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ABSTRACT Altered RNA expression of repetitive sequences and retrotransposition are fre-

quently seen in colorectal cancer, implicating a functional importance of repeat
activity in cancer progression. We show the nucleoside reverse transcriptase inhibitor 3TC targets
activities of these repeat elements in colorectal cancer preclinical models with a preferential effect in
p53-mutant cell lines linked with direct binding of pS3 to repeat elements. We translate these findings
to ahuman phase Il trial of single-agent 3TC treatment in metastatic colorectal cancer with demonstra-
tion of clinical benefit in 9 of 32 patients. Analysis of 3TC effects on colorectal cancer tumorspheres
demonstrates accumulation of immunogenic RNA:DNA hybrids linked with induction of interferon
response genes and DNA damage response. Epigenetic and DNA-damaging agents induce repeat RNAs
and have enhanced cytotoxicity with 3TC. These findings identify a vulnerability in colorectal cancer by
targeting the viral mimicry of repeat elements.

SIGNIFICANCE: Colorectal cancers express abundant repeat elements that have a viral-like life cycle
that can be therapeutically targeted with nucleoside reverse transcriptase inhibitors (NRTI) commonly
used for viral diseases. NRTIs induce DNA damage and interferon response that provide a new anti-

cancer therapeutic strategy.

INTRODUCTION

The repeat transcriptome or “repeatome” consists of the
expression of a variety of repeat RNA species including long
interspersed nuclear element-1 (LINE-1) retrotransposons,
human endogenous retroviruses (HERV), and satellite repeats.
In normal development, repeat RNAs are expressed in the set-
ting of embryogenesis (1, 2) and are epigenetically suppressed
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in differentiated tissues. They are awakened in the setting of
tumorigenesis and aberrantly expressed in a spectrum of can-
cers (3-5), which has been shown to engage the innate (6-9)
and adaptive (10-12) immune response through pathogen-
associated sequence features found in immunostimulatory
viral RNA and DNA (13). Analogous to retroviruses, repeat
RNAs are also frequently reverse transcribed into DNA (14-
16) that can alter the distribution and composition of these
immunostimulatory nucleic acids. The presence of repeat
DNA products from reverse transcription (RT) can provide a
source of cytosolic DNA in cancer cells that has been shown
to lead to increased metastatic behavior in cancers through
cGAS-STING activation (17, 18). This suggests that inhibi-
tion of the RT activity of these retroelements with nucleo-
side RT inhibitors (NRTI refs.16, 19, 20), a class of agents
commonly used in HIV and hepatitis B virus (HBV), would
affect tumor progression and metastatic dissemination. Our
prior work demonstrated the anticancer effects of the NRTIs
ddC and d4T in vitro and in vivo in colorectal cancer cell lines
(16), but these early NRTIs are known to have significant
side effects in patients. Looking toward clinical feasibility of
repeat RT inhibition, we chose lamivudine (3TC) given previ-
ous literature demonstrating potency against endogenous RT
activity (19-23) and the well-established clinical tolerability
in patients with HIV and HBV, unlike ddC and d4T. Here,
we present the use of 3TC in preclinical functional colorectal
cancer models, mechanistic studies to understand the effects
of 3TC on cytosolic DNA, and the first clinical trial of 3TC in
patients with metastatic colorectal cancer.

RESULTS

3TC Functional Effects on Colorectal Cancer
Preclinical Models

We evaluated 10 colorectal cancer cell lines (DLD1, HCT1S,
HT29, C2BBel, LS123, SW948, HCTS, HCT116, LOVO, and
RKO) with 3TC in Transwell migration and in soft-agar
colony formation as in vitro functional assays of motility

AA< —R American Association for Cancer Research

JUNE 2022 CANCER DISCOVERY | 1463

%20z AInr 9} uo Jesn Alojeloger] JogieH Buuds plod Aq Jpd-z9y1/900€S L £/29%1/9/2 | 4pd-8o1e/A1an00sIpisoued/Bio sjeuinolioee/:dny wol papeojumod



RESEARCH ARTICLE

Rajurkar et al.

and anoikis resistance that are essential components of the
metastatic cascade. Boyden chamber Transwell migration
assays (Fig. 1A) noted marked effects of 3TC on migratory
capability in DLD1, HCT15, C2Bbel, LS123, and RKO cell
lines (Fig. 1B-E; Supplementary Fig. S1A and S1B). Notably,
we found that 3TC functional effects on migration were more
prevalent among pS3-mutant (p53-Mut; DLD1, HCTIS,
HT29, C2BBel, LS123, and SW948) compared with p53-
wild-type (p53-WT; HCT8, HCT116, LOVO, and RKO) cell
lines. Similarly, treatment with 3TC demonstrated significant
reduction in anchorage-independent growth in soft agar
in p53-Mut cell lines (Fig. 1F-H; Supplementary Fig. S2A
and S2B) compared with p53-WT cell lines (Fig. 1I-K). We
extended these in vitro findings to xenograft tumors using a
sensitive (SW620) and resistant (HCT116) cell line. The p53-
Mut SW620 xenograft demonstrated significant response to
3TC alone (ANOVA P < 0.0001) compared with PBS vehi-
cle control-treated tumors (Fig. 1L), whereas the p53-WT
HCT116 xenograft did not respond to single-agent 3TC
(Fig. 1M).

P53 Is a Direct Repressor of Repeat
RNA Expression

Given the observed differential response to 3TC based on
pS3 mutation status, we wanted to better understand the
relationship of repeat RNA expression levels with p53. We
evaluated whether p53 has direct interactions with genomic
repeats, given the association of p53 mutation or loss with
derepression of repeat RNA expression (6, 7, 24) and LINE-1
retrotransposition (15, 25). We performed pS3 immunoprecip-
itation followed by DNA sequencing (pS53-IP-seq) in p53-Mut
(SW620, DLD1) and p53-WT (HCT116, HCTS) cell lines done
in biological duplicates (Fig. 2A-C; Supplementary Fig. S3A
and S3B; Supplementary Data S1 and S2). Differential enrich-
ment analysis of p53-bound repeat elements (FDR < 0.2) dem-
onstrated markedly different proportions of specific repeat
classes with notably higher satellite (SAT; 34% of repeats) and
LINE-1 (L1; 31% of repeats) elements in p53-WT compared
with p53-Mut cell lines (Fig. 2C). Notably, the HSATII satellite
repeat was enriched, which we have previously shown to be
reverse-transcribed in colorectal cancer (16). Both p53-Mut cell
lines have DNA binding domain mutations (SW620-R273H;
DLD1-S241F), which suggests that loss of function of DNA
binding is associated with diminished p53 interaction with
these repeat DNA sequences. Total RNA sequencing (RNA-
seq) of colorectal cancer cell lines (n = 3 biological replicates)
comparing p53-Mut (SW620, DLD1) and p53-WT (HCT116,
HCTS) cells noted significant differential expression of the

L1PA2 element (Fig. 2D; Supplementary Fig. S3B) that was also
seen in chromatin immunoprecipitation sequencing (ChIP-
seq) analysis indicating this particular L1 repeat subfamily is
directly regulated by p53. The major active human LINE-1
retrotransposon (L1HS) was also expressed at significantly
higher levels in p53-Mut cell lines (Fig. 2D), though we did not
see differential enrichment from pS3-IP sequencing. To use
an alternative method to quantify HSATII repeat expression
given the potential heterogeneity of expression within each cell
line, we used RNA iz situ hybridization (RNA-ISH) and utilized
quantitative digital image analysis of multiple areas of each
cell line (Fig. 2E). The HSATII repeat had significantly higher
expression in the p53-Mut cell lines (Fig. 2E; Supplementary
Fig. S4A and S4B). Dysregulation of SAT and L1 repeats was
previously shown to be highly expressed in a broad set of can-
cers (3, 6, 26), and the higher expression of HSATII and L1PA2
paired with loss of p53 binding in these cell lines is consistent
with a direct suppression of these repeats by p53. In addition,
the active L1HS retrotransposon was significantly higher in
p53-Mut cell lines, but there was no indication of changes
in enrichment in p53-IP-seq analysis. This suggests L1HS
derepression is due to secondary effects of a p5S3 mutation.
Although we cannot rule out potential pS3 mutation gain-
of-function effects (27) on repeat expression, the loss of DNA
binding to repeat sequences in pS3-Mut cell lines would point
toward a loss-of-function effect of p53 on repeat expression
including L1HS. Overall, these findings in colorectal cancer are
consistent with other models demonstrating a direct role of
pS53 in regulating repeat RNAs (24, 28), which would indicate
pS3 mutation is a potential genetic marker of colorectal cancer
tumors sensitive to 3TC.

Phase Il Clinical Trial of 3TC in Metastatic
Colorectal Cancer

These preclinical data provided evidence to support the ini-
tiation of a single-arm phase II clinical trial (NCT03144804)
of 3TC in patients with p53-Mut metastatic colorectal cancer.
Eligibility included patients with TP53-mutant refractory met-
astatic colorectal cancer with progression on or intolerance to
S-fluorouracil (SFU), oxaliplatin, and irinotecan, and anti-
EGFR therapy if RAS WT. Eligible patients were age >18 years,
with histologically or cytologically documented, advanced
(metastatic and/or unresectable) disease that was incurable
and had progressed on at least two lines of systemic therapy
(Fig. 3A; Supplementary Tables S1-S3). See Methods for
details of inclusion and exclusion criteria. Primary endpoint
of the study was to describe overall response rate with the null
hypothesis that the response rate is <1% versus the alternative

>

Figure 1. RTinhibitor 3TC has preclinical efficacy in colorectal cancer. A, Schema illustrating experimental procedure for measuring cell migration.
B-E, Colon cancer cell line migration data with representative images and quantification of area covered by stained cells in (B and C) p53-Mut and (D and
E) p53-WT colon cancer cell lines treated with DMSO or 3TC across 8-um pore Transwell after 24-72 hours following fixation and staining with crystal
violet. Statistical significance calculated by Student two-tailed t test: *, P <0.05; **, P < 0.01; ***, P < 0.001. F-K, Response to 3TC vs. DMSO control in
soft-agar colony assay in (F-H) p53-Mut cell lines SW620 and DLD1 and (I-K) p53-WT cell lines HCT116 and HCT8. F and I, Representative images of
soft-agar colonies of SW620 and HCT116 (left) with image quantification markup (right). Scale bar, 2 mm (left), 1 mm (right). Quantification of colony
size by digital image analysis shown with violin plot with median and interquartile range in (G and H) p53-Mut cells and (J and K) p53-WT cells treated with
DMSO or 3TC at 5 and 100 pumol/L. Statistical significance calculated by Student two-tailed t test: *, P < 0.05; **, P < 0.01; ***, P< 0.001. L and M, p53-
Mut (SW620) and p53-WT (HCT116) colorectal cancer xenograft tumors treated with 3TC vs. PBS (control) treatment. Luciferase-expressing (L) SW620
or (M) HCT116 cells were subcutaneously implanted in immunocompromised Nu/Nu mice and grown for 2 weeks, after which mice were treated with PBS
or 3TC at 50 mg/kg administered by intraperitoneal injection 3 times a week. Tumor luminescence was measured using VIS imaging every 5 days. Graph
represents relative luminescence units (RLU) normalized to day 0. Significance determined by two-way ANOVA test: **** P < 0.0001.
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Figure 2. p53isadirect repressor of repeat RNA expression. A, Schematic demonstrating p53-ChIP-seq conducted on colorectal cancer tumorspheres
to identify repeatome p53 binding. B, Distribution of significantly enriched repeats (FDR < 0.2) from p53 ChIP-seq in p53-Mut and p53-WT cell lines (SAT,
satellite; L1, LINE-1; ERV, endogenous retrovirus). p53-WT cells show significantly enriched p53 binding to repeat elements compared with p53-Mut cells.
Statistical significance is calculated by Chi-squared test. C, Differential expression of repetitive genomic elements measured by RNA-seq of p53-Mut
(SW620, DLD1) vs. p53-WT (HCT116, HCT8) tumorspheres grown for 14 days represented as volcano plot [y-axis —log;o(P) and x-axis log,(fold differ-
ence)]. Highlighted are satellite (SAT), LINE, and ERV repeats. Biological triplicates of RNA-seq were used for each cell line. D, Baseline levels of LINE
element RNA L1PA2 (top) and L1HS (bottom) in p53-Mut and p53-WT cell lines as measured by RNA-seq. Significance determined by Student two-tailed t
test with Welch correction calculated pairwise individually for HCT8 and HCT116 cells compared with SW620 and DLD1: *, P < 0.05; **, P < 0.01;

% P <0.0001. Red stars indicate significant difference compared with SW620. Black stars indicate significant difference compared with DLD1.

E, HSATII RNA expression in p53-Mut (SW620, DLD1) and p53-WT (HCT8, HCT116) tumorspheres grown for 14 days, measured by RNA-ISH. Signal is
quantified as percentage of HSATII RNA-positive signal per area in tumorspheres across 20 fields. Significance determined by Student two-tailed t test
with Welch correction calculated pairwise individually for HCT8 and HCT116 cells compared with SW620 and DLD1:*, P < 0.05; **, P < 0.01; *** P < 0.0001.
Red stars indicate significant difference compared with SW620. Black stars indicate significant difference compared with DLD1.
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Figure 3. Phase Il clinical trial of lamivudine (3TC) for colorectal cancer. A, Schematic of trial of 3TC single agent in p53-Mut colorectal cancer (CRC) §

with correlative blood, biopsy, and staging scans. B, Representation of patient response to 3TC. Eight of 32 patients achieved stable disease (SD) after
treatment, and 1 patient achieved mixed response. C, Swimmer plot of time on 3TC treatment (x-axis days) for 32 patients (y-axis patient ID). D, Best
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whereas most patients with progression (PD; red) had increased CEA. Pt 21 had a mixed response (yellow) with the largest CEA response but had a new
metastasis at restaging scans and for grouped with SD for comparative analysis. E, RNA-seq repeat RNA expression of SAT, L1, and ERV and housekeep-
ing genes in pretreatment biopsy specimens from patients on the 3TC trial. Expression shown in Log,(RPM + 1). Pretreatment biopsies have high expres-
sion repeats, without significant differences in baseline repeat expression between patients with SD and PD. F, Somatic L1 genomic DNA insertions

in pretreatment biopsies. No significant difference is seen in genomic L1 insertions between patients with SD and PD. G, L1 ORF1 protein (L1 ORF1p)
expression in pretreatment biopsy specimens from patients on the 3TC trial. Representative image of L1 ORF1p IHC (left) in SD and PD specimen with
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cance determined by Student two-tailed t test with Welch correction: **, P < 0.01.
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that response rate is 210%. Secondary endpoint included
median progression-free survival (PFS), overall disease con-
trol rate, and median overall survival (OS). The first 9 patients
received 150 mg orally twice daily for 28-day cycles, the maxi-
mum FDA-approved dose of 3TC for HIV. After indication
of safety in the first 9 patients, an institutional review board
(IRB) amendment was approved allowing increased dosing
to 600 mg orally twice daily for 28-day cycles, which was the
highest dose evaluated in patients with HIV patients in phase
I trials. Tumor assessments were performed every 8 weeks
until documented disease progression by RECIST criteria or
drug intolerance. The median age was 59 years (range, 27-83)
with 18 males and 14 females. The median number of prior
therapies was 3. The study did not meet the primary endpoint
of response. However, remarkably, stable disease (SD) was
seen in 8 of 32 (25%; Fig. 3B) patients (Pts 7, 8, 11, 15, 20, 28,
31, and 34) on single-agent 3TC with a median PFS of 149
days (Fig. 3C), with Pt 20 remaining on therapy for 230 days.
Notably, 1 patient had mixed response with some reduction
in tumor size of target lesions with a concordant 34% drop
of the colon cancer serum marker carcinoembryonic antigen
(CEA) but had developed new metastases (Pt 21). This patient
had the largest maximal CEA response of all patients on trial
and continued with 3TC treatment despite new metastases
and remained on drug for 131 days given partial disease
stability and limited adverse effects. The best CEA response
was relatively unchanged (0%-10%) or decreased from base-
line in all patients with SD (Fig. 3D). There were no grade S
adverse events, and the majority of adverse events for patients
on trial were grade 3 (18/32; 56.3%), which were mostly not
attributable to treatment (Supplementary Tables S4 and SS5).
There were very few treatment-related grade 3 adverse events,
which included anemia (1/32; 3.1%) and diarrhea (2/32; 6.3%).
Altogether, these preclinical and clinical data supported the
promising single-agent activity of 3TC with minimal adverse
effects as a novel class of agents for chemorefractory meta-
static colorectal cancer.

We then evaluated our pretreatment biopsies from the
clinical trial to determine the patterns of repeat RNA, L1
protein expression, and repeat genomic retrotransposition in
our patients. Pretreatment biopsies were obtained on 30 of 32
patients who were processed for RNA-seq, 28 of 32 were eval-
uable for L1 ORF1 protein (L1 ORF1p) IHC (Supplementary
Fig. S4C and S4D), and 19 of 32 for whole-genome sequenc-
ing (WGS) with paired germline from peripheral blood mon-
onuclear cells. RNA-seq demonstrated high expression of
multiple repeat RNA classes across all patients, as expected
given all patients on trial had a p53 mutation in their tumor
(Fig. 3E). We looked for differentially expressed repeat RNA
from patients with stable disease and Pt 21 mixed response
(SD) compared with progressive disease (PD) on treatment,
but we did not identify either any consistent repeat RNA dif-
ference in pretreatment biopsies or any clear differences in
expression of coding genes after multiple hypothesis correc-
tion (Supplementary Fig. S5A and S5B and Supplementary
Data S3 and S4). Analysis of tumor mutation with clinical
targeted gene panels did not reveal any particular mutations
enriched in patients with SD compared with PD (Supple-
mentary Table S3). Analysis of LINE-1 retrotransposition
using the xTea platform (29) on WGS of paired baseline

tumor and peripheral blood germline DNA samples also did
not reveal any significant differences in transposition fre-
quency between SD and PD tumors (Fig. 3F; Supplementary
Fig. S5C and S5D). However, L1 ORF1p levels determined
by quantitative analysis of IHC noted significantly lower L1
levels in patients with SD compared with PD (Fig. 3G; ¢ test
P <0.05), suggestive of patients with PD having sufficient L1
RT activity to overcome 3TC at the doses given in this trial.
Given L1 ORF1p immunostaining was done on a biopsy of a
single lesion, we wanted to see if L1 ORF1p could be found
systemically in our patients using a highly sensitive micro-
bead immunoassay (Simoa) technology to quantify circulat-
ing L1 ORF1p levels (30). Using two independent L1 ORF1p
antibodies, we found significantly lower levels of plasma L1
ORFl1p in our patients with SD compared with PD (Fig. 3H).
This may indicate differences in disease burden or may sug-
gest single-agent 3TC may not have the potency to block
tumors with higher RT capacity. In summary, disease stability
on 3TC is associated with lower baseline levels of L1 ORF1
protein, but not expression of specific repeat RNAs or somatic
retrotransposition that points to 3TC effects on the repeat
RNA lifecycle as a proximal event before genomic insertion.

3TC Decreases Cytoplasmic DNA Levels and
Increases RNA:DNA Hybrids

To better understand the broader effects of 3TC on colo-
rectal cancer tumors, we evaluated all available paired pre-
treatment and on-treatment biopsies from the trial. Analysis
of paired total RNA-seq (n = 13) found a consistent pattern
of significantly decreased expression of most repeats (Fig. 4A-
C). The same pattern of repeat downregulation was seen in
both tumorspheres and xenografts treated with 3TC (Supple-
mentary Figs. S6A-S6F; S7A-S7E; Supplementary Data SS5).
Although we did not find individual coding genes that were
statistically different between pre- and on-treatment biopsies,
gene ontology (GO) analysis noted significant upregulation of
interferon response genes, as has been reported to be associ-
ated with repeat RNA (7, 8, 10, 11, 13) and DNA (22, 23) sens-
ing (Fig. 4D; Supplementary Table S6). We found no changes
in retrotransposition between pre- and on-treatment biopsies
(Supplementary Fig. S7). Altogether, these findings indicate
that repeat RNA levels decrease in patients and our cell line
models from 3TC treatment with no detectable changes in
LINE-1 retrotransposition. Given the decreased repeat RNA
seen, we hypothesized that these changes might represent
alterations in complementary DNA (cDNA) or RNA:DNA
hybrids generated from RT, as PCR-based sequencers cannot
differentiate native cDNA and RNA species from RNA-seq
preparation using exogenous RT. To evaluate the potential
effects of 3TC on RT products, we analyzed cytoplasmic
DNA and RNA:DNA hybrids in our colorectal cancer model
system. We performed quantitative immunofluorescence (IF)
for cytoplasmic double-stranded DNA (dsDNA; Supplemen-
tary Fig. S8A) using an anti-dsDNA antibody as previously
reported (17) and RNA:DNA hybrids using the S9.6 antibody
(Supplementary Fig. S8B). Notably, we found significant
reduction in cytoplasmic dsDNA in SW620 and DLD1 cells
treated with 3TC compared with DMSO control (Fig. 4E;
t test P < 0.0001), but not in HCT116 or HCT8 (Supplemen-
tary Fig. S9A). RNA:DNA hybrid quantification showed a

1468 | CANCER DISCOVERY JUNE 2022

AACRJournals.org

%20z AInr 9 uo Jasn Aiojeloqer JogieH Buuds ploD Aq Jpd 29y L/900€S L £/29 1/9/Z L 3pd-8jo1ue/A1enoosipisoueo/Bio sjeuinofioee/:dny woy pspeojumoq



Reverse Transcriptase Inhibitors for Colorectal Cancer

RESEARCH ARTICLE

A GSEA: LINE-1 o GSEA: Satellites
On-treatment vs. pretreatment biopsies On-treatment vs. pretreatment biopsies
© 0.0 o 0.0 l
9] 5]
3 -0.2 g -0.2
€ €
o -0.4
E -0.4 E
-0.6
2 06 = P=6.2e-12
w W _0.8{qg=82e12
08 == == - = = -=- T Em=-====- =
0 5,000 10,000 15,000 20,000 0 5,000 10,000 15,000 20,000
Log,FC rank Log,FC rank
Log,(fold difference) D Differential expression: coding genes
C GSEA: Endogenous retroviruses 3 On-treatment vs. pretreatment o
On-treatment vs. pretreatment biopsies i ) e IFN g
]
o 00 .
8 FIT2"  RARRES2 S
2 02 5 g
5 2 z
g 04 - g
£ —0.6 |P=5.4e-106 3
q =2.2e-105 3
-08E==== = = — - = L
0 5,000 10,000 15,000 20,000 2 8
Log,FC rank Log,FC §
Q
(]
E Cytoplasmic dsDNA F Cytoplasmic RNA:DNA hybrids s
DMSO 3TC (1 umo/L) _ Quantification DMSO  3TC (10 umo/L) %uantification %
) 2 o z - 2
8 2 18 8 :gw ? §
< o < . 3
2 14 2] 6 %
S, 8
_'E 2 DMSO 3TC :; 12 DMSO 3TC g
g 20 *kkk E n %
— £ 18 — £ N
5 " ? 5 o ? ;
14 [
o 12 e ’ é
2 im 2 DMSO 3TC z.m = DMSO 3TC .%
STING knockdown attenuates 3TC inhibition of cell migration g
o
G H Mock siRNA STING siRNA | ) P
100 — Il Mock siRNA g
. [}
siMock siSTING 3 . NSEI STING siRNA g
= s E
STNG s . O £ 2
& = 60+ g
GAPDH s a 8 b
- = 5 40 ns g
g 20 *k 5
= y
|(-_) 04 : i : S
R rry DMSO 3TC 1 pmol/L >
Figure 4. RTinhibition leads to decreased cytoplasmic DNA and increased RNA:DNA hybrid intermediates. A-C, GSEA comparing 3TC patient E

pretreatment and on-treatment biopsy RNA-seq (A) L1, (B) satellite, and (C) ERV repeats. Repeats were ranked by log,(fold change, on-treatment vs.
pretreatment tumor sample) for GSEA. Significant decrease in L1, satellite, and ERV repeat levels after treatment with 3TC shown in patient biopsies
with P value and corrected q value shown (see Supplementary Methods). D, Volcano plot representing differential expression (Log,FC) vs. significance
(~Log P) of coding genes in tumor biopsies before treatment and after treatment with 3TC. Interferon response genes (blue) are significantly upregulated
after treatment with 3TC. E, Immunofluorescence (IF) of cytoplasmic dsDNA in p53-Mut tumorspheres treated with DMSO or 3TC (1 pmol/L) for 7 days.
Quantification of cytoplasmic IF signal indicates significant decrease in cytoplasmic dsDNA in response to 3TC. Significance determined by two-tailed t
test with Welch correction: *** P < 0.0001.F, IF of cytoplasmic RNA:DNA hybrids in p53-Mut tumorspheres treated with DMSO or 3TC (10 umol/L) for

7 days. Quantification of cytoplasmic IF signal indicates significant increase in cytoplasmic RNA:DNA in response to 3TC. Significance determined by

two-tailed t test with Welch correction

* P <0.0001. G-I, Rescue of effects of 3TC on cell migration by STING knockdown. G, Western blot analysis

confirms knockdown of STING (TMEM173) protein using pooled siRNA compared with nontargeting control in DLD1 cells. H, Representative images of
DLD1 cell migration with siRNA against STING (right) or Mock (left) and treated with DMSO or 3TC. I, Quantification of DLD1-migratedcells in siRNA
STING and 3TC experiments in H. Statistical significance determined by Student two-tailed t test as compared with nontargeting control siRNA treated

with DMSO:**, P <0.01.
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significant increase with 3TC treatment in both p53-Mut
(SW620; DLD1) and p53-WT (HCT116; HCTS8) cells treated
with 3TC compared with DMSO control (Fig. 4F; Supple-
mentary Fig. S9B). Given the alterations in cytoplasmic RT
products from 3TC, we evaluated the potential impact of
STING, a known receptor for cytoplasmic DNA (17) and
RNA:DNA hybrids (31), in our cell line models. Interestingly,
siRNA-mediated reduction in STING partially rescued the
antimigratory effects of 3TC in the DLD1 cell line (Fig. 4G-I).
This indicated that 3TC reduces cytoplasmic dsDNA and
increases RNA:DNA hybrids that block migratory function
in p53-Mut colorectal cancer cell lines partially through
STING signaling. To evaluate potential other mechanisms for
antimigratory effects of 3TC, we analyzed coding genes dif-
ferentially expressed between colorectal cancer tumorspheres
treated with 3TC compared with DMSO (Supplementary
Fig. S10A and Data S6). This revealed a number of genes
downregulated (¢ test FDR < 0.15), and we noted S100A4 as
a gene that is well known to be a negative prognostic marker
in colorectal cancer (32-34) and demonstrated functional
effects on metastatic potential in preclinical models (35-37).
Suppression of S100A4 using siRNA noted reduced migration
of p53-Mut colorectal cancer cell lines (DLD1 and HCT1S5)
relative to pS3-WT cell lines (HCT116 and HCT8) when com-
pared with mock siRNA controls (Supplementary Fig. S10B
and S10C). Altogether, these findings support a combination
of 3TC effects on cytosolic nucleic acid species and S100A4
expression that reduce migratory function in colorectal can-
cer cell lines.

Combination Repeatome Targeting Induces Cancer
Cell Death through Necroptosis

Given the effect of 3TC on the cytosolic pool of nucleic
acid species, we explored the possibility of combining NRTTs
with the DNA hypomethylating agent S-azacitidine (AZA),
which has been shown to derepress a wide range of repeat
RNAs and activate an interferon response (3, 7, 8). We evalu-
ated a broad panel of 9 NRTIs and combined with low-dose
AZA (300 nmol/L) to achieve epigenetic repeatome effects,
which resulted in significant reduction in tumorsphere
growth across both p53-Mut and pS3-WT colorectal cancer
cell lines (Fig. SA and B). The efficacy of AZA in our cell lines
is consistent with analogous work in mouse cancer cell lines
demonstrating significant induction of repeat species trig-
gering and IFN response linked with p53 status (7). Evalua-
tion of all NRTIs revealed that ddC had the most consistent
cytotoxic effect across our colorectal cancer cell lines, and in
general the C analogues (FTC, 3TC, and ddC) and G analogue
[entecavir (ETV)] had the most toxicity in our colorectal can-
cer cell lines. This indicates that not all NRTIs have the same
functional effects, which may be driven by differences in CpG

sequence motif biases in repeat RNAs (13). We next investi-
gated the mechanism of cancer cell toxicity induced by repeat
dysregulation and focused on necroptosis given recent work
indicating that mutant p53 primes epithelial cells to necrop-
tosis (38). Inhibition of the necroptosis effector RIPK1 by
the small-molecule inhibitor necrostatin-1 was sufficient to
rescue multiple colorectal cancer cell lines from ddC-, AZA-,
and combination ddC + AZA-mediated toxicity (Fig. 5C).

We next wanted to determine if the effects seen with ddC
and AZA were linked specifically to repeat mediated effects.
We chose to focus on the HSATII satellite repeat given the
consistent loss of HSATII binding by mutant p53 (Fig. 2C),
the associated higher HSATII RNA expression (Fig. 2E), and
our previous success in targeting HSATII with locked nucleic
acids (LNA) in colorectal cancer cell lines (16). We modi-
fied these original HSATII LNAs with phosphorothioate to
enhance cellular uptake and LNA stability to maximize can-
cer cell toxicity (see Methods). We found specific inhibition
of p53-Mut (SW620, DLD1) compared with p53-WT (HCT8
and HCT116) cell line growth with HSATII LNAs compared
with scrambled LNA controls (Fig. 5D). Necrostatin was able
to rescue cell toxicity in the SW620 cell line, which supports
necroptosis as the mechanism of cytotoxicity induced with
HSATII modulation (Fig. SE). Collectively, these data support
amodel of repeat mediated IFN response and necroptotic cell
death induced by agents that disrupt genomic repeat epige-
netic suppression, directly target the repeat RNA, or inhibit
repeat RT (Fig. SF).

RT Inhibition Results in Increased DNA Damage

Emerging data have recently demonstrated a relationship
between genomic instability with satellite RNA expression
(39-41) and LINE-1 activity (42, 43), but the effects of block-
ing repeat RNA reverse transcription in the setting of high
retrotransposon activity have not been fully characterized. To
understand the acute effects of 3TC, we analyzed total RNA-
seq data from pS53-Mut colorectal cancer cell lines treated
for 1 and 7 days. We noted significant upregulation (¢ test
FDR < 0.15) of innate immunity and interferon response
genes, including EGRI, IFI6, HLA-B, TLR2, and APOBEC3B
(Fig. 6A), consistent with our findings in paired patient biop-
sies (Fig. 4D). Unbiased GO analysis of upregulated genes
(¢ test FDR < 0.15) was highly enriched for gene signatures
involved with DNA damage response, including the genes
BRCAI, BRCA2, BRIP1, FANCI, and FANCD2 (Fig. 6A; Sup-
plementary Table S7 and Supplementary Data S6). Western
blot analysis for gamma-H2AX confirmed increased double-
strand DNA breaks in cell lines treated with 3TC (Supplemen-
tary Fig. S11A). Downregulated genes were enriched for genes
involved with amino acid metabolism and endoplasmic retic-
ulum stress including multiple aminoacyl-tRNA synthetase

>

Figure 5. Combination repeatome targeting induces cancer cell death through necroptosis. A and B, Efficacy of combination of 9 RT inhibitors (5 umol/L)
with DNA demethylating agent AZA at 300 nmol/L in (A) p53-Mut and (B) p53-WT colorectal cancer tumorspheres measured by CellTiter-Glo viability
assay after 7 days of treatment. C, Necroptosis pathway inhibition by treatment with RIPK1 inhibitor necrostatin-1 (Nec-1) at 10 umol/L attenuates

effect of NRTI ddC (5 umol/L) and DNA demethylating agent AZA (300 nmol/L) as measured by CellTiter-Glo assay after 7 days of treatment. Significance
determined by Student two-tailed t test: *, P < 0.05; **, P < 0.01;* P < 0.001. D, Treatment with antisense LNA targeting HSATII in p53-Mut cell lines
(SW620 and DLD1) and p53-WT (HCT8 and HCT116) cell lines grown as tumorspheres compared with scrambled LNA, as measured by CellTiter-Glo assay.
Significance determined by two-way ANOVA test: **, P < 0.01. E, Necroptosis pathway inhibition with Nec-1 (10 pmol/L) rescues effect of anti-HSATII LNA
in SW620 tumorspheres. Significance determined by Student two-tailed t test: ***, P < 0.001. F, Schematic showing multiple avenues for repeatome target-

ing in cancer.
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genes, which implies effects on translational machinery (Sup-
plementary Table S8 and Supplementary Data S6). Temporal
analysis of post-3TC exposure demonstrated DNA damage
and interferon/innate immune genes starting at day 1 and
increasing expression at day 7 posttreatment in the p53-Mut
cell lines (Fig. 6B). As LINE-1 RT can act at DNA damage
breakpoints (15, 42, 43), the accumulation of DNA damage
and interferon signatures in cell lines and patient biopsies
suggests a model of 3TC-mediated disruption of the retro-
viral-like life cycle of repeats leading to RNA:DNA hybrid
accumulation that enhances the ability of the innate immune
system to detect their presence and leads to unresolved DNA
damage. Given the enhanced DNA damage response signa-
tures in colorectal cancer cell lines, we wanted to determine
the relationship of repeat RNA expression in the setting
of DNA-damaging agents. We treated colorectal cancer cell
lines with the standard combination chemotherapy SFU/
oxaliplatin (SFU/Oxa) for 14 days and detected marked eleva-
tion of HSATII RNA by RNA-ISH (Fig. 6C; Supplementary
Fig. S11B). We then applied HSATII RNA-ISH to 160 human
primary colorectal cancer tumors that were untreated or pre-
treated (neoadjuvant) with chemoradiation before resection,
which demonstrated significant enrichment of HSATII repeat
RNAs in tumors that received cytotoxic therapy (Fig. 6D). To
determine if this had therapeutic implications, we treated
colorectal cancer lines with SFU/Oxa + 3TC, which showed
significantly increased cytotoxicity in all 4 cell lines with
the combination compared with SFU/Oxa alone (Fig. 6E).
These combination approaches we present boost repeat RNA
expression and inhibit RT activity that leads to accumulation
of immunostimulatory RNA:DNA hybrids. Overall, these
data support a model of RT inhibition leading to enhanced
DNA damage due to unresolved, chain terminated interme-
diates of retrotransposition or secondary DNA-damaging
effects from alterations in the balance of cytosolic RT prod-
ucts (Fig. 6F).

DISCUSSION

The combination of preclinical and clinical results provides
a path for the evaluation of NRTTIs as a new class of anticancer
therapeutics. We have shown 3TC is able to decrease migra-
tion of mutant TPS3 colorectal cancer cell lines partially
through a STING-dependent nucleic acid mechanism and
reduction in S100A4 levels. Reduction of cytoplasmic dsDNA
species and increased RNA:DNA hybrids from 3TC appears
to trigger STING signaling and induce DNA damage. These

-

combined effects of 3TC (Fig. 6F) had antitumorigenic effects
in mouse models and potential benefit to patients in a clinical
trial. This unexpected RNA:DNA elevation with 3TC suggests
incomplete RT inhibition with potential reengagement of RT
for multiple rounds of synthesis or delayed chain termination
after initial RT of the polyA tail; however, these mechanisms
require further elucidation. Cytoplasmic L1 DNA has been
found elevated in mouse models of senescence, and, notably,
3TC has been shown to reduce L1 cytoplasmic DNA in senes-
cence model systems (22, 23). Although the effects we have
observed could be from L1 repeat species, we acknowledge
that 3TC effects on RNA:DNA hybrids and cytoplasmic DNA
species likely affect a broad range of RNA species that can be
processed by L1 (44). The associated accumulation of immu-
nogenic RNA:DNA species drives an interferon response
potentially through cGAS-STING (31), DDX41 (45), or
other nucleic acid cytoplasmic sensor. We demonstrate in
our colorectal cancer cell lines that STING is likely involved
in RNA:DNA detection that attenuates migratory capability.
Notably, others have shown that increased cytoplasmic DNA
levels are linked with genomic instability and increased meta-
static potential in cancers through noncanonical chronic
STING signaling (17). Our findings are complementary to
this work by demonstrating the importance of the nuances
in STING signaling on cancer cell phenotype and the use
of 3TC and other NRTIs providing a therapeutic modality
to decrease the protumorigenic effects of cytoplasmic DNA.
Cytosolic nucleic acid species have been shown to trigger
IFN response and adaptive immunity across mouse model
and human tumors (6-13) with recent papers demonstrat-
ing a relationship to immune-checkpoint response (46-48).
Similarly, we found increased IFN response from 3TC affect-
ing the repeat life cycle, which was also seen in recent work
demonstrating the association of IFN response gene activa-
tion of normal colon samples from non-HIV patients on
NRTIs for antiviral prevention (49). These findings may
explain in part the apparent decreased incidence of breast,
prostate, and colorectal cancers in patients living with HIV
who are on stable anti-HIV regimens that include NRTIs (50).
Finally, we speculate that incomplete RT creates DNA lesions
that are difficult to repair or prevents the retrotransposition-
mediated repair of other forms of DNA damage. Altogether,
our preclinical and proof-of-concept clinical trial provides the
foundation to evaluate combination RT inhibitors to obtain
more potent effects of disrupting the cancer repeatome, a
strategy that clearly changed the course of HIV treatment (51,
52). The lack of significant dose-limiting toxicity of 3TC in

Figure 6. RTinhibition induces DNA damage in colon cancer. A, Volcano plot of coding gene RNAs with 3TC (5 umol/L) or DMSO treatment for 7 days
in p53-Mut cell lines (DLD1 and SW620; n =3 for 2 independent experiments per cell line). Highlighted are DNA damage response (DDR) and interferon/
innate response (IFN) genes. B, Tumorsphere RNA-seq expression heatmap of p53-Mut colorectal cancer cell lines for DDR and IFN genes at days 1 and

7 after 3TC vs. DMSO treatment. Expression is Log2RPM normalized to mean of DMSO per time point and cell line. Genes represented have significantly
increased expression in response to 3TC at either day 1, or day 7, or both (P < 0.05 Student two-tailed t test). C, HSATII expression in HCT8 tumorspheres
grown in the presence of DMSO (control) or 50 umol/L 5FU + 1.25 umol/L oxaliplatin (SFU/Oxa) for 2 weeks. Scale bar, 20 um. HSATII RNA-ISH in DLD1,
SW620, HCT8, and HCT116 tumorspheres treated with DMSO or 5FU/Oxa for 2 weeks. Plots represent HSATII staining as a percentage of tumor area
across 20 fields. Significance determined by two-tailed t test with Welch correction: ***, P < 0.0001. CRC, colorectal cancer. D, HSATII RNA-ISH on human
colorectal cancer tumors from untreated patients (left) and patients who received neoadjuvant chemoradiation (right). Scale bar, 20 um. HSATII RNA lev-
els quantified as a percentage of the tumor area. Significance determined by the Student two-tailed t test with Welch correction: *** P < 0.0001. E, Cell
viability of colorectal cancer tumorspheres treated with either DMSO or 5 umol/L 3TC for 7 days in the presence of 5FU/Oxa. Significance determined
by the Student two-tailed t test: *, P < 0.05; *, P < 0.01; ** P < 0.001; *** P < 0.0001. Black stars indicate statistical significance compared with DMSO
alone. Red stars indicate statistical significance compared with 5FU/Oxa. F, Schematic of multiple effects of 3TC on colorectal cancer including altera-
tions in cytosolic nucleic acids (1 and 2), SLI00A4 expression (3), and DNA damage (4).
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patients with metastatic colorectal cancer affords the use of
3TC or related compounds in combination with both exist-
ing and novel cancer therapies in future clinical trials to aug-
ment the efficacy of these drugs as we have shown with SFU/
Oxa and AZA in colorectal cancer cell line models. Interest-
ingly, a recent paper has also shown that reactivation of p53
with a novel MDM2 inhibitors can also induce HERV expres-
sion through epigenetic targets that triggers an antitumoral
immune response (53). These intricate relationships between
tumor suppressors, epigenetics, and repeat RNA expression
will need to be further elucidated to fully understand the
impacts of these drugs alone and in combination. The inher-
ent massive derepression of repeat RNAs in cancer provides
a rich opportunity to target this genomic “dark matter” as a
therapeutic strategy in human disease.

METHODS
Cell Culture

Cell lines were originally obtained from ATCC. Cell lines were cul-
tured in either RPMI-1640 (SW620, HCT116, HCTS, DLD1, HCT15,
and LOVO), DMEM (GPSD), or DMEM/F12 (SW948, C2bbel, and
RKO) media supplemented with 10% FBS + 1% penicillin/streptomy-
cin (Gibco/Life Technologies). Cell lines were maintained in adherent
2-D culture on standard tissue culture plates (Corning). For subcul-
turing, media were aspirated, and cells were washed in cell culture
grade PBS (pH 7.4, Thermo Fisher). Cells were passaged using 0.25%
Trypsin-EDTA (Thermo Fisher) for 5 minutes, and reaction was
inhibited using media with serum. Cells were centrifuged and resus-
pended in media for subculture. For 3-D culture (tumorspheres),
serum-free media (RPMI, DMEM, or DMEM/F12) was supplemented
with 20 pL/mL B27 + 20 ng/mL EGF + 20 ng/mL bFGF (Thermo
Fisher). Cells were plated in ultralow attachment plates (Corning).
All cell lines were routinely tested for Mycoplasma on a monthly basis,
or earlier if there were indications of slower cell growth or changes in
morphology. All cell lines were used within 2 months of thawing for
experiments. Cell line authentication was not performed on all cell
lines. All cell lines will be provided upon request with appropriate
Material Transfer Agreement approvals.

Drug Treatment

NRTIs lamivudine (3TC), zalcitbine (ddC), emtricitabine (FTC),
entecavir (ETV), abacavir (ABC), ddA, tenofovir (Teno), zidovudine
(ZDV), and stavudine (d4T), and DNA demethylating agent AZA were
purchased from Selleck Chemicals. Drugs were reconstituted in tis-
sue culture grade DMSO (Sigma). The RIPK1/necroptosis inhibitor
necrostatin-1 was obtained from Sigma-Aldrich and reconstituted
in DMSO. Chemotherapy drug SFU was obtained from Invivogen.
Oxaliplatin was obtained from Selleck Chemicals.

Migration Assays

Colon cancer cells were preincubated with or without 3TC into
ultralow attachment plates for 24 hours. Then, cells were dissociated
to single-cell suspensions and seeded onto 8-um pore Transwell mem-
branes (CELLTREAT Scientific Products; cat. #230639) in serum-free
media at 50,000 to 100,000 cells/well in a 24-well plate containing
complete growth media (10% FBS) in the bottom chamber. 3TC was
treated both upper chamber and bottom chamber during migra-
tion. After 24 to 96 hours at 37°C, Transwell chambers were fixed
with methanol for 10 minutes and stained with 0.1% of crystal violet
(Sigma-Aldrich; cat. #V5265), and cells on top of the chamber were
stripped off with cotton swabs. Images were acquired, and the total
crystal violet-stained area was quantitated using HALO software.

Soft-Agar Assays

Cells were seeded at a density of 5,000 cells per well in a 6-well plate
of 0.3% agarose (Seaplaque, Lonza) in RPMI containing 10% (vol/vol)
FBS in the presence of DMSO or lamivudine (3TC). After 14 days of
growth cells were stained in 0.005% crystal violet solution in 4% PFA/
PBS solution for 30 minutes followed by 3x washes in water. Crystal
violet-stained colonies were imaged using a dissection microscope
and quantified using HALO software.

Cell Viability Assays

Cell viability assays were conducted on both adherent cell (2-D)
colorectal cancer cell lines, as well as cells grown as tumorspheres
(3-D) in response to drug treatment. Cells were plated at a con-
centration of 5,000 cells per well of 96-well plates (Corning). Cells
were treated for the indicated concentrations as described for the
indicated number of days, and cell viability was measured using the
CellTiter-Glo reagent (Promega) according to the manufacturer’s
recommendations, and luminescence was measured using the Spec-
tramax i3X (Molecular Devices) plate reader. Percent cell/tumor-
sphere viability was represented as luminescence units normalized
to DMSO control.

siRNA Knockdown

STING. Colorectal cancer cells were transfected with pooled
siRNA targeting STING (Horizon Discovery, TMEM173 SMART-
pool L-024333-00-0005) or Nontargeting siRNA (Horizon Discovery,
D-001810-01-05) with Lipofectamine 2000 at a concentration of 100
nmol/L. Knockdown was assessed 48 hours posttransfection using
Immunoblotting for STING (TMEM173).

S$100A4. Transfection with siRNA was performed with Lipo-
fectamine 2000 reagent (Thermo Fisher Scientific; cat. #11668019)
according to the manufacturer’s instructions. 100 nmol/L siRNA
targeting human S100A4 ON-TARGET plus SMARTpool (GE
Healthcare Dharmacon), mixture of 4 siRNAs targeting the following
sequences: 5-GAUGUGUAACGAAUUCUUU-3", 5-CCACAAGUAC
UCGGGCAAA-3’, 5-GUGACAAGUUCAAGCUCAA-3, 5-GAAAAC
UCCUCUGAUGUGG-3", or ON-TARGETplus Nontargeting siRNA
as negative control (GE Healthcare Dharmacon) were used. Knock-
down efficiency was assessed by qRT-PCR, and migration assay was
performed for 48 hours.

Quantitative RT (QRT-PCR)

RNA was isolated using the miRNeasy Mini Kit (Qiagen; cat.
#217004) according to the manufacturer’s instructions including
on-column DNase treatment (Qiagen; cat. #79254). The total RNA
(1 pug) was reverse transcribed using TagMan Reverse Transcription
Reagents (Invitrogen; cat. #N8080234). qRT-PCR was conducted
using the PowerUp SYBR Green Master Mix (Applied Biosystems; cat.
#A25742) according to the manufacturer’s instructions. Primers used
include the following: GAPDH Forward 5-ACATCATCCCTGCCTC
TACT-3’, Reverse 5" TCCACCACTGACACGTTG-3’; S100A4 Forward
5-CAGAACTAAAGGAGCTGCTGACC-3", Reverse S-CTTGGAAGTC
CACCTCGTTGTC-3". Reactions were run on a QuantStudio 3 (Applied
Biosystems) thermocycler. The level of gene expression was calculated
by the 24T method and normalized to the C, value for GAPDH.

Antisense Locked Nucleic Acid Treatment

Colorectal cancer cells were transfected with antisense locked
nucleic acids (Exiquon, scrambled LNA: GATTCCATTCGATGAT,
anti-HSATII LNA: +A*+T*+g*+G*A*A*T*C*A*T*C*A*T*+C*+G*+
A*+A) with Lipofectamine 2000 at a concentration of 500 nmol/L.
Cell viability assay was conducted 24 hours after LNA treatment.
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Animal Studies

Mouse xenograft studies were performed according to an ani-
mal protocol approved by the MGH Institutional Animal Care and
Use Committee (IACUC) under protocol 2014N000321. SW620 or
HCT116 cell lines stably transduced with luciferase (1 x 10°) were
injected in the flank of 6-week-old female nude mice (Charles River
Laboratories) at a 1:1 ratio with Matrigel (Sigma-Aldrich). Tumors
were allowed to grow for 2 weeks after implantation. At 2 weeks before
beginning drug treatment, mice were intraperitoneally injected with
luciferin (Promega) to visualize luciferase expression. Tumors were
visualized through Luciferase Luminescence measurement with the
IVIS Spectrum Imaging System (PerkinElmer). Mice were randomized
and divided into treatment arms: control (PBS) and lamivudine
(3TC). 3TC was solubilized in PBS and administered intraperitoneally
at a dosage of 50 mg/kg 3 times a week. In the control group, PBS
was administered intraperitoneally. Mice were treated for 20 days,
and tumor volume was measured every 5 days through IVIS imaging.
At 20 days, mice were euthanized according to IACUC guidelines.
Animals did not show any sign of systemic toxicity upon drug admin-
istration. Tumor growth curves were calculated using relative lumi-
nescence units normalized to day O of treatment. After euthanasia,
tumors were dissected and used for RNA isolation using TRIzol or
standard formalin-fixed, paraffin-embedded (FFPE) processing.

Clinical Trial

This is a single-arm phase II clinical trial of 3TC in patients who
have progressed on systemic therapy for metastatic colorectal cancer
with TP53 mutations (NCT03144804). The trial was reviewed and
approved by the Dana-Farber Harvard Cancer Center (DFHCC) IRB
(Protocol 17-044). Eligibility included patients with TP53-mutant
refractory metastatic colorectal cancer with progression on or intol-
erance to SFU, oxaliplatin, and irinotecan and anti-EGFR therapy if
RAS WT. Eligible patients were age >18 years, with histologically or
cytologically documented, advanced (metastatic and/or unresecta-
ble) disease that was incurable and had disease progressed on at least
two lines of systemic therapy. Patients were required to provide an
evaluable tissue sample for biomarker analysis from a tumor lesion
not previously irradiated; had radiologically measurable disease per
RECIST version 1.1 as assessed by independent central radiologic
review; had an Eastern Cooperative Oncology Group performance
status of 0, 1, or 2; and had adequate organ function. Key exclu-
sion criteria included uncontrolled intercurrent illness, HIV-positive
patients on combination antiretroviral therapy, as well as patients
with hepatitis B. The study was designed as a two-stage disease with
target accrual of 20 patients in stage I and a total of 36 patients with
continuation beyond stage I allowed if at least one patient demon-
strated a response. Primary endpoint of the study was to describe
overall response rate with the null hypothesis that the response rate
is <1% versus the alternative that response rate is 210%. Secondary
endpoint included median PFS, overall disease control rate, and
median OS. The first 9 patients received a dose of 150 mg orally twice
daily for 28-day cycles, the maximum FDA-approved dose of 3TC for
HIV. The subsequent patients received 600 mg orally twice daily for
28-day cycles. Tumor assessments were performed every 8 weeks until
documented disease progression by RECIST criteria or drug intoler-
ance. CEA was obtained as part of clinical care.

RNA-seq

RNA was isolated using TRIzol reagent (Thermo Fisher) or the All-
Prep DNA/RNA/protein mini kit (Qiagen; #80004) according to the
manufacturer’s recommendations. RNA-seq was performed using
the two different sequencing library construction methods. For cell
lines and xenografts, we performed Illumina TruSeq stranded RNA-
seq Ribo-zero TM Gold (Illumina RS-122-2301) library construction
per protocol for coding gene transcriptional profiling. Given known

issues with repeat RNA quantification with standard RNA-seq pro-
tocols, we utilized the Clontech/Takara SMARTer Stranded Total
RNA-seq PICO v2 kit (Clontech/Takara 634414) for repeatome pro-
filing. Given limited sample material in biopsies, only the Clontech/
Takara SMARTer Stranded Total RNA-seq PICO v2 kit (Clontech/
Takara 634414) was performed on samples. All libraries then had
75-bp paired-end sequencing on the NextSeq500 using a 150-cycle
high-output kit.

RNA-seq Computational Analysis

Illumina reads were mapped to the human or mouse genomes (or
their union for xenograft samples), build 38 using STAR aligner (54).
Aligned reads were assigned to genes using the featureCounts func-
tion of Rsubread package with the external Gencode annotations (55,
56). Counts for repeat elements were obtained using RepeatMasker
annotation (https://www.repeatmasker.org). This produced the raw
read counts for each gene and repeat element. Gene expression in
terms of log, CPM (counts per million reads) was computed and
normalized across samples using the trimmed mean of M-values
method (TMM), as implemented in the calcNormFactors function of’
edgeR package (57, 58).

Differential Expression. For comparisons with a small number
(typically two or three) of samples per phenotype, we used DESeq2
(59), which employs moderated estimate of dispersion useful for a
small sample size. For comparisons with a larger (typically ten or
more) sample size, we computed the normalized log-transformed
CPM values and then performed the ¢ test between the conditions.
Where applicable, we subtracted the mean within each group of
samples (e.g., each cell line is a separate group when comparing the
treated and untreated samples using multiple cell lines). This was
done using a linear model approach.

Gene set enrichment analysis (GSEA) was performed using repeats
of various classes as gene sets (Satellite repeats, LINEs, SINEs, and
ERVs). We used the preranked GSEA as implemented in fgsea R pack-
age (60). We performed two types of analysis ranking the genes and
repeat elements by either the fold change or the t-statistic from the
differential expression analysis.

WGS

DNA and RNA were extracted from samples using the AllPrep
DNA/RNA/protein mini kit (Qiagen; #80004). DNA was quantified
fluorometrically using the Quant-iT Picogreen dsDNA assay kit (Inv-
itrogen; #P7589) and 100 ng DNA input was used for library genera-
tion. The Nextera DNA library prep kit (Illumina; #20020188) was
used in combination with the Nextera DNA CD Indexes (Illumina;
#20018708) for library preparation. In brief, DNA samples were
fragmented using Illumina transposon-based technology. After tag-
mentation, right-sided size selection was carried out using AMPure-
XP beads (Beckman Coulter; #A63881; 1:0.4, followed by 1:1.1)
to remove insufficiently tagmented gDNA. Unique 5" and 3’ index
adapters were added to each sample by PCR using five cycles of
amplification. Amplified and barcoded libraries were captured dur-
ing AMPure-XP bead clean-up (1:0.8). Libraries were quantified using
the KAPA-library quantification kit for Illumina platform (Roche;
#07960140001). Library size was evaluated with a High-Sensitivity
DNA kit (Agilent; #5067-4626) on an Agilent 2100 Bioanalyzer.
Samples were pooled and sequenced on the NovaSeq 6000 platform.

WGS Analysis

For each patient, both the case and control samples were sequenced
with Illumina paired-end reads in length 150 bp. BWA-mem (61) was
used to align the reads to the human reference genome hg38. GATK
(62) was used to mark duplicates and recalibrate base quality scores.
Then, SAMtools (63) was used to sort and index the alignment files.
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In addition, NGSCheckMate (64) was used to make sure the case-
control samples were well matched.

With the preprocessed case-control bams, we ran the xTea (29)
“~case_ctr]” mode on each pair of bams to identify somatic L1, Alu,
and SVA insertions. We used the xTea default parameters, where the
cutoffs are automatically adjusted based on the average read depth.

Measurement of Circulating ORF1p with Single Molecule
Arrays (Simoa)

Affinity reagents for the Simoa assays were obtained from John
LaCava (capture nanobody) and Abcam (ab246317 and ab246320).
Recombinant ORF1p was obtained from Dr. Martin Taylor and
Dr. Kathleen Burns. All buffers, beads, and consumables used for
Simoa reagent preparation and assay running were purchased from
Quanterix Corporation.

Preparation of antibody-coated paramagnetic beads. 7 x 108 car-
boxylated 2.7-um paramagnetic beads were washed three times with
400 uL Bead Wash Bulffer, followed by two times with 400 uL Bead
Conjugation Buffer, before being resuspended in 390 uL of cold Bead
Conjugation Buffer. Ten microliters of freshly dissolved 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC; Thermo
Fisher Scientific) in cold Bead Conjugation Buffer (10 mg/mL) was
then added to the beads, which were shaken at 4°C for 30 minutes.
After activation with EDC, the beads were washed once with 400 puL
cold Bead Conjugation Buffer, resuspended in 400 uL of the capture
antibody (0.25 mg/mL) or nanobody (0.025 mg/mL), and shaken at
4°C for two hours for conjugation to the nanobody. The conjugated
beads were then washed two times with 400 uL Bead Wash Buffer,
resuspended in 400 pL Bead Blocking Buffer, and shaken at room
temperature for 30 minutes. After blocking, the beads were washed
once each with 400 uL Bead Wash Buffer and 400 uL Bead Dilu-
ent, before resuspending in 400 puL Bead Diluent for storage at 4°C.
The conjugated beads were counted using a Beckman Coulter Z1
Particle Counter.

Preparation of Biotinylated Detector Antibody. Detector antibody
(Abcam, ab246317) was biotinylated by adding 80-fold molar excess
of sulfo-NHS-LC-LC-biotin (Thermo Fisher Scientific) and incubat-
ing for 30 minutes at room temperature. Excess biotin was removed
using an Amicon filter (50 kDa, MilliporeSigma), using Biotinylation
Reaction Buffer (Quanterix) as the buffer and centrifuging five times
at 14,000 x g for five minutes. The filter was then inverted and centri-
fuged at 1,000 x g for two minutes to recover the purified antibody.
The filter was then washed with 50 uL Biotinylation Reaction Buffer
and centrifuged again at 1,000 x g for two minutes.

L1ORF1p Simoa Assays. Simoa assays were performed on an
HD-X Analyzer (Quanterix Corp.). Beads, detector antibodies,
streptavidin-beta-galactosidase (SBG), diluted plasma samples, and
necessary consumables were loaded onto the HD-X Analyzer accord-
ing to the manufacturer’s instructions. Conjugated beads were
diluted in Bead Diluent, detector antibody was diluted in Homebrew
Detector and Sample Diluent to 0.3 pg/mL, and SBG was diluted
in SBG Diluent to 150 pmol/L. Plasma samples were diluted 4-fold
in Homebrew Detector and Sample Diluent with added protease
inhibitor (Halt Protease Inhibitor Cocktail, Thermo Fisher Scien-
tific). For each assay, 100 pL diluted plasma sample was incubated
with 250,000 conjugated beads and 250,000 unconjugated helper
beads for 15 minutes, followed by washing and incubation with 100
uL biotinylated detector antibody (0.3 pg/mL) for five minutes. The
beads were then washed, incubated with 100 uL SBG (150 pmol/L)
for five minutes, and washed again before resuspending in 25 uL of
the enzyme substrate, resorufin-B-D-galactopyranoside (RGP), and
loaded into a 216,000 microwell array, in which each femrtoliter-sized
microwell can fit at most one bead. The wells were sealed with oil,
with each well containing an enzyme-labeled bead subsequently

generating a detectable fluorescent signal for counting of fluorescent
“on” and “off” wells. The average enzyme per bead (AEB) was calcu-
lated by the HD-X Analyzer software, and calibration curves were fit
with a four-parameter logistic regression. Limits of detection were
determined as three standard deviations above the blank AEB.

GSEA

Coding genes were ranked according to log,(fold change), and
enriched gene sets were obtained using the GSEA of the preranked
gene list (65, 66).

TP53 Chromatin Immunoprecipitation

HCT116, HCT8, DLD1, and SW620 cells were cross-linked with
formaldehyde (1% final) for 10 minutes at room temperature. Cross-
linked cells were quenched with glycine (125 mmol/L final) for 5
minutes, followed by two washes in cold PBS. Nuclei were then
isolated from 20 million cells as previously described (67), and
chromatin was sheared to 250-bp average size using a Covaris S220.
Immunoprecipitations were performed using 1,000 pg of sheared
chromatin lysate and S pug of p53 antibody (p53 DO07; Santa Cruz,
sc-47698) preconjugated to protein G beads (Invitrogen). ChIP reac-
tions were incubated for 16 hours at 4°C with rotation and then
washed four times in wash buffer [50 mmol/L Hepes-HCI (pH 8), 100
mmol/L NaCl, 1 mmol/L EDTA, 0.5 mmol/L EGTA, 0.1% sodium
deoxycholate, and 0.5% N-laurylsarcosine]|, followed by one wash in
ChIP final wash buffer (1 x tris-EDTA (TE) buffer and 50 mmol/L
NaCl). Immunoprecipitated DNA was eluted from washed beads,
reverse cross-linked overnight, purified, and used to construct librar-
ies. Sequencing for ChIP experiments were prepared using NEBNext
Ultra reagents (New England Biolabs). All ChIP samples and input
were double-end-sequenced on an Illumina NextSeq 550.

ChIP-seq Computational Analysis

Raw Illumina reads were quality filtered as follows. First ends of
the reads were trimmed to remove N’s and bases with quality less
than 20. After that, the quality scores of the remaining bases were
sorted, and the quality at the 20th percentile was computed. If the
quality at the 20th percentile was less than 15, the whole read was
discarded. Reads that are shorter than 40 bases after trimming were
discarded as well. If at least one of the reads in the pair failed the
quality check and had to be discarded, then the mate was discarded
as well. Quality filtered reads were mapped to the human genome
(HG38) using Bowtie2 aligner (68). First the reads are mapped to the
genome and then the duplicate reads are removed using Picard Mark-
Duplicates tool. The mapped BAM files containing the reads were
used to call peaks using MACS peak calling algorithm (69). The files
were also used to get counts of reads for each repeat region annotated
using repeatmasker and BEDTools coverage tool (70). These counts
for each repeat region were then further analyzed in R to create plots
and derive inference.

Histology/Cytology

Tumorsphere Cell Block Preparation for RNA-ISH/THC. Tumor-
spheres were cultured in ultralow attachment cell culture flasks
(Corning) in 3-D culture media. For cell block preparation, tum-
orspheres were transferred to 15 mL Falcon tubes with media and
allowed to settle at the bottom of the tube. Media were removed,
and tumorspheres were washed 3x in PBS. Tumorspheres were
resuspended in human plasma (Sigma-Aldrich) and reconstituted
in MilliQ water. Cell pellet/plasma mixture was coagulated with
addition of Bovine Thrombin reconstituted in MilliQ water/BSA
(Sigma-Aldrich). Coagulated cell pellets were fixed for 3 hours in 10%
formalin/PBS. Pellets were processed using standard FFPE. For mice
xenograft tumors, tissue was fixed overnight in 10% formalin/PBS,
and processed using standard FFPE.
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Cytospin Preparation for Immunofluorescence. Tumorspheres
were transferred grown in ultralow attachment flasks in 3-D media
were allowed to settle in 15-mL falcon tubes. Media were removed
and washed 3x in PBS. Tumorspheres were dissociated in trypsin for
5 minutes at 37°C followed by neutralization with media containing
10% FBS. Cells were centrifuged at 150 x g and resuspended in PBS.
Cells were counted and diluted to a concentration of 500,000/1 mL
of PBS. The cell solution (300 puL) was added to a cytology funnel
attached to a slide and centrifuged at 350 rpm for 5 minutes in the
Cytospin 4 centrifuge (Thermo Fisher).

Human Tissue. For lamivudine clinical trial, human biopsy tissue
was fixed in 10% formalin/PBS and processed using standard FFPE.
Standard FFPE processed tissue for untreated and chemo/radiation-
treated human colorectal cancer tissue was obtained from the MGH
Pathology Tissue Bank. All slides were cut at 5-um thickness.

RNA-ISH and Protein IHC

Automated RNA-ISH assay was performed using the ViewRNA
eZ-L Detection 1-Plex Kit from Affymetrix (cat. #19500) on the
BondRx 6.0 platform (Leica Biosystems Inc.). Sections (S um) of FFPE
tissue (human colorectal cancer tissue, or cell blocks) were mounted
on Surgipath X-tra glass slides, baked for 1 hour at 60°C, and placed
on the Bond RX for processing. The Bond RX user selectable protocol
was as follows: The RNA unmasking conditions for the tissue con-
sisted of a 10-minute incubation at 90°C in Bond Epitope Retrieval
Solution 1 (Leica Biosystems). This was followed by incubation with
Proteinase K with 1:1,000 dilution (Leica Biosystems; cat. #AR9551).
Proteinase K incubation on human TMAs and biopsies was done for
10 minutes; and cell blocks for S minutes at 40°C. This was followed
by HSATII-Typel (cat. #VA1-10874) probe hybridization with 1:20
dilution for 3 hours at 40°C. After the run, the slides were rinsed
with water and allowed to air dry for 1 hour at room temperature.
The slides were mounted using Micromount (Leica Biosystems; cat.
#3801731) and visualized using a standard brightfield microscope.
“Dot like” red color hybridization signals in the tumor cell nuclei and
cytoplasm were defined as HSATII-positive signals and quantified
using Visiopharm software.

HSATII (ACD 512018) and LINE-1 (ACD 565098) were also
detected using RNAscope 2.5 LS Reagent Kit-Brown from Advanced
Cell Diagnostics (ACD; cat. #322100) on the BondRx platform. On
the Bond RX, the staining protocol used was the ACD ISH DAB Pro-
tocol. The RNA unmasking conditions for the tissue consisted of a
15-minute incubation at 95°C in Bond Epitope Retrieval Solution 2
(Leica Biosystems) followed by 15-minute incubation with Proteinase
K, which was provided in the kit. Probe hybridization was done for 2
hours with RNAscope probes, which were provided by ACD.

For IHC, FFPE sections were deparaffinized by baking them for 1
hour at 60°C. IHC staining was done on the BondRx using the Bond
Polymer Refine Detection kit (cat. #DS9800). Antigen retrieval was
carried out for 10 minutes for cell blocks, 15 minutes for xenografts,
and 20 minutes for human tissue using Bond Epitope Retrieval
Solution 2 (Leica Biosystems). LINE-1 Orf1p antibody was used at a
concentration of 1:3,000 (EMD Millipore, MABC1152).

Immunofluorescence

Cells were washed with PBS, resuspended to 50,000 cells/mL, and
fixed in 4% paraformaldehyde for 15 minutes at room temperature.
Cell pellets were washed 3 times in PBS and then cytospun using
a volume of 300 pL/spot. Cytospun cells were treated with 0.02%
saponin for 5 minutes at room temperature. Permeabilization of
cells using 1% Triton for 4 minutes at room temperature. Cells
were washed 3 x 10 minutes with standard IF Wash Buffer. Samples
blocked in 50 puL blocking buffer for 1 hour at room temperature.
Blocking buffer was then aspirated, and 50 uL primary Ab was added.

Samples were incubated overnight at 4°C. Cells were then washed for
3 x 10 minutes with IF Wash Buffer and 50 uL secondary antibody
(Goat Anti-Mouse IgG H&L Alexa Fluor 488 (ab150113) used at
1:1,000) was added and incubated for 1 hour at room temperature
in the dark. Samples washed for 3 x 10 minutes with IF Wash Buffer.
The samples were mounted with Vectashield and coverslipped with
clear nail polish at the edges.

IF Wash Buffer

0.5% NP40

0.3% w/v sodium azide

In 1x PBS made in MilliQ H,O

IF Block Buffer
10% BSA in IF Wash Buffer

Antibodies
dsDNA (AB27156): mouse mAb; 0.910 mg/mL. 1:1,000 dilution
S9.6 (Kerafast): 1:400 dilution

Image Analysis and Quantification

Cell Migration Assay. The migration assay plates stained with
crystal violet were imaged in brightfield with a 4x objective on an
inverted tissue culture microscope. Migration was quantified as an
area percentage using color deconvolution in the HALO software
IHC area quantification module.

Soft-Agar Assay (Brightfield). Soft-agar plates stained with crystal
violet were imaged in brightfield with a 1x objective on an Olympus
MVX10 macro zoom microscope. The size of each colony and colony
density for each treatment condition was quantified using the HALO
software IHC module. Colonies were identified based on contrast,
intensity, and size of the color-deconvolved blue stain. Colony size
and colony number were represented in figures.

IHC/RNA-ISH (Brightfield). Slides were scanned at 40x resolu-
tion using Aperio Scanscope slide scanner (Leica Biosystems). The
human rectal carcinoma tissue sections and tumorsphere sections
stained with HSATII RNA-ISH, LINE-1 RNA-ISH, or LINE-1 IHC
were imaged with a Leica Aperio Scanscope CSO (Leica Biosystems).
Stain quantification was performed with the digital image analysis
software VIS (Visiopharm). Tumor regions of the human tissue
images were annotated by a pathologist to mark the regions for anal-
ysis. Twenty 100 pm x 100 pm square regions of interest (ROI) were
manually annotated throughout each tumorsphere image to mark
the regions for analysis. The next step of the analysis was the training
of classifiers to extract and separate the hematoxylin, red or brown,
and background regions. Representative stain regions were manually
selected to constitute the training set. The classification method was
chosen to be Bayesian or K-means clustering, depending on visual
validation of the resulting classification. The classifiers were trained
using multiple image features, including color deconvolution of the
individual stains, spatial mean, and median filters to remove noise
and enhance punctate signals, and the Visiopharm Polynomial Blobs
filter to further enhance punctate signals for ISH quantification.
The red and hematoxylin classifier used the following color features:
the green band of the RGB color space, red-blue contrast, and red
chromaticity. The brown ISH or IHC and hematoxylin classifier used
the following color features: the green and blue bands of the RGB
color space, the saturation band of the IHS color model, green chro-
maticity, and a custom-defined hematoxylin and DAB color model.
After classification, postprocessing steps were performed to finetune
the separation of the hematoxylin, red or brown, and background
regions. Postprocessing steps included hole-filling and minimum
thresholds for size and signal intensity. The following metrics were
outputted by the analysis algorithm for each image: total red or
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brown area, total hematoxylin area, red or brown area percentage of
the total stain area, and mean signal intensity of red or brown (per
image for human tissue and per ROI for tumorspheres). The red or
brown area percentage of the total stain area was calculated as fol-
lows: 100 x red or brown area/(red or brown area + hematoxylin area).

Immunofluorescence (Fluorescent). Slides stained with dsDNA or
RNA:DNA hybrid (S9.6) antibody (Kerafast, ENH001) were imaged
in DAPI and AF488 with a Zeiss LSM710 confocal microscope (MGH
Cancer Center/Molecular Pathology Confocal Core). dsDNA slides
were imaged with a 40x oil immersion objective, and RNA/DNA
hybrid slides were imaged with a 63x oil immersion objective. AF488
signal per cell was quantified using digital image analysis, which was
performed with the HALO software platform (Indica Labs) Fluores-
cence Module. Noncellular material and cells with staining artifacts
were manually excluded from analysis, leaving about 800 cells per
treatment condition to be included for analysis. The first step in
analysis was segmentation of nuclei based on contrast, intensity, and
size of the DAPI stain. Next, a distance from the nucleus was chosen
to define the cytoplasmic region in the absence of neighboring cells.
Average AF488 signal per cell was quantified in three compartments:
nucleus, cytoplasm, and the entire cell. Cytoplasmic signal was rep-
resented in figures.

Immunoblotting

For Western blot, cells were lysed in Laemlli buffer and run on a
standard denaturing SDS-PAGE gel (Thermo Fisher) followed by
transfer to PVDF membrane (primed in 10% methanol). Blocking
was conducted for 1 hour at room temperature with 5% BSA/PBS-T
followed by overnight incubation at 4°C with primary antibody for
phospho-histone-h2a-x-ser139 (Cell Signaling Technology, 9718S),
STING (Cell Signaling Technology, 13647), or GAPDH (Cell Sig-
naling Technology, 2118S), followed by 3x washes with PBS-T and
incubation with anti-rabbit secondary antibody diluted 1:1,000 in
5% BSA/PBS-T. Signal was detected using Supersignal WestPico
(Thermo Fisher).

Data and Materials Availability

All RNA-seq and WGS data from clinical biopsy specimens have
been uploaded to NCBI SRA accession number phs002833.v1.pl.
All RNA-seq and ChIP-seq from cell lines and xenografts have been
uploaded to NCBI GEO accession number GSE199097. All soft-
ware for WGS, RNA-seq, ChIP-seq, and digital image data analy-
sis is described in the Methods and all software will be provided
upon request.
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