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There is tremendous excitement for the potential of epigenetic therapies in cancer, but the

ability to predict and monitor response to these drugs remains elusive. This is in part due to the
inability to differentiate the direct cytotoxic and the immunomodulatory effects of these drugs.
The DNA-hypomethylating agent 5-azacitidine (AZA) has shown these distinct effects in colon
cancer and appears to be linked to the derepression of repeat RNAs. LINE and HERV are two of
the largest classes of repeats in the genome, and despite many commonalities, we found that
there is heterogeneity in behavior among repeat subtypes. Specifically, the LINE-1 and HERV-H
subtypes detected by RNA sequencing and RNA in situ hybridization in colon cancers had distinct
expression patterns, which suggested that these repeats are correlated to transcriptional programs
marking different biological states. We found that low LINE-1 expression correlates with global
DNA hypermethylation, wild-type TP53 status, and responsiveness to AZA. HERV-H repeats were
not concordant with LINE-1 expression but were found to be linked with differences in FOXP3*
Treg tumor infiltrates. Together, distinct repeat RNA expression patterns define new molecular
classifications of colon cancer and provide biomarkers that better distinguish cytotoxic from
immunomodulatory effects by epigenetic drugs.

Introduction

Although the general landscape of genetic and epigenetic features of colorectal cancer (CRC) initiation and
progression have been well characterized (1, 2), there is inherent heterogeneity of these events that affect the
behavior of individual tumor cells. Global DNA hypomethylation has been known to be a common feature
across cancers associated with significant differences in cancer cell behavior (3). The long interspersed element,
type 1 (LINE-1) is estimated to constitute 16%—20% of the human genome, which has led to the use of LINE-1
methylation status as a surrogate marker of global DNA methylation (4-6). The epigenetic drug 5-azacitidine
(AZA) induces global DNA hypomethylation and is approved as a cytotoxic therapy in hematologic malignan-
cies. However, response rates in solid tumors are limited, which may be due to the dose-limiting toxicities of
AZA at effective concentrations for solid tumors (7) but could also be due to the lack of biomarkers to identify
tumors that would be sensitive to epigenetic agents. Recently, two groups have shown that sustained low doses
of AZA induced expression of human endogenous retroviruses (HERV), another major class of repetitive
elements, which triggered the innate immune response (8, 9). This increased innate immune response led to
suppression of cancer-initiating cell function (8) as well as induced susceptibility of a melanoma mouse model
to immune checkpoint blockade (9). These data indicate that repeat expression in cancer can be used as a mark-
er of global methylation status, and the presence of repeat expression may modulate the local immune tumor
microenvironment. To define the landscape of repeat RNA expression in CRC, we have used a combination
of RNA sequencing (RNA-seq) and RNA in situ hybridization (RNA-ISH) in cell line models and human pri-
mary tumors. We have found the high expression of LINE-1 and HERV-H repeats in CRC and that the pattern
of their expression was distinct and associated with different histopathological, genetic, and clinical features.
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Results

Repeat RNA expression is linked with global DNA methylation status. Given the high abundance of LINE-1
repeat sequences in the genome, we hypothesized that the expression of LINE-1 would be an accurate
proxy of global DNA methylation (Figure 1A). To establish a baseline reference for DNA methylation
status, HCT116, HCTS, and DLD1 cell lines were subjected to whole-genome bisulfite methyl sequencing.
LINE-1 and HERV CpGs were highly correlated with each other (R = 0.96, P < 0.0001) and both had con-
cordant increases in CpG methylation, which was highest in HCT116 cells, followed by HCT8 and then
DLDI1 cells (Figure 1B and Supplemental Table 1; supplemental material available online with this article;
https://doi.org10.1172/jci.insight.91078 DS1). Treatment of these cell lines with AZA resulted in consis-
tent and parallel CpG demethylation across all LINE-1 and HERV repeats (Figure 1B) as well as across
the genome (Supplemental Figure 1). Given these features, we hypothesized that global LINE-1 RNA
expression could be used as a surrogate marker of global DNA methylation. Application of RNA-ISH to a
LINE-1-hypermethylated (HCT116) cell line and a LINE-1-hypomethylated (DLD1) cell line demonstrat-
ed an inverse relationship of LINE-1 RNA expression with methylation levels as predicted (Figure 1C and
Supplemental Figure 2). We then analyzed 354 The Cancer Genome Atlas (TCGA) primary colon cancer
tumors with matched CpG methylation and mRNA-seq data and found a concordant inverse correlation
of median global CpG methylation with LINE-1 RNA expression (Figure 1D and Supplemental Figure 3;
R =-0.225; P = 1.9 x 107). Altogether, LINE-1 RNA expression is linked with global methylation status
and tracks with AZA-mediated demethylation in colon cancers.

HERY repeat subclasses have different coexpression patterns with LINE-1. Global LINE-1 and HERV repeat
CpG methylation status was highly concordant in these cell lines, but we hypothesized that there may be
meaningful differences in behavior among HERV subtypes. Indeed, analysis of the major HERV subtypes
revealed that HERV-K CpG methylation was highly correlated to LINE-1 (R = 0.97), while HERV-H was
less correlated (R = 0.86). To evaluate this relationship at the RNA level, we analyzed mRNA-seq data
from 364 TCGA primary colon cancer tumors for HERV and LINE-1 expression. Consistent with cell line
methylation data, there was a highly significant positive correlation of HERV-K and LINE-1 expression
(Figure 1E; R = 0.41; P = 7.2 x 107'%), which was not seen between HERV-H and LINE-1 (Figure 1F;
R =10.077; P=0.14). Notably, the HERV-K and HERV-H correlation was not as significant as the HERV-K
and LINE-1 correlation, indicating that the expression of these HERV repeats is quite distinct (Supple-
mental Figure 4). Unsupervised clustering analysis of all HERV and LINE-1 subtypes demonstrated that,
although a bulk of these repeats behaved similarly across samples, there were some repeats, like HERV-H,
that did not follow the same pattern as the other HERV and LINE repeats across these TCGA colon can-
cer samples (Supplemental Figure 5). In summary, the expression of global HERV and LINE-1 elements
appears to be linked to DNA methylation status, but specific subtypes of HERV elements (HERV-H) do not
appear to be coregulated with the other HERV and LINE-1 elements. Together, this would suggest that not
all repeats behave the same way and potentially reflect functional differences in cancer cells.

LINE-1 RNA-ISH defines subsets of primary colon cancer. To assess the applicability of the LINE-1 RNA-ISH
to clinical specimens, a chromogenic version of the assay was applied to a set of 291 resected primary col-
orectal tumors. LINE-1 RNA-ISH signal was seen in nearly all samples (252 of 291; 87%), demonstrating the
ability to detect these transcripts in standard formalin-fixed, paraffin-embedded material. Histological review
revealed LINE-1 signal in tumor cells, normal adjacent tissue, and normal colon (Supplemental Figure 6),
which is consistent with the known baseline expression of LINE-1 in normal tissues (10). Colon cancers were
found to separate into staining patterns with levels of LINE-1 that were higher than those in normal adjacent
tissue (LINE-1 HIGH) and those that were equal to normal adjacent tissue (LINE-1 LOW) (Figure 2A).
LINE-1 status was scored in each sample and then used in correlative analysis with other clinical parameters
(Table 1). LINE-1 HIGH tumors were inversely correlated with microsatellite instability (MSI*; Figure 2B; P
=0.0001) and BRAF mutation (P = 0.041) but positively correlated to earlier age at diagnosis (mean = 62 vs.
70 years; P = 0.002). There was a significant difference in location of primary tumor, with a higher proportion
of LINE-1 LOW tumors on the right colon compared with the left colon (LINE-1 LOW: 25/12 vs. HIGH:
81/92 [right/left]; P = 0.04). There were no differences in nodal status between the two groups. Analysis of
TCGA colon cancer mRNA-seq also revealed an inverse correlation of LINE-1 expression and MSI* status
consistent with RNA-ISH results (Supplemental Table 2).

HERV-H RNA-ISH correlates with intratumoral Treg infiltrates. We then evaluated if HERV-H and LINE-1
RNA-ISH would be different as we had seen in our cell line models and TCGA RNA-seq analysis. Indeed,
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Figure 1. Global repeat RNA expression linked with CpG methylation, but distinct repeat classes had distinct behavior. (A) Schema of repeat DNA
methylation linked to RNA expression visualized by RNA-ISH (red dots). (B) Total HERV versus LINE-1 CpG methylation fraction in colon cancer cell lines
untreated and treated with AZA. (C) Representative images of LINE-1 LOW (HCT116) and LINE-1 HIGH (DLD1) cell lines stained by LINE-1(green) and
GAPDH (red) RNA-ISH. DAPI nuclear stain (blue). Original magnification, x400. (D) Inverse relationship of LINE-1 RNA expression versus median global CpG
methylation in TCGA colon cancer data set. (E) HERV-K versus LINE-1 RNA expression and (F) HERV-H versus LINE-1 RNA expression in TCGA colon cancer
mRNA-seq data (log, read per million [rpm]). Statistical analysis was performed with Pearson correlation.

HERV-H and LINE-1 score concordance was only 54%, which suggested that HERV-H might correlate to
different tumor biology. Given the linkage of HERV expression to differences in the immune microenvi-
ronment, we performed HERV-H RNA-ISH and immunohistochemistry (IHC) for CD8* cytotoxic T cells
and FOXP3* Tregs, two of the most relevant T cell subpopulations for tumor immunology. In an initial test
cohort, intratumoral FOXP3* Tregs, but not CD8* T cells, correlated with tumor cell HERV-H expression.

insight.jci.org  https://doi.org/10.1172/jci.insight.91078 3



. RESEARCH ARTICLE

A
LINE-1/ Hematoxylin
B C .
LINE-1 HIGH LINE-1 LOW g
=3
o
E p=85x107
+. 1000+ "
[}
a [
¥ -
n -.l
& I:. .
0 5007 LT ILL '::
L or o0
o '::-‘: o miatat ,
; n-.:: --..“;:.~,.--
B msi+ [ mss 0 e —
HERVH low HERVH high

Figure 2. LINE-1 and HERV-H RNA-ISH of primary colon cancer tumors. (A) Image of LINE-1 RNA-ISH LOW (left) and HIGH (right) colon tumors (n =
291). LINE-1 RNA-ISH (red dots) scored based on relative tumor (T) expression compared with normal adjacent stroma (S). The inset shows H&E of
sequential slide. (B) Breakdown of MSI* and MSS colon cancers in LINE-1 LOW and LINE-1 HIGH populations. (C) Quantitation of intratumoral FOXP3*
Tregs in HERV-H LOW versus HIGH tumors (n = 112). Mean and error bars = 95% Cl; statistical analysis was performed with unpaired 2-tailed t test. (D)
Representative image of HERV-H RNA-ISH (red dots) LOW (left) and HIGH (right) colon tumors with costaining for FOXP3* Tregs by IHC (brown cells).
Original magnification, x400.

‘We then performed a combined HERV-H RNA-ISH with FOXP3 THC on the same slide on a cohort of 112
colon primary tumors already stained and scored for LINE-1 (Figure 2C). While LINE-1 scores did not
correlate with intratumoral FOXP3" Treg density, there was a significantly higher density of intratumoral
Tregs in HERV-H LOW compared with HIGH tumors (Figure 2D; mean 378 vs. 201 cells per mm?* P = 8.5
x 107). These findings confirm the distinct expression patterns between these repeats and the correlation
of these markers to different clinical features. Interestingly, analysis of bulk TCGA colon cancer RNA-seq
could not identify a clear relationship between Treg and HERV-H expression mainly attributable to limited
reads for Treg-related genes. This is likely due to Tregs comprising a very low percentage of the tumor mass
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and the high intratumoral regional variability of Treg infiltrates. This illustrates the significant advantages
of RNA-ISH and IHC over bulk sample analyses to resolve the spatial heterogeneity of target RNAs and
immune infiltrates in tumors.

LINE-1 RNA expression linked to TP53 status and predicts response to DNA-hypomethylating agents. To better
understand the functional role of LINE-1 repeat expression in CRC, we evaluated a panel of 7 colon cancer
cell lines for baseline LINE-1 expression using traditional quantitative reverse transcriptase PCR (qRT-
PCR) and GAPDH as a reference gene (Figure 3A). Cell lines were classified as LINE-1 LOW (LoVo and
HCT116), MEDIUM (HCT8 and HCT15), or HIGH (DLD1, LS123, and SW620). We found that micro-
satellite stable (MSS) cell lines (SW620 and LS123) had higher LINE-1 RNA levels compared with the
MST* cell lines (LoVo, HCT116, HCT8, HCT15, and DLD1) consistent with our RNA-ISH results in pri-
mary tumors. Notably, quantitative LINE-1/GAPDH RNA-ISH by microscopy (Figure 3B) or flow cytom-
etry (Figure 3C) provided improved resolution of LINE-1 LOW (ratio < 2), MEDIUM (ratio 2-3), and
HIGH (ratio > 3) cell lines and an assessment of single-cell heterogeneity of LINE-1 expression not pos-
sible from bulk RNA analysis. Analysis of other molecular features annotated for these cell lines revealed
wild-type TP53 status as being associated with lower LINE-1 levels (Figure 3A). Suppression of 7P53 using
lentiviral ShRNA (Supplemental Figure 7) in a TP53 wild-type cell line (HCT116) led to increased levels of
LINE-1 RNA (Figure 3C), pointing to a role of 7P53 in the suppression of human LINE-1 repeats.

Given the linkage of LINE-1 expression with DNA methylation levels, we hypothesized that LINE-1
RNA levels could predict sensitivity to DNA-hypomethylating agents. We tested our CRC cell lines for
AZA-mediated cell toxicity. In MSI* CRC cell lines, we found that LINE-1 LOW (LoVo and HCT116) cell
lines demonstrated higher sensitivity to AZA compared with LINE-1 MEDIUM (HCT8 and HCT15) and
LINE-1 HIGH (DLD1) cell lines (Figure 3D). We found similar findings in the MSS cell lines; SW620 cells
had lower LINE-1 expression and conjugated higher sensitivity to AZA compared with LS123 cells (Figure
3E). AZA-mediated cell toxicity was found to be in part due to induction of apoptosis, as confirmed by
differential annexin V-FITC/propidium iodide staining in sensitive (HCT116) versus resistant (DLD1) cell
lines (Figure 3F and Supplemental Figure 8). Together, this suggests that CRC LINE-1 RNA pretreatment
levels can be used to identify tumors that are more susceptible to AZA-mediated cytotoxicity.

Discussion
We have demonstrated the use of repeat RNAs as markers of global DNA methylation and the innate
immune response. Previous work using methylation pyrosequencing revealed an inverse correlation of LINE-
1 hypomethylation with MSI* and BRAF mutation, which is consistent with our RNA expression analysis (5,
6). Interestingly, LINE-1 extreme hypomethylated tumors were also found to correlate with younger age of
onset, as seen in LINE-1 RNA high tumors (11). The concordant relationship of LINE-1 RNA expression in
our study and work by others using LINE-1 methylation pyrosequencing demonstrates the ability of LINE-1
RNA-ISH to serve as a surrogate of global DNA methylation status with the simplicity of a stain that can be
evaluated by standard microscopy. Importantly, the LINE-1 RNA-ISH can evaluate DNA methylation intra-
tumoral heterogeneity, an epigenetic feature previously not assessable with sequencing-based technologies.
Both LINE-1 and HERYV repeats can retrotranspose and result in mutagenesis (12, 13). However, repeat
RNAs appear to have direct cellular effects aside from being substrates for retrotransposition. Recently,
a variety of repeat RNAs have been shown to activate the innate immune response through the pattern
recognition receptor pathways (8, 9, 14, 15). The expression of these repeats appears to be a combination
of p53 function and DNA CpG methylation in model organisms (14, 16). Our results have defined these

Table 1. Clinical and molecular correlates with LINE-1 status

MSI*

BRAF mutation
Mean age (yr)
Node +/-

Site (right/left)

LINE-1LOW LINE-1 HIGH P value
24 of 42 (57%) 56 of 205 (27%) 0.0001
14 of 33 (42%) 30 of 123 (24%) 0.041

70 62 0.002
20/22 107/99 0.58
25/12 81/92 0.04

Node, lymph node metastasis; +/-, node with or without metastasis.
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Figure 3. LINE-1 RNA expression linked to TP53 status and predictive of sensitivity to AZA. Relative LINE-1to GAPDH expression in CRC lines
determined by (A) quantitative reverse transcriptase PCR (qRT-PCR) (n = 3 technical replicates; bars = mean; error bars = SD), (B) cell RNA-ISH (n =
75), LINE-1 LOW (green), MEDIUM (blue), and HIGH (red) RNA expressers, and (C) flow RNA-ISH assays (minimum of 3,000 cells). TP53 wild-type
versus mutant (MUT), and CpG island methylator phenotype (CIMP) (+, -, or unknown [?]) status is shown below cell line names. Suppression of TP53
in HCT116 cells with shRNA demonstrates increased LINE-1 levels (bar = mean; error bars = 95% Cl; statistical analysis was performed with unpaired
2-tailed t test, ****P < 0.0001). (D-F) Colon cancer AZA sensitivity, as determined by CellTiter Glo viability assay in (D) MSI* and (E) MSS CRC lines.
Dotted line = IC,,. (F) Annexin V and propidium iodide cell apoptosis/necrosis assay of AZA-sensitive (HCT116) and -resistant (DLD1) cell line. All the
experiments were repeated at least 3 times. IC_  done in triplicate.

same patterns in CRC cell lines, identifying common mechanisms shared between species to restrain these
mobile elements. In addition, we have shown that cell lines with lower basal repeat levels within a given
subtype of CRC (MSI* or MSS) are sensitive to AZA. This suggests that there are different repeat RNA
set points between CRC subtypes and that increased repeat RNA load leads to increased cytotoxicity for
cell lines with intact repeat-sensing mechanisms that trigger the innate immune response. In contrast, cell
lines that have higher LINE-1 expression have developed accommodation mechanisms to deal with higher
repeat RNA load, which merits further investigation. Last, we have demonstrated that repeat expression is
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not generalizable and that certain repeats (HERV-H), but not others (LINE-1), correlate with differences in
the composition of immune infiltrates. Our finding of HERV-H anticorrelation with FOXP3* Tregs indi-
cates that HERV-H HIGH tumors would have a more permissive environment for cytolytic activity and are
potentially more “primed” for response to immune checkpoint inhibitors.

In summary, different repeat RNA expression patterns define new molecular classifications of colon can-
cers. The development of combined RNA-ISH and THC in standard formalin-fixed, paraffin-embedded tissue
provides the visual resolution to quantify tumor-specific expression of RNAs as they relate to different immune
infiltrates, which is not easily identified in bulk RNA-seq analysis. This platform is readily translatable to the
clinical realm and offers a paired diagnostic biomarker for epigenetic and immunomodulatory therapies.

Methods
For additional details, see the Supplemental Methods.

TCGA analysis. The results shown here are in part based upon data generated by the TCGA Research
Network (http://cancergenome.nih.gov/), including 364 colorectal samples (COAD and READ). Quality fil-
tered reads were mapped to the human genome (GENCODE, hg38 annotation; https://www.gencodegenes.
org/) and to Repbase elements (release 20; http://www.girinst.org/repbase/index.html) using the STAR
aligner to identify coding and repeat RNAs, respectively.

Statistics. All correlations of RNA-seq or methylation data were calculated by using the Pearson correla-
tion. Significance for contingency tables was performed with the y? test. Ordinal data comparisons between
groups were performed using an unpaired 2-tailed ¢ test. Values of P < 0.05 were considered significant.
Statistical analyses were performed using R, SPSS, or PRISM, as detailed in the Supplemental Methods.

Study approval. Human tumor tissues were obtained from the Massachusetts General Hospital under
IRB-approved protocols 2012P000039 and 2014P000731. RNA-ISH was performed using the ViewRNA
platform (Affymetrix Inc.).
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