “LTR10A” or “LTRI0F” as the targeting TE subfamily, and
“GRCh38/hg38” as the genome assembly. For CRISPOR, we first re-
trieved the LTR10A and LTRI10F consensus sequences from the
Dfam database (v2.0) and then submitted these to CRISPOR with
the option “20 bp-NGG-SpCas9.” sgRNA target sites were predicted
using CRISPR-TE and verified using Cas-OFFinder allowing a max-
imum of three mismatches. The top six sgRNAs were picked on the
basis of the following criteria: (i) sgRNAs predicted to target the
largest number of LTRI0A/F copies, (ii) sgRNAs with no off-
targeting to other TE families and minimal off-targeting to other
genomic regions, (iii) sgRNAs with high on-target scores (primarily
the Doench’16 score and the Moreno-Mateos score from CRISPOR),
and (iv) sgRNAs targeting LTR10A/F copies predicted to be enhanc-
er/promoter elements. The final six sgRNA sequences and all sgRNA
target sites are available in table S21.

Evolutionary analysis of LTR10 sequences

Genomic coordinates of LTR10 elements in the hg38 human ge-
nome were obtained from Dfam (v2.0), based on RepeatMasker
(v4.0.6) repeat annotation. The nucleotide sequence of each LTR10
element was extracted using the getfasta function from bedtools
(using -name+ to include coordinates in the header and -s for strand
specificity). VSEARCH (v2.14.1) was used to set a minimum length
threshold of 200 bp for LTR10 sequences (-sortbylength -minseqlength
200), before alignment. MUSCLE (v3.8.1551) was used to align the
remaining sequences. Jalview (v2.11.1.4) was used to perform a
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principal components analysis on pairwise similarity scores derived
from the multiple sequence alignment.

To confirm that LTR10 elements can be uniquely mapped, all
individual LTR10A/F sequences were clustered at 99% identity
(-qmask none -id 0.99) with VSEARCH (v2.14.1). No clusters
contained more than one sequence, indicating that no identical
LTRI10A/F copies exist within the human genome.

LTR10 consensus sequences representing each LTR10 subfamily
(A to G) were downloaded from Dfam (v2.0). Sequences were con-
catenated into one FASTA file and aligned using MUSCLE. FastTree
was used to infer a maximum likelihood phylogeny representing the
LTR10 subfamily relationships.

The phylogeny of known primate relationships was obtained
from TimeTree (110), and the HERV-I insertion estimate was con-
firmed on the basis of the presence or absence of LTR10 sequences
across mammals, using BLAST (v2.7.14) (111).

VNTR identification

gnomAD (v3.1) variant call format (VCF) files for each hg38 chro-
mosome were filtered for high-confidence indels (FILTER = PASS)
using the query function of bcftools (v1.8) with format parameter -
f'%CHROM\t%POSO\t%END\t%ID\t%REF\t% ALT\t%AF\
t%TYPEUFILTER = %FILTER\n'. The remaining indels were then
subset by size to retain insertions or deletions between 10 and 300 bp
in length. Chromosome VCFs were concatenated into one whole-
genome BED file. Bedtools (v2.28.0) was used to intersect the indel
BED file with LTR10 elements from each subfamily, based on Dfam
(v2.0) repeat annotation.

Indels from additional short- and long-read datasets were like-
wise filtered by variant type (INS or DEL) and indel length (10 to
300 bp for short reads; 50 to 300 bp for long reads, since the mini-
mum length reported by long-read SV callers is 50 bp). Filtered
VCFs were then intersected with LTR10 elements using bedtools
(v2.28.0). Deletion length versus allele frequency was plotted for
each subfamily, for each separate dataset. VNTR regions within
LTR10 elements were also intersected with GTEx v8 fine-mapped
CAVIAR and DAP-G cis-eQTL files (112), again using bedtools
(v2.28.0).

To identify tumor-specific VNTR expansions or contractions, we
downloaded a long-read whole-genome nanopore sequencing data-
set generated from matched tumor/normal tissues from 20 patients
with advanced colorectal adenocarcionomas (80). For each sample,
we used minimap2 (113) (v2.22-r1101) to align reads to the hg38
reference genome, with parameters -a to generate output in SAM
format, -x map-ont to specify nanopore input reads, -t 4 to set the
number of threads to 4, and -Y to use soft clipping for supplemen-
tary alignments. We then used samtools (v1.10) to generate sorted
BAM files, with commands samtools view -bS to convert from SAM
to BAM format, samtools sort (default parameters) to sort reads by
coordinate, and samtools index (default parameters) to generate a
BAM index file for each BAM. We then used Sniffles2 (v2.0.7) (81)
to identify tumor-specific SVs within LTR10 VNTR regions. For
each tumor/normal pair, we called SVs using both the default pa-
rameters (optimized for germline variants) and then again using the
--non-germline parameter for the tumor sample only (optimized for
detecting low frequency or mosaic variants). The reference genome
was set to hg38, and --tandem-repeats were annotated using the
Sniftles-provided human_GRCh38_no_alt_analysis_set.trf.bed file.
Sniffles was run with the -snf option to save candidate SVs to the
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SNF binary file, per sample. For each patient, tumor and normal
SNF files were then merged using the Sniffles population verge with
--vcf to specify VCF output format. All VCF output files were inter-
sected with LTR10 VNTR regions using bedtools (v2.28.0). For each
patient, tumor-specific variants were extracted using the SUPP_
VEC tag in the INFO field of the output VCFs (i.e., by extracting all
variants with SUPP_VEC = 01, which signifies the absence in the
normal sample and the presence in the tumor sample). Last, for each
called insertion or deletion, we manually inspected aligned reads
using the UCSC genome browser to confirm differences between
the tumor and normal samples.

Statistical analysis
All statistical analyses were performed using R (v3.6.0) and are de-
tailed above.

Supplementary Materials
This PDF file includes:

Figs.S1to S84

Legends for tables S1 to S27

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S27
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