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SUMMARY

Viral mimicry describes the immune response induced by endogenous stimuli such as double-stranded RNA
(dsRNA) from endogenous retroelements. Activation of viral mimicry has the potential to kill cancer cells or
augment anti-tumor immune responses. Here, we systematically identify mechanisms of viral mimicry adap-
tation associated with cancer cell dependencies. Among the top hits is the RNA decay protein XRN1 as an
essential gene for the survival of a subset of cancer cell lines. XRN1 dependency is mediated by mitochon-
drial antiviral signaling protein and protein kinase R activation and is associatedwith higher levels of cytosolic
dsRNA, higher levels of a subset of Alus capable of forming dsRNA, and higher interferon-stimulated gene
expression, indicating that cells die due to induction of viral mimicry. Furthermore, dsRNA-inducing drugs
such as 5-aza-20-deoxycytidine and palbociclib can generate a synthetic dependency on XRN1 in cells
initially resistant to XRN1 knockout. These results indicate that XRN1 is a promising target for future cancer
therapeutics.

INTRODUCTION

When a human cell detects a viral infection, it enters an antiviral

statewith tailored responses to defeat the infection. For example,

the cell will produce interferons (IFNs) that reduce protein synthe-

sis tohinderviral replication, increase thepresentationofpeptides

to the immunesystem, induceapoptosis, andsignal in a paracrine

manner to stimulate the same antiviral response in neighboring

cells.1 Interestingly, this antiviral state can also be activated by

endogenous stimuli, such as double-stranded RNA (dsRNA)

structures derived fromendogenous retroelements, in a phenom-

enon called ‘‘viral mimicry.’’2–4 Activation of viral mimicry is a

promising approach for cancer therapeutics because in the

sameway the antiviral response can help the body eliminate cells

infected with viruses, it can be leveraged to kill cancer cells.5–8

Endogenous retroelements are sections of DNA that can dupli-

cate within the genome through an RNA intermediate.9 In homeo-

stasis, endogenous retroelements are typically repressed through

a variety of mechanisms in order to prevent deleterious effects

such as genomic instability or inappropriate immune activation.

Therapeutic disruption of these mechanisms, such as with the

DNA-demethylating agent 5-aza-20-deoxycytidine (5-AZA-CdR),

can lead to retroelement expression and formation of dsRNA

structures that bind to innate immune receptors and produce a

viral mimicry response.3–5 Beyond DNA methylation, disruption

of histone modifications,6,10 splicing,7,11 and RNA editing5,12–14

have also been implicated in viral-mimicry-mediated anticancer

effects. Due to the wide variety of cellular processes involved,

wehaveproposed that in addition to their role in cancer treatment,

endogenous retroelements can act as an alarm for disruptions to

cellular homeostasis that cull pre-cancerous cells.15 Despite this,

cancers often paradoxically display elevated levels of endoge-

nous retroelements,2 suggesting that these cancers have devel-

opedmechanisms of viral mimicry adaptation. Suchmechanisms

may represent cancer dependencies that can be targeted thera-

peutically to resensitize tumors to viral mimicry.

Previously, we identified upregulation of the p150 isoformof the

RNA-editing enzyme adenosine deaminase acting on RNA 1

(ADAR1) as one such adaptation.5 ADAR1 catalyzes adenosine-

to-inosine (A-to-I) editing primarily in RNA duplex structures

derived from Alus,16 a family of endogenous retroelements that

make upabout 10%of the humangenome.17 AdjacentAlus found
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on the same strand but in opposite orientations are known as in-

verted-repeat Alus (IR-Alus) and can form dsRNA hairpin struc-

tures when transcribed together.5 In the absence of ADAR1, IR-

Alu dsRNAs are recognized by innate immune receptors such as

melanoma differentiation-associated protein 5 (MDA5),18 which

then activates IFN signaling through the mitochondrial antiviral-

signaling protein (MAVS) pathway. The subsequent expression

of IFN-stimulated genes (ISGs) results in an antiviral cell state.

A-to-I editing by ADAR1 creates bulges in the dsRNA structure

that preventMDA5 recognition,18 allowing cancer cells with upre-

gulated ADAR1 to circumvent viral mimicry activation. However,

this ADAR1 dependency provides a vulnerability that can be ex-

ploited for cancer therapy. Accordingly, our previous work indi-

cates that depletion of ADAR1 potentiates viral-mimicry-inducing

epigenetic therapies.5

Here, we systematically screened for other viral mimicry de-

pendencies by correlating ISG expression in cell lines from the

Cancer Cell Line Encyclopedia (CCLE) with cell viability after ge-

netic knockout as determined in the DepMap dataset.19,20 This

analysis identified pathways of interest, including RNAmodifica-

tion and nucleic acid metabolism pathways. Among the top hits

for individual genes was the RNA decay protein XRN1, which

degrades RNA without a 50 cap in the 50 to 30 direction.21 XRN1
dependency was associated with high basal levels of viral mim-

icry activation, as determined by dsRNA levels and ISG expres-

sion, and was mediated by MAVS and protein kinase R (PKR).

Furthermore, while cancer cells with low baseline viral mimicry

levels were XRN1 independent, we created a synthetic XRN1 de-

pendency through treatment with drugs that increase dsRNA

levels. These results highlight XRN1 as a promising therapeutic

target partly independent of ADAR1 and demonstrate the utility

of our screening approach, suggesting that validation of other

identified hits may reveal additional viral mimicry dependencies.

RESULTS

Identification of genes regulating viral mimicry
adaptation
Disruptions to cellular mechanisms are common in cancer and

can lead to the presence of immunogenic endogenous retroele-

ments and viral mimicry.15 To survive this viral mimicry induction,

cancer cells depend on adaptation mechanisms such as A-to-I

editing of dsRNA by ADAR1 to avoid viral-mimicry-induced cell

death.5 Liu et al. and Gannon et al. have previously used the

CCLE and Cancer Dependency Map (DepMap) datasets to iden-

tify ADAR1 as a dependency in a subset of cancer cells,22,23 and

hereweexpand this analysis to systematically detect viralmimicry

dependencies. To broadly define viral mimicry activation at base-

line in different cancer types, we calculated the average scaled

ISGexpression for 1,005 human cell lines in theCCLE using a pre-

viously published ISG signature.23We reasoned that the cell lines

with high ISG expression would depend on viral-mimicry-inhibit-

ing genes such as ADAR1 to adapt to the high levels of viral mim-

icry. To test this hypothesis, we compared ISG induction to the

effect of ADAR1 knockout on viability from the DepMap CRISPR

dataset in 1,005 cell lines (Figure 1A).20We founda significant cor-

relationbetweenADAR1-knockout-mediateddecrease in viability

and ISG expression across the cell lines, suggesting that cell lines

with high ISG expression depend on ADAR1 to survive the induc-

tion of viralmimicry, confirming previous findings.5,22,23 To search

for other viral mimicry adaptation mechanisms, we extended the

analysis to the correlation between ISG expression and viability

upon individual knockout of all genes (Figures 1B; Table S1).

This analysis revealed genes that cancer cells depend on to sur-

vive viral mimicry induction and are therefore potential targets

for cancer therapeutics. Among the hits, ADAR1 had the highest

correlation between ISG expression and the effect on viability.

ADAR1 is also the proteinwith the lowest p valuewhencorrelating

ISG protein levels and effect of knocking out a gene according to

the DepMap dataset (Figures S1A and S1B).

To explore mechanisms of viral mimicry adaptation, we

selected the top 50 genes with a negative slope and clustered

themwith the STRING tool (Figure 1C).24 Among these 50 genes,

we found enrichment of immune activation pathways such as

‘‘regulation of immune response’’ and ‘‘regulation of type I IFN-

mediated signaling pathway’’ (Figure 1D). As dsRNA is a com-

mon activator of viral mimicry, it is interesting that we found

Gene Ontology (GO) terms related to RNA processing such as

‘‘mRNA methylation’’ and ‘‘nucleic acid metabolic process.’’

Disruption of RNA methylation has been previously linked to

innate immune activation from endogenous retroelements.12–14

Since high ISG expression can occur through multiple mecha-

nisms, the correlation between high ISG expression and depen-

dency on a gene could reveal diverse mechanisms for viral mim-

icry adaptation. To focus our analysis on targets that regulate

the presence of immunogenic endogenous retroelements, we

also compared the dependency of a gene to the sensitivity to

ADAR1 knockout. ADAR1 was the top hit correlating with ISG

expressionandhasbeenpreviously shown to inhibit theactivation

of innate immune receptors by dsRNA fromendogenous retroele-

mentsand thusviralmimicry.5We thereforedida linear regression

analysis between sensitivity to ADAR1 knockout and the sensi-

tivity to knockout of other genes andplotted the slope andp value

for each correlation (Figure 1E). Among the top 50 downregulated

genes, the terms ‘‘mRNAmetabolic process’’ and ‘‘viral process’’

were enriched, which is consistent with our previous enrichment

of nucleic acid metabolism and immune response pathways

(Figures S1C and S1D). Out of all genes, the RNA decay protein

XRN1 had the lowest p value and the highest R value (0.471) in

the correlation with ADAR1 (Figures 1E and 1F). XRN1 was also

among the 50 geneswith the lowest p value in both the ISGcorre-

lation analysis and the ADAR1 knockout correlation analysis

(Figure 1G). Interestingly, when we correlated the effect on the

viability of XRN1 knockout with gene expression for all genes,

we found that the genes with the lowest p value are enriched

with pathways connected to an antiviral state (Figures S1E–

S1H; Table S2). Out of the top 50 genes, 31 are part of the GO

term ‘‘defense response to virus’’ (Figures S1G and S1H). This

analysis demonstrates a correlation between baseline ISG induc-

tion and sensitivity to XRN1 depletion (Figure S2A).

XRN1 dependency in cancer cell lines is associated with
elevated ISG expression and dsRNA levels
We reasoned that cells with higher baseline dsRNAaccumulation

would bemore dependent onRNAdecay proteins such as XRN1.

To explore the mechanism of XRN1-dependent adaptation to
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Figure 1. Discovery of genes regulating viral mimicry adaptation

(A) Linear correlation between the effect of ADAR1 knockout on viability from the CRISPR knockout dataset from DepMap and the average scaled expression of

ISGs from CCLE. Each dot represents a cell line, n = 1,005. The value on the x axis is the CERES score from DepMap representing the effect size on viability from

knocking out ADAR, normalized against a distribution of non-essential and pan-essential genes. The value on the y axis is the mean of Z score-normalized

log(TPM+1) values from 38 ISGs defined in Liu et al.23 Negative value ismore sensitive to ADAR1 knockout. R =�0.36, Benjamini-Hochberg-corrected p value for

linear correlation = 2.4 3 10�28.

(B) Analysis in (A) extended to all genes with the resulting slopes and Benjamini-Hochberg-corrected p value for each gene plotted in a volcano plot. The square

represents the 50 genes with the lowest p value and with a negative slope.

(C) Network from the STRING tool showing the 50 genes with the lowest p value and with a negative slope (area outlined in B).

(D) Enrichment analysis with the STRING tool showing the 20 GO biological process terms with the highest strength value as determined by STRING. The color of

GO term names corresponds to the node color seen in (C).

(E) Slope and Benjamini-Hochberg-corrected p value from the linear correlation between the effect on viability from knocking out ADAR1 from the CRISPR

knockout DepMap dataset and all other genes.

(F) Linear correlation between the viability effects of XRN1 knockout and ADAR1 knockout in the CRISPR knockout DepMap dataset. R = 0.47, Benjamini-

Hochberg-corrected p = 1.8 3 10�52.

(G) Comparing the top 50 genes by p value with negative slope in (B) with the top 50 genes with positive slope in (E).
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viral mimicry induction, we used the DepMap dataset to classify

cell lines as either XRN1 sensitive (had lower viability after XRN1

knockout) or XRN1 resistant (viability was not affected by XRN1

knockout). We selected two colorectal cancer cell lines (C84

and NCI-H747) and two breast cancer cell lines (HCC202 and

MDA-MB-468) that are XRN1 sensitive and two colorectal cancer

(COLO678 and NCI-H716) and two breast cancer cell lines

(EFM19 and MCF7) that are XRN1 resistant (Figure 2A). These

cell lines were selected to represent a range of XRN1 sensitivity

and a range of XRN1 resistance (Figure 2A). To further explore

our findings in clinically relevantmodels, we also included the pa-

tient-derived colon cancer stem cell (CSC)-enriched spheroid

line POP92.25,26 To validate the results from our DepMap anal-

ysis, we knocked out XRN1 in these models with CRISPR-Cas9

(Figure S2B). The XRN1-sensitive cell lines NCI-H747 and C84

had highly reduced cell numbers 5 days after XRN1 knockout

compared to the XRN1-resistant cell lines NCI-H716 and

COLO678 (Figures 2B and S2C). Additionally, we validated that

the XRN1-sensitive cell lines NCI-H747 and C84 had elevated

expression of ISGs at baseline compared to the XRN1-resistant

cell lines COLO678 and NCI-H716 (Figure 2C). POP92 cells

have low ISGexpression and are not sensitive to XRN1 knockout,

categorizing them as XRN1 resistant (Figures 2B and 2C). Simi-

larly, the XRN1-sensitive breast cancer cell lines HCC202 and

MDA-MB-468 have lower viability upon XRN1 knockout and

higher ISG expression at baseline compared to the XRN1-resis-

tant breast cancer cell lines MCF7 and EFM19 (Figures 2D, 2E,

and S2C).
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Figure 2. A subset of cancer cell lines are sensitive to XRN1 knockout

(A) Violin plot showing effect on viability from knocking out XRN1 in DepMap data. Selected cell lines are highlighted.

(B) Cell viability assessed by CellTiter-Glo, 5 days after XRN1 knockout with CRISPR-Cas9 in colorectal cancer cell lines. XRN1-sensitive cell lines are colored

purple, and XRN1-resistant cell lines are colored green. Data are presented as the mean of duplicates for C84 and of triplicates for other cell lines ±SD. p values

were calculated using Bonferroni two-way ANOVA.

(C) qPCR of indicated ISGs in colorectal cancer cells. Values are normalized against RPLP0. Data are presented as themean of triplicates ±SD. Stars indicate the

lowest p value for indicated comparisons. Order of cell lines in bar plot follows order in the legend. p values were calculated using Bonferroni two-way ANOVA.

(D) Same as (B) for breast cancer cell lines.

(E) Same as (C) for breast cancer cell lines.

(F) CRISPR LAPSE of XRN1 D208 mutants in NCI-H747 cells. 7-day fold change of the indicated XRN1 knockin populations after normalizing to matched

knockout populations. Data are presented as the mean of six experiments ±SD, and p values were calculated by paired, two-tailed t test.
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To investigate whether dependency on XRN1 is related to its

enzymatic function, we used CRISPR longitudinal assay profiling

specific edits (LAPSE) inNCI-H747cells. In brief, CRISPR-Cas9 is

used to create mixed populations of cells, which are sequenced

over time to quantify growth of wild-type and mutant cells. To

validate this method, we introduced XRN1-targeting Cas9-ribo-

nucleoproteins (RNPs) and observed reduced viability in XRN1-

knockout (KO) populations relative to unedited, wild-type cells

(Figure S2D). To evaluate the effect of an endogenous XRN1

catalyticmutation (D208A),27,28we introducedanother XRN1-tar-

geting Cas9-RNP along with one of two donor oligos for homol-

ogy-directed repair (HDR). We not only observed that cells with

aD208Acatalyticmutation grewmore slowly than thosewith a si-

lent wild-type (WT) mutation (D208D) but also that D208Amutant

cells grew similarly to XRN1-KOcells (Figures 2F andS2E). These

results show that XRN1catalytic activity is important formaintain-

ing the viability of XRN1-sensitive cancer cells.

Next, we sought to determine if the level of XRN1 or other RNA

decay proteins would explain which cell lines were dependent on

XRN1. Neither XRN1 protein levels nor XRN1 expression signifi-

cantly correlate to sensitivity to XRN1 loss (Figures S3A and

S3B). XRN1 levels in most of the cell lines selected for experi-

ments do not correlate with whether the cell line is XRN1 sensi-

tive or not (Figures S3C and S3D). Overall, expression of genes

associated with IFN response, but not genes associated with

the GO term ‘‘RNA catabolic process,’’ correlate with sensitivity

to XRN1 loss (Figures S3E and S3F). The major exception is

OAS2, which is an ISG (Figure S3E). Therefore, the level of

RNA decay proteins does not explain the difference in XRN1 de-

pendency. Instead, we sought to determine differences in base-

line dsRNA levels between XRN1-sensitive and XRN1-resistant

cell lines. Dot blots of total RNA using the J2 antibody, which rec-

ognizes dsRNA helixes longer than 40 bp, revealed elevated

dsRNA levels in XRN1-sensitive cell lines compared to XRN1-

resistant cell lines (Figure 3A). Confocal imaging staining for

dsRNA with the J2 antibody confirmed the increased presence

of cytosolic dsRNA in the XRN1-sensitive cell lines NCI-H747

and C84 compared to the XRN1-resistant cell lines COLO678

and NCI-H716 (Figure 3B).

To assess what could be the source of these elevated dsRNA

levels, we acquired a table of sequences with calculated dsRNA

force from �Sulc et al.29 These are the unique complementary se-

quences that are the most likely to form dsRNA for 3 kb windows

of the genome. To assess which of these sequences with dsRNA

force could contribute to the effect of XRN1 knockout on viability,

we did a differential expression analysis to reveal which of the se-

quenceswith dsRNA force significantly correlated to the effect of

XRN1 knockout on viability in the DepMap dataset (Figure 3C).

To confirm that this analysis enriched for correlating sequences,

we calculated the total sum per cell line of the sequences with

dsRNA force that had a significant correlation with the effect of

XRN1 knockout on the viability of cell lines (red square in Fig-

ure 3C) and found a significant linear correlation (Figure 3D). A

subset of repeats can form IRs and are therefore a source of

dsRNA in cells5; we therefore looked at the distribution of IRs

in sequences with dsRNA force, revealing that most of them

are not overlapping with IRs (Figure 3E). However, not all of the

sequences with dsRNA force can form dsRNA, only those with

a high dsRNA force are likely to do so. We therefore redid the

linear correlation from Figure 3D with sequences with a dsRNA

force higher than 0.5 (Figure 3F). We also highlight how the

expression of one such dsRNA force region is expressed in

selected cell lines on the regression line and those selected

for experiments (Figures S3G–S3I). Interestingly, this analysis

increased the linear correlation with the effect of XRN1 knockout

on viability, and 87% of these high-dsRNA-force sequences

overlap with IR-Alus (Figure 3G). In agreement with our previous

observation that XRN1 protein levels did not correlate with XRN1

sensitivity, there is also no correlation between high-dsRNA-

force regions predictive of XRN1 sensitivity and XRN1 protein

level (Figure S3J). Collectively, XRN1 dependency is associated

with elevated ISG expression and higher levels of cytosolic

dsRNA and correlates with a subset of IR-Alus capable of form-

ing dsRNA, which are all hallmarks of viral mimicry induction.

Pharmacological induction of cytosolic dsRNA produces
a synthetic dependency on XRN1
We next sought to determine whether increased levels of cyto-

solic dsRNA could sensitize XRN1-resistant cells to XRN1 inhi-

bition. DNA-demethylating agents such as 5-AZA-CdR and

CDK4/6 inhibitors such as palbociclib can induce viral mimicry

by increasing the level of cytosolic dsRNA.3,4,30 Immunostaining

in POP92 XRN1-knockout cells with the J2 antibody revealed a

significant increase in cytoplasmic dsRNA in XRN1-depleted

cells treated with 5-AZA-CdR compared to control cells

(Figure 4A). XRN1 knockout led to a significant reduction of

the 5-AZA-CdR half-maximal effective concentration (EC50)

in vitro (Figures 4B and S4A). Furthermore, 5-AZA-CdR sensi-

tized the XRN1-resistant colorectal cancer cell lines COLO678

and NCI-H716 as well as the XRN1-resistant breast cancer

cell lines MCF7 and EFM19 to XRN1 knockout (Figure S4B).

The EC50 of palbociclib was also reduced by over 5-fold in

POP92 cells with XRN1 knocked out compared to controls (Fig-

ure 4C). Like 5-AZA-CdR, palbociclib induces a synthetic de-

pendency on XRN1 in both XRN1-resistant breast and colon

cancer cell lines (Figure S4C). Collectively, these results sug-

gest that sensitivity to XRN1 may be mediated by cytoplasmic

dsRNA levels and that XRN1-resistant cell lines can be sensi-

tized to XRN1 knockout by increasing dsRNA levels with viral-

mimicry-inducing drugs.

MAVS and PKR activation mediates sensitivity to XRN1
disruption
Cytosolic dsRNAs can trigger an innate immune response upon

recognition by cytosolic RNA-sensing receptors such as MDA5

and PKR. Upon dsRNA recognition, MDA5 promotes aggrega-

tion of MAVS on the mitochondrial membrane and activates

type I/III IFN signaling to induce the expression of ISGs. PKR

and ribonuclease L (RNaseL) exert antiviral activity through

translational arrest and RNA degradation, respectively.31,32 To

investigate the mechanism of cell lethality after depletion of

XRN1, we knocked out MAVS, PKR, and RNaseL (Figure 5A).

In the XRN1-sensitive cell line NCI-H747, we found that both

MAVS knockout and PKR knockout partially rescued cell lethality

after XRN1 knockout (Figures 5B, 5C, and S5A). Double

knockout of MAVS and PKR was able to almost completely
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rescue the loss of viability in NCI-H747 cells with knockout of

XRN1, indicating that these are the major pathways involved in

mediating the observed cell viability effects of XRN1 depletion.

However, deletion of RNaseL could not rescue cell lethality, indi-

cating that RNaseL is dispensable for this phenotype. Although

bothMAVS and PKR knockout can affect ISG15 expression after

XRN1 knockout in NCI-H747 cells, we find that MAVS knockout

decreases ISG15 expression to a higher degree than PKR

knockout (Figure 5D). Loss of both PKR and MAVS abrogates

XRN1-knockout-induced ISG15 expression (Figure 5D). We

C84

NCI-H747

NCI-H716

COLO678

J2
antibody

Methylene 
blue

A B

D

MDA-MB-468

HCC202

EFM19

MCF7

14

6

10

2Pe
rc

en
t o

f a
ll 

re
ad

s

-1.50 -0.75 0

viability

-1.50 -0.75 0

viability

0.06

0.04

0.02

Pe
rc

en
t o

f a
ll 

re
ad

s

dsForce all,
p-adj < 0.05 &

lgfc <0

100 %

0 %

dsForce > 0.05,
p-adj < 0.05 &

lgfc <0

E

F G

 ds force all, p-adj < 0.05 & lgfc<0

 ds force > 0.5, p-adj < 0.05 & lgfc<0

n = 17928, R=-0.13, p-adj = 7e-4

n = 1521, R=-0.30, p-adj = 7e-15 

AluJ IR      1.1
AluS IR      1.0
AluY IR      0.8
L1 IR      0.5****

Non-IR      0.6****

Non-repeat      1.5****

Other IR      0.8

Alu IR          0.9*

100 %

0 %

AluJ IR      2.3****

AluS IR    11.3****

AluY IR      7.6****

L1 IR      0.4*

Non-IR      0.2****

Non-repeat      0.02****

Other IR      2.0***

Alu IR          4.1****

OR

OR

-10 0 10
0

20

40

log2(FoldChange)

-lo
g1

0(
p-

ad
j)

C Correlation betweend counts in ds force 

DAPI J2 Merged

N
C

I-H
74

7
N

C
I-H

71
6

C
O

LO
67

8
C

84

C84NCI-
H747

NCI-
H716

COLO
678

****
****
****

****

0

200000

400000

600000

800000

1000000

C
TC

F

100 μm100 μm 100 μm

100 μm100 μm 100 μm

100 μm100 μm 100 μm

100 μm100 μm 100 μm
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(A) Dot blot for dsRNA using total RNA from indicated cell lines. Normalized amounts of total RNA were dotted on Hybond N+ membranes, visualized by

methylene blue staining, and immunoblotted with J2 antibody.

(B) Representative confocal microscopy images of colorectal cell lines as well as quantification of images with each dot being a cell and error bars showing

standard deviation. Nuclei were stained with DAPI (blue), and dsRNAwas stained using the J2 antibody (red). Representative of two biological replicates. p values

were calculated using Bonferroni two-way ANOVA.

(C) Volcano plot of which sequences with dsRNA force from �Sulc et al.29 correlate with effect of XRN1 knockout on viability in the DepMap dataset. Counts per

sequence with dsRNA force were calculated for each cell line in the CCLE (n = 665), and DESeq2 was used to find the correlation between the effect of XRN1
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(G) Annotations of sequences with dsRNA force from (F); see (E) for further explanation.
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also confirmed that NCI-H747 cells have elevated levels of IRF7

and ISG15 protein when XRN1 is knocked out (Figure S5B).

The induction of ISGs indicates that the IFN pathway could

also play a role in cell lethality after XRN1 knockout. Supporting

this, XRN1 knockout leads to higher IFN-b and IFN-l expression

in the XRN1-sensitive cell line NCI-H747 cells, and this expres-

sion is dependent on MAVS (Figure S5C). The addition of IFN-b

could also block the partial rescue of XRN1 knockout provided

by MAVS in NCI-H747 cells (Figure S5D). Additionally, the

JAK1/2 inhibitor ruxolitinib33 partly rescued sensitivity to XRN1

in NCI-H747 cells (Figures S5E and S5F). Together, these results

show that IFN-b can play a role in MAVS-dependent cell death

from loss of XRN1. However, other studies have reported both

that IFN signaling is crucial for XRN1 and ADAR1 sensitivity

and that it is not,22,23,34 suggesting that whether IFN signaling

is crucial for the sensitivity to these genes is system dependent.

Since 5-AZA-CdR leads to a synthetic XRN1 dependency in

XRN1-resistant cells (Figures 4B and S4B), we investigated how

the loss of MAVS, PKR, and RNaseL modulated the response

to 5-AZA-CdR treatment in XRN1-knockout cells (Figure 5E,
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Figure 4. dsRNA induced by 5-AZA-CdR or palbociclib produces a synthetic dependency to XRN1 in XRN1-resistant POP92 cells

(A) Representative confocal microscopy images from control and knockout of XRN1 of POP92 cells treated with PBS or 5-AZA-CdR as well as quantification of

images with each dot being a cell and error bars showing standard deviation. Nuclei were stained with DAPI (blue), and dsRNA was stained using the J2 antibody

(red). Representative of two biological replicates. p values were calculated using Bonferroni two-way ANOVA.

(B) Survival of wild-type XRN1 (black) and XRN1-knockout (red) patient-derived CRC cells (POP92) after treatment with 5-AZA-CdR. The luminescence signal was

normalized, and dose-response curves and EC50 values were calculated using a non-linear regression curve fit.

(C) Survival of wild-type XRN1 (black) and XRN1-knockout (red) POP92 cells after treatment with palbociclib. The luminescent signal was normalized, and dose-

response curves and EC50 values were calculated using a non-linear regression curve fit.
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Figure 5. XRN1 dependency requires MAVS signaling and PKR activation

(A) Western blot of MAVS, PKR, and RNaseL protein levels in NCI-H747 cells. Tubulin is loading control.

(B) Cell viability in NCI-H747 cells by crystal violet staining.

(C) Cell viability in NCI-H747 cells by CellTiter-Glo assay. Data are presented as the mean of triplicates ±SD and p values were calculated using Bonferroni two-

way ANOVA.

(D) qPCR of ISG15 in NCI-H747 cells. Values are normalized againstRPLP0. Data are presented as themean of triplicates ±SD and p valueswere calculated using

Bonferroni two-way ANOVA.

(legend continued on next page)
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5F, and S5G). Similar to NCI-H747 cells, both MAVS and PKR

knockout partly rescued the loss of viability upon XRN1 knockout

in COLO678 cells treated with 5-AZA-CdR, but double knockout

of MAVS and PKR completely rescued the loss in viability

(Figures 5F and 5G). The degree of rescue observed with PKR

knockout in COLO678 cells was more robust compared to cells

with MAVS knockout, suggesting that PKR binding of the dsRNA

induced by 5-AZA-CdR was mainly responsible for the observed

cell death phenotype. On the contrary, MAVS knockout more

strongly inhibited ISG15 induction than PKR-knockout cells (Fig-

ure 5H). Altogether, these results suggest that while it is the

MAVS pathway that is mainly responsible for ISG activation,

both the MAVS and PKR pathways mediate XRN1-knockout-

induced cell death. Furthermore, as both of these pathways

induce cell death in response to dsRNA, these results highlight

the importance of dsRNA in XRN1-dependent cell death.

XRN1 dependency is partly independent of ADAR1
activity
Cancer cells canavoid cell death inducedby viralmimicry through

ADAR1-dependent A-to-I editing, which shields dsRNAs from

detection by innate immune receptors.5,18 We therefore investi-

gated whether ADAR1-dependent viral mimicry adaptation can

inhibit XRN1-knockout-induced cell death. A-to-I editing levels

in these cell lines were estimated by a modified pipeline based

on variant calling in RNA sequencing (RNA-seq) data from the

CCLE19 and revealed active A-to-I editing with 19,255 and

20,023 A-to-I editing loci in the XRN1-resistant cell lines NCI-

H716 and COLO678, respectively, and 24,808 A-to-I editing loci

in the XRN1-sensitive cell lineNCI-H747 (Figure 6A). Furthermore,

between 30% and 43% of these A-to-I edits are found in Alus. To

investigate the interaction between A-to-I editing and XRN1-

knockout-induced viral mimicry, we generated POP92 ADAR1-

knockdown cells (Figure S6A). Both POP92 cells with ADAR1

knockdown and XRN1 knockout have reduced viability upon

treatment with 5-AZA-CdR; however, the reduction in viability

was not enhanced by simultaneous XRN1 and ADAR1 depletion

(Figure 6B). Interestingly, we found higher ISG expression when

XRN1 was depleted in 5-AZA-CdR-treated cells (Figure 6C).

Furthermore, we found that ADAR1 overexpression is associated

with increasedcell viability and lower ISGexpressioncompared to

controls after treatment with 5-AZA-CdR (Figures S6B and S6C),

confirming that ADAR1 can function as a viral mimicry adaptation

mechanism.5

Interestingly, XRN1 knockout in combination with 5-AZA-CdR

in POP92 cells leads to a reduction in cellular viability despite

ADAR1-dependent viral mimicry adaptation (Figure 6D). We

found higher levels of ISG expression after combined depletion

of XRN1 and ADAR1 relative to ADAR1 depletion alone, indi-

cating that XRN1 and ADAR1 together regulate ISG expression

from viral mimicry activation (Figure 6C). However, ADAR1 over-

expression was able to prevent ISG induction in XRN1-knockout

cells treated with 5-AZA-CdR (Figure 6E). Next, we measured

aggregation of the mitochondrial protein MAVS in the mitochon-

dria fraction of cell lysates. MAVS aggregation assays confirmed

that MAVS aggregates upon treatment with 5-AZA-CdR and that

ADAR1 overexpression was enough to prevent theMAVS aggre-

gation in XRN1-knockout cell lines treated with 5-AZA-CdR

(Figures 6F and 6G). These results suggest that ADAR1 can

counteract the activation of the MDA5/MAVS pathway, but not

PKR-induced cell death, upon XRN1 knockout. These results

indicate that targeting XRN1 could have anti-cancer effects

that are independent of viral mimicry adaptation by ADAR1

and highlight the therapeutic potential of XRN1.

DISCUSSION

To escape the mechanisms limiting cellular growth in normal

cells, cancer cells must disrupt normal cellular processes. How-

ever, disruption to certain cellular mechanisms regulating

expression and RNA metabolism can also lead to the presence

of immunogenic endogenous retroelements and induce viral

mimicry.15 To avoid viral-mimicry-induced cell death, cancer

cells are dependent on viral mimicry adaptation mechanisms

such as A-to-I editing of dsRNA by ADAR1.5 Here, we correlated

ISG expression, a readout of the antiviral state in the cell, with the

effect of gene knockout on viability to survey potential viral mim-

icry dependencies. Among the top hits, we found the RNA decay

protein XRN1. Elevated levels of dsRNA and ISG expression

were associated with the reduction in viability observed upon

XRN1 knockout, which was rescued by double knockout of

MAVS and PKR. These are all hallmarks of viral mimicry induc-

tion and confirm that the reduction in viability following XRN1

knockout occurs through induction of viral mimicry.

The most well-described source of endogenous stimuli that

can activate viral mimicry are dsRNAs from IR-Alus.5,18 It is

therefore not surprising that proteins associated with RNA pro-

cessing, such as XRN1, appeared among the viral mimicry adap-

tation mechanisms appearing in our screen. The most direct

explanation for how disrupting XRN1 leads to an antiviral state

in the cell is that dsRNA, which otherwise would have been

degraded by XRN1, accumulates in the cytoplasm, where it

can activate the innate immune receptors MDA5 and PKR.

Furthermore, our work demonstrates that XRN1-sensitive cell

lines already have elevated dsRNA levels as measured by the

J2 antibody and thus may be closer to crossing a ‘‘threshold’’

of tolerable dsRNA levels that XRN1 depletion pushes them

past. Additional evidence for this mechanism comes from the

fact that XRN1-resistant cell lines that have low baseline dsRNA

levels can be made sensitive through treatment with dsRNA-

elevating drugs like 5-AZA-CdR or palbociclib, suggesting that

XRN1 knockout alone is ineffective in these cells because it

(E) Western blot of MAVS, PKR, and RNaseL protein levels in COLO678 cells. Tubulin is loading control.

(F) Cell viability in COLO678 cells by crystal violet staining.

(G) Cell viability in COLO678 by CellTiter-Glo assay. Data are presented as the mean of triplicates ±SD and p values were calculated using Bonferroni two-way

ANOVA.

(H) qPCR of ISG15 in COLO678 cells. Values are normalized againstRPLP0. Data are presented as themean of triplicates ±SD and p valueswere calculated using

Bonferroni two-way ANOVA.
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Figure 6. XRN1 depletion can kill cancer cells despite viral mimicry adaptation by high expression of ADAR1

(A) Number of A-to-I-edited loci in the transcriptome and only in Alus in indicated cell lines. Others represent other variants than A to I such as G to C, A to C, etc.

(B) Cell viability in POP92 cells with indicated knockout determined with CellTiter-Glo assay. Data are presented as themean of triplicates ±SD and p values were

calculated using Bonferroni two-way ANOVA.

(C) PCR of selected ISGs in POP92 cells with indicated knockout and overexpression of ADAR1 and XRN1. Values are normalized against RPLP0. Data are

presented as the mean of triplicates ±SD and p values were calculated using Bonferroni two-way ANOVA. Significance levels are shown for ISG15 but are equal

for the other genes.

(legend continued on next page)
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cannot push their low baseline levels of dsRNA beyond a toler-

able threshold. Finally, the complete rescue of loss in viability

by XRN1 knockout when we knock out MAVS and PKR

(Figures 5C and 5G) indicates that mechanisms upstream of

MAVS and PKR are the main modulators of these pathways.

This includes dsRNA sensing by MDA5 and PKR. However, we

cannot rule out the role of molecules other than dsRNA in loss

of cell viability upon loss of XRN1. Nevertheless, these results

indicate that XRN1-dependent degradation of RNA is an impor-

tant mechanism that prevents the accumulation of dsRNA

beyond the threshold required for activation of viral mimicry.

We find that XRN1-knockout-induced cell death is mediated

by both MAVS and PKR. We show that MAVS-dependent cell

death upon knockout of XRN1 is associated with higher ISG in-

duction, implicating activation of antiviral pathways in this

phenotype. PKR-mediated cell death, on the other hand, ap-

pears to occur more directly without ISG induction. The fact

that PKR and MDA5 are activated by dsRNA of different lengths

supports the observation that these two pathways can act inde-

pendently of each other. PKR can be activated from dsRNA that

is as short as 30 bp, while MDA5 preferentially activates the IFN

pathway through MAVS from longer dsRNA molecules.35 Dis-

agreeing results from investigations into ADAR1 dependency

suggest that which pathway is responsible for cell death might

be system dependent. Liu et al. found that both MAVS and

PKR knockout can partly rescue ADAR1 dependency in a

tongue cancer cell line,23 while Gannon et al. found that only

PKR knockout could partly rescue ADAR1 dependency in lung

cancer cell lines.22 Hu et al. found that ADAR1-mediated editing

of dsRNA disrupts activation of MDA5, while dsRNA binding of

ADAR1p150 disrupts activation of PKR, and that knock out of

both PKR and MDA5 is needed to rescue embryonic lethality

in ADAR1p150�/� mice, allowing them to live to adulthood.36

It is also likely that the role of MDA5/MAVS and PKR is system

dependent in XRN1 dependency. Two studies done in parallel

to this work have found different roles for MAVS and PKR in

XRN1 dependency. Ran et al. found that MAVS knockout abol-

ished the tumor-suppressive effect of XRN1 silencing in a mel-

anoma xenograft mouse model,37 while Zou et al. could rescue

XRN1 dependency in lung cancer cells by knocking out PKR but

not MAVS.34

Additionally, our results indicate that XRN1 and ADAR1 de-

pendencies have different effects on cell death pathways. We

found that ADAR1 overexpression can inhibit XRN1-knockout-

induced expression of ISGs; however, XRN1 knockout reduced

cell numbers even when ADAR1 was overexpressed. Future

studies should investigate the limit of ADAR1’s ability to inhibit

MDA5-MAVS induced cell death. However, it is possible that

XRN1 is able to evade ADAR1-dependent resistance to viral-

mimicry-induced cell death, which could make it an attractive

drug target.

Induction of viral mimicry can be amechanism for treating can-

cer either by enhancing cancer cell killing by immune cells or by

leading to activation of internal cell death pathways in the cancer

cell.2 Ranet al. found that silencingXRN1canpotentiate immuno-

therapy efficiency in mice.37 They found that disruption of XRN1

activated the IFN pathway through MAVS signaling. Knocking

out Pkr, Sting, or Mda5 in mice did not completely rescue the

ISG induction seen in cellswhereXRN1 function is disrupted, indi-

cating that XRN1 can induce viral mimicry through multiple path-

ways. Interestingly, this study did not find that XRN1 knockout

itself inhibited the cell growth of the mouse tumor cells, indicating

that the tumor model they usedmay be similar to the XRN1-resis-

tant cell lines described here. Our work suggests that disrupting

XRN1 alone in an XRN1-resistant tumor would be unlikely to clear

the cancer.However,wewereable to createa synthetic XRN1de-

pendency by treating cells with the viral-mimicry-inducing drugs

5-AZA-CdR and palbociclib. Alternatively, it would be interesting

to see if XRN1 can be targeted in tumors with a high baseline in-

duction of viral mimicry. For example, gliomas with the tumor-

driving K27M mutation in histone 3 (H3K27M) redistribute

H3K27acetylationandhave increasedexpressionof endogenous

retroelements, possibly introducing a vulnerability to XRN1deple-

tion.38 Similarly, R882 is a hotspot for mutations in DNMT3A in

acutemyeloid leukemia, and this mutation can lead to expression

of immunogenic endogenous retroelements.39 Rhabdoid tumors

could also be a potential target, as they are driven by biallelic

inactivation of SMARCB1, which also leads to expression of

endogenous retroelements.40 Finally, XRN1 exhibits a multifac-

eted involvement across various cancer types, supported by evi-

dence demonstrating its downregulation in osteosarcoma.41,42

This implies that targeting XRN1 could hold therapeutic promise

in specific cancer subtypes. However, additional research is

needed to precisely delineate the specific cancer subtypes that

could benefit from targeting XRN1.

In addition to inhibiting viral mimicry induction in cells, XRN1

has also been found to be important in the response to viral infec-

tions. In combination with viral decapping enzymes, XRN1 can

facilitate the replication of the vaccinia virus by limiting ISG-

inducing dsRNA accumulation.43 Alternatively, it is possible that

degradationof viralRNAcan itself posea threat to viral replication.

This is supported by the finding that certain flaviviruses have

developed a specific RNA secondary structure that can resist

degradation by XRN1.44 The role of XRN1 in the antiviral response

is further highlighted by work by Ran et al. suggesting that

XRN1 itself is an ISG whose expression can be induced by

IFN-a or IFN-g.37 Together, these results highlight that XRN1 is

an important regulatorof theantiviral state in thecell, both inexog-

enous viral infection and endogenous viral mimicry activation.

Here, we evaluate viral mimicry dependencies across the

genome and systematically identify targets regulating viral mim-

icry such as XRN1. XRN1-sensitive cell lines have a higher base-

line level of dsRNA and ISGs, while XRN1-resistant cell lines can

be made synthetically dependent on XRN1 through viral-mim-

icry-inducing drugs. These results underline the potential for tar-

geting XRN1 in the development of cancer therapeutics against

(D) See (B).

(E) See (C).

(F and G) Western blot of MAVS showing aggregation after indicated treatment in POP92 cells with indicated knockout of XRN1 and knockdown or over-

expression of ADAR1. VDAC is loading control.

Cell Reports 43, 113684, February 27, 2024 11

Article
ll

OPEN ACCESS



cancers with a high baseline induction in viral mimicry or in com-

bination with viral-mimicry-inducing drugs. Interestingly, XRN1

depletion even leads to cell death in cells with ADAR1 overex-

pression, which can otherwise inhibit viral-mimicry-dependent

cell death, highlighting that XRN1 is a biologically distinct target.

Further research is needed to determine exactly where andwhen

XRN1 is important for degrading endogenous dsRNA and to

establish biomarkers that indicate candidate tumors for XRN1-

targeted cancer therapeutics. However, what is clear is that

there is a close link between XRN1 and the antiviral state of the

cell. Furthermore, these results validate our screening approach

for the discovery of viral mimicry dependencies and suggest that

the other hits identified here merit further validation as cancer

therapeutic targets.

Limitations of the study
As the results here are based upon human cell lines, they cannot

directly beapplied tohumancancer cells in vivo. Furthermore, the

observation that only some cell lines are sensitive to XRN1deple-

tion makes it clear that future research is required to know which

human cancer types are sensitive to XRN1 depletion, which can-

cer types can be made sensitive to XRN1 depletion with dsRNA-

inducing drugs, and for which cancer types XRN1 cannot be tar-

geted. Additionally, some of the results in Figures 1, 3, and S1 are

based upon correlations that cannot be used to infer causation.

Follow-up experiments confirm some of the observations in Fig-

ure 1, such as XRN1 being a viral mimicry dependency, but care

should be taken when interpreting results solely based on corre-

lations. Finally, XRN1protein levelswere not assessed after intro-

ducing the D208A mutation for catalytically dead XRN1 in the

CRISPR LAPSE experiment due to difficulties presented by the

dynamic mixed-population nature of the experiment. Therefore,

we cannot definitively rule out that this mutation could have influ-

enced XRN1 levels in our results. However, other reports have

demonstrated that XRN1, in other models harboring D208A or

similar mutations, expresses at similar levels toWT XRN1.34,45,46
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

J2 SCICONS Cat# 10010500; RRID:AB_2651015

MAVS Abcam Cat# ab89825; RRID:AB_2042274

RNaseL Santa Cruz Cat# sc-74405; RRID:AB_2181661

ADAR Santa Cruz Cat# sc-73408; RRID:AB_2222767

XRN1 Bethyl Cat# A300-443A; RRID:AB_2219047

PKR Cell Signaling Cat# 3072; RRID:AB_2277600

ISG15 Santa Cruz Cat# sc-166755; RRID:AB_2126308

IRF7 Cell Signaling Cat# 13014S; RRID:AB_2737060

VDAC Cell Signaling Cat# 4661; RRID:AB_10557420

Alpha-tubulin Sigma Cat# T9026; RRID:AB_477593

Beta-actin ThermoFisher Cat# AM4302; RRID:AB_2536382

Vinculin Cell Signaling Cat# 13901S; RRID:AB_2728768

Anti-rabbit IgG,HRP-linked Cell Signaling Cat# 7074S; RRID:AB_2099233

Anti-mouseIgG,HRP-linked Cell Signaling Cat# 7076S; RRID:AB_330924

Anti-mouse IgG (H + L), F(ab’)2
Fragment (Alexa Fluor� 647 Conjugate)

Cell Signaling Cat# 4410S; RRID:AB_1904023

Anti-rabbit IgG (H + L), F(ab’)2
Fragment (Alexa Fluor� 488 Conjugate)

Cell Signaling Cat# 4412S; RRID:AB_1904025

Bacterial and virus strains

pLBC2-BS-RFCA John E.Dick lab N/A

pLKO1 John E.Dick lab N/A

Biological samples

POP92 Princess Margaret Cancer Center N/A

Chemicals, peptides, and recombinant proteins

5-AZA-CdR Sigma Aldrich A3656

Palbociclib isethionate Med Chem Express HY-A0065

Insulin, Human Recombinant Sigma-Aldrich 91077C

EGF Recombinant Human Protein Thermofisher Scientific PHG0313

Ruxolitinib InvivoGen tlrl-rux

Recombinant Human IFN-beta Protein R&D Systems 8499-IF

Critical commercial assays

RNeasy Mini Kit Qiagen 74106

SuperScript Vilo IV Thermo Fisher Scientific 11756050

Qproteome Mitochondria Isolation Kit Qiagen 37612

Alt-R CRISPR-Cas9 System Integrated DNA Technologies N/A

Deposited data

Cancer Cell Line Encyclopedia European Nucleotide Archive ENA: SRP186687

Experimental models: Cell lines

NCI-H747 Cedarlane CCL-252

C84 Sigma-Aldrich 12022902

COLO678 DSMZ ACC 194

NCI-H716 Cedarlane CCL-251

HCC202 Cedarlane CRL-2316

MDA-MB-468 Cedarlane HTB-132

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MCF7 Cedarlane HTB-22

EFM19 DSMZ ACC 231

Oligonucleotides

RPLPO primer (CAGACAGACACTGGCAACA;

ACATCTCCCCCTTCTCCTT)

IDT N/A

ISG15 primer (GCCTCAGCTCTGACACC;

CGAACTCATCTTTGCCAGTACA)

IDT N/A

IRF7 primer (GTGGACTGAGGGCTTGTAG;

TCAACACCTGTGACTTCATGT)

IDT N/A

DDX58 primer (CCAGCATTACTAGTCAGAAGGAA;

CACAGTGCAATCTTGTCATCC)

IDT N/A

OAS2 primer (TTCTGCCTGCACCACTCTTCAACGA;

GCCAGTCTTCAGAGCTGTGCCTTTG)

IDT N/A

OAS3 primer (CCGAACTGTCCTGGGCCTGATCC;

CCCATTCCCCAGGTCCCATGTGG)

IDT N/A

IFN-b primers (Fwd-GCCATCAGTCACTTAAACAGC;

Rev-GAAACTGAAGATCTCCTAGCCT)

IDT N/A

IFN-l primers (Fwd-GAAGACAGGAGAGCTGCAAC;

Rev-GGTTCAAATCTCTGTCACCACA)

IDT N/A

CRISPR LAPSE primer - HPRT1 (ACACTCTTTCCCTACA

CGACGCTCTTCCGATCTGCTCCCCTTCAATGGACACA;

GACTGGAGTTCAGACGTGTGCTCTTCCGATCTATCCA

ACACTTCGTGGGGTC)

IDT N/A

CRISPR LAPSE primer - XRN1 sgRNA #3

(ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGG

GTGGAACAGATTTCTGTGAT; GACTGGAGTTCAGACGTG

TGCTCTTCCGATCTACCATCTTCTCCAAAACCAGACT)

IDT N/A

CRISPR LAPSE primer - XRN1 sgRNA #4 (ACACTCTTTCCC

TACACGACGCTCTTCCGATCTAGTGAAAAGGCAACCTACGGA;

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT

GGGGACAGGGGATAGGGTAA)

IDT N/A

CRISPR LAPSE primer - XRN1 sgRNA #5, D208 HDR

(ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCA

TGGCAAGGAGTTACCATCT; GACTGGAGTTCAGACGTG

TGCTCTTCCGATCTTCTCCAATATTTGTTGCCACAGC)

IDT N/A

CRISPR LAPSE - HPRT1 sgRNA (AATTATGGGGATTACTAGGA) IDT N/A

CRISPR LAPSE - XRN1 sgRNA #3 (ATATTACATGACGAAGATGG) IDT N/A

CRISPR LAPSE - XRN1 sgRNA #4 (GCTTGGATTAACAAGTCATG) IDT N/A

CRISPR LAPSE - XRN1 sgRNA #5 (D208 HDR)

(GGTTTAGATGCTGACTTGGT)

IDT N/A

CRISPR LAPSE HDR donor sequence. D208A + PAM mutant.

ATCAATGCATAAGTTTATAATAATAAAAATTATAGCTACCAAG

GCAGCATCTAAACCATAAAGACAGTGTCTGGTGTTTGGATC

IDT N/A

CRISPR LAPSE HDR donor sequence. D208D + PAM mutant.

ATCAATGCATAAGTTTATAATAATAAAAATTATAGCTACCAAA

TCAGCATCTAAACCATAAAGACAGTGTCTGGTGTTTGGAT

IDT N/A

pLKO.1 shADAR1:50-CCGGGCCCACTGTTATCTTCACT

TTCTCGAGAAAGTGAAGATAACAGTGGGCTTTTTG-30
John E.Dick Lab N/A

pLKO.1 LacZ:50-CCGGTGTTGGCTTACGGCGGTGATTT

CTCGAGAAATCACCGCCGTAAGCCAACTTTTTG-30
John E.Dick Lab N/A

XRN1-sgRNA#1, Hs.Cas9.XRN1.1.AA:

50-TAATGCGAAACAACACCTCC-30
IDT N/A

XRN1-sgRNA#2, Hs.Cas9.XRN1.1.AB:

50-GGAGTTACCATCTACTTCTC-30
IDT N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniel D.

De Carvalho (daniel.decarvalho@uhnresearch.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability
(1) All data reported in this paper will be shared by the lead contact upon request.

(2) Code has been deposited to Zenodo: https://doi.org/10.5281/zenodo.10040059

(3) Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study utilizes the following human cell lines models: NCI-H747 (male, 69, Cecum adenocarcinoma), C84 (male, 67, Cecum

adenocarcinoma), COLO678 (male, 69, colon carcinoma), NCI-H716 (male, 33, Cecum adenocarcinoma), POP92 (primary colon tu-

mor specimen), HCC202 (female, 82, Breast ductal carcinoma), MDA-MB-468 (female, 51, Breast adenocarcinoma), MCF7 (female,

69, Invasive breast carcinoma of no special type) and EFM19 (female, 50, Breast ductal carcinoma). See method details for mainte-

nance and care conditions. Both cell lines from females and males are included in the study, although some experiments are only

done in colon cancer cell lines which are from males.

METHOD DETAILS

Primary cell and Cell line growth conditions
NCI-H747, NCI-H716, COLO678, HCC202 and EFM19 cells were grown in RPMI-1640 medium with 10% (FBS) fetal bovine serum,

2mM glutamine and 1% penicillin/streptomycin. C84 cells were grown in IMDM medium with 10% FBS, 2mM glutamine and 1%

Penicillin/Streptomycin. MCF7 cells were grown in DMEMmedium with 10% FBS, 1 mM sodium pyruvate, 10 mg/mL human insulin,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Hs.Cas9.EIF2AK2.1.AA: 50-TGGTACAGGTTCTACTAAAC-30 IDT N/A

Hs.Cas9.RNASEL.1.AA: 50-CATCACTATCGTCAGAGCTC-30 IDT N/A

Hs.Cas9.MAVS.1.AC: 50-GTAGATACAACTGACCCTGT-30 IDT N/A

Software and algorithms

Python Python Software Foundation www.python.org

R R Core Team www.r-project.org

STAR Alexander Dobin github.com/alexdobin/STAR

Snakemake Johannes Köster snakemake.readthedocs.io

featureCounts Subread subread.sourceforge.net/

STRING STRING Consortium 2023 string-db.org

Other

CellTiter-Glo� Luminescent Cell Viability Assay Promega G7572

P3 PRIMARY CELL 4D-NUCLEOFECTOR KIT XS Lonza V4XP3032

Crystal Violet Sigma-Aldrich C0775

Sodium Pyruvate Thermo Fisher Scientific 11360070

N2 supplement A Stemcell Technologies 7152

Neurocult SM1 Stemcell Technologies 5711

Heparin Sigma-Aldrich H3149

Lipid Mixture 1 Sigma-Aldrich L0288

HyCloneTM Non Essential Amino Acids NEAA Fisher Scientific SH3023801
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0.1mMNon-Essential Amino Acids and 1% penicillin/streptomycin. Patient derived colorectal cells (POP92) were cultured in DMEM/

F-12 supplemented with 1% penicillin/streptomycin, 0.1 mM Non-Essential amino acids, 1 mM sodium pyruvate, N2 supplement,

NeuroCult SM1 Neuronal Supplement, 4 mg/mL heparin, 0.2% lipid mixture, 20 ng/mL EGF and 10 ng/mL basic FGF and 1%

Penicillin/Streptomycin. NCI-H747 cells used in the CRISPR LAPSE experiment were grown in RPMI-1640 + GlutaMax

(ThermoFisher 61870036) medium with 10% (FBS) fetal bovine serum (Corning 35-072-CV), 2.25 g/L D-glucose (Sigma G7021)

and 1x penicillin/streptomycin (Gibco 15140-122). All cells were grown according to ATCC recommendations in a humidified tissue

culture incubator at 37�C with 5% CO2.

CRISPR knockout
CRISPR was performed using the Alt-R CRISPR-Cas9 System (Integrated DNA Technologies) as per manufacturer’s protocol.

Briefly, the ribonucleoprotein (RNP) complex was assembled by mixing of Alt-R CRISPR-Cas9 CrRNA with Alt-R CRISPR-Cas9

tracrRNA and Alt-R HiFi S.p. Cas9 Nuclease V3. Then cells were transfected with RNP complex by electroporation using pulse

code EH115 and Lonza P3 primary cell 4D- Nucleofactor X Kit S (Basel, Switzerland).

In vitro studies and viability assays
The DNA methyltransferase inhibitor 5-AZA-CdR (A3656) was purchased from Sigma Aldrich. Palbociclib isethionate (HY-A0065) was

purchased from Med Chem Express. For in vitro experiments, cells were treated with 5-AZA-CdR (300 nM), palbociclib (250 nM) and

vehicle (PBS or DMSO) as treatment. Cells were kept in culture for 5 and 7 days for treatment with 5-AZA-CdR and palbociclib respec-

tively. For interferon blockade and exogenous interferon treatment experiments, cells were treated with either ruxolitinib (Invivogen tlrl-

rux, 1 mM) or IFN-b (R&D 8499-IF, 10 ng/mL) for 5 days. Cell viability was determined using a CellTiter-Glo luminescent cell viability

assay (Promega). Data were presented as proliferation present by comparing the treated groups with the vehicle-treated cells.

Crystal violet staining
Cells were plated in 6-well tissue culture plates for 5 days. Each well was washed twice with ice-cold PBS on ice and fixed with 100%

ice-cold methanol for about 10 min on ice. Then cells were stained with 0.5% crystal violet solution in 25% methanol for 10 min at

room temperature, and the crystal violet stain removed by washing in water until the dye comes off. Fiji was used to quantify crystal

violet staining. Circles were drawn to outline each well and the color threshold function was used to threshold the wells. The mean

gray value for the thresholded image was measured and normalized to top well in each column before plotting.

Western blot analysis
Protein extracts were obtained from cell pellets after lysis with 100 mL–200 mL of sodium-dodecyl-sulfate (SDS) lysis buffer (2% SDS,

10% glycerol, 50 mM of Tris HCL) plus protease inhibitor cocktail (Sigma Aldrich, Catalog. No. 11836170001). Cell lysates were

centrifuged for 15 min at 4�C, 13000 RPM. 20–40 mg of proteins were mixed with Laemmli (b-mercaptoethanol and bromophenol

blue) and denatured for 10 min at 95�C. Cell lysates were loaded onto each lane of SDS-PAGE. Gel-separated proteins were trans-

ferred to a nitrocellulose membrane (Whatman) in a 1X transfer buffer containing 20%methanol, at 100V for 1 h at 4�C. Membranes

were blocked with a solution of in TRIS-buffered saline (TBS: 20mM TRIS/HCl, pH 7.4, 137 mM NaCl, 2.7 mM KCl) plus 0.1% Tween

(TBS-T) containing 5%non-fat driedmilk. The samemilk/TBS-T solution was prepared to dilute primary antibodies, which were incu-

bated for 1 h at room temperature or overnight at 4�C. The next day, after 3 washes with 1% TBS-T (each wash 10 min), the mem-

brane was incubated with the secondary HRP antibodies, diluted in 5%milk, for 30–60min at room temperature. Themembrane was

washed again with TBS-T three times and ECL was applied for membrane development.

Total RNA extraction and RT-qPCR
For total RNA extraction, 1mL TRIZOL reagent was added to cell pellets harvested from confluent cells. Cells were gently pipetted up

and down for complete cell lysing in TRIZOL. TRIZOL/cell mixture was next transferred into a clean microcentrifuge tube and total

RNA was purified using RNeasy Mini Kit (QIAGEN, Valencia, CA) and quantified by spectrophotometer (NanoDrop). Reverse tran-

scription of 1 mg of RNA/sample was performed using SuperScript Vilo IV (Thermo Fisher Scientific) as per manufacturer’s protocol.

5 to 10 ng of cDNA were used to perform quantitative polymerase chain reaction using 1X SsoAdvanced Universal SYBR Green

Supermix (Bio-Rad). All RT-qPCR reactions were performed in a CFX Connect Real-Time PCR Detection System (Bio-Rad). Gene

expression values were calculated by the DDCq method, using RPLP0 as the housekeeping gene, and resulting experimental target

values were normalized to the global mean of the control group.

Dot blot
Purified RNA was dotted on Hybond N+ membrane (Amerhsam Hybond-N+), dried and autocross linked in a UV stratalinker 2400

(Stratagene) two times. The membrane was then blocked in 5%milk in PBS-T (0.1% Tween 20) for 30 min. Blocking buffer was dis-

carded, and the membrane was incubated with J2 antibody rocking overnight at 4�C. Membrane was washed three times in PBS-T

for 10 min at room temperature per wash. Membrane was then incubated with secondary goat-anti-mouse HRP antibody (Millipore

cat#AP124P) in 5% milk at room temperature for 1 h. Washed membrane with PBS-T was subjected to chemiluminescent develop-

ment. Membrane was stained with 0.5% methylene blue in 30% EtOH to visualize the presence of RNA.
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MAVS aggregation assay
Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE) was performed as previously described.47 Briefly, mitochondria

were isolated (Qproteome Mitochondria Isolation Kit, Qiagen) from from patient-derived CRC cells (POP92), resuspended in mito-

chondria buffer and diluted before loading on an a 1.5% agarose vertical gel at 4 �C at a constant voltage of 100 V in running buffer

(1x TBE and 0.1%SDS) for 1 h. Proteins were then transferred into a nitrocellulosemembrane, andMAVS protein was detected using

anti-MAVS antibody (ab89825, Abcam)

Immunofluorescence confocal microscopy
Cells were fixed using cold methanol for 15 min at �20�C, washed three times with PBS and incubated with saturation buffer (PBS

with 1% BSA) for 1 h. Cells were stained with primary antibody (anti-dsRNA clone J2, Scicons 10010500) and incubated overnight at

4�C. The next day, cells werewashed three times for 10minwith PBS and incubatedwith secondary antibody (anti-mouse IgG (H + L),

F(ab’)2 Fragment (Alexa Fluor 647 Conjugate (Cell Signaling Technology, 4410) for 1 h at room temperature, and washed again three

times for 10min with PBS, and incubated with hoechst nuclear stain for 5 min. Cells were washed three times with PBS andmounted

on a slide with ProLong Gold Antifade Mountant (Thermo Fisher Scientific, P36930). Confocal analysis was performed with a Zeiss

LSM70 confocal microscope using a 403 oil immersion objective and images were then analyzed using ImageJ software. The

corrected total cell fluorescence (CTCF) was determined by: integrated density� (area of selected cell3mean fluorescence of back-

ground readings). Cells from multiple fields of view of the same microscopy slide and at least two biological replicates were

quantified.

Linear correlation analysis
CRISPR gene effect and CCLE expression for every gene was downloaded from the DepMap data downloads 22Q2.20 Only cell lines

with both effect and expression were included (n = 1005 cell lines). ISG score was determined by taking themean of the Z score of the

log2(TPM+1) values from the CCLE expression file for the 38 ISGs defined by Liu et al.,23 see below for gene list. For every gene, the

linear correlation between the ISG score and gene effect was calculated using the stats.linregress function from the python package

scipy. The same approach was used for the other linear correlations in this manuscript.

38 ISGs from Liu et al.: ADAR, DDX60, HERC6, IRF7, OASL, PSME2, STAT2, TRIM25, BST2, DHX58, IFI35, ISG15, OGFR, RSAD2,

TDRD7, UBE2L6, CASP1, EIF2AK2, IFIH1, ISG20, PARP12, RTP4, TRAFD1, USP18, CMPK2, EPSTI1, IFIT2, MX1, PARP14,

SAMD9L, TRIM14, CXCL10, GBP4, IFIT3, NMI, PNPT1, SP110, TRIM21.

Linear correlation to sequences with dsRNA force
Fastq files from RNAseq for CCLE cell lines with the accession number ENA: SRP186687 were downloaded from the European

Nucleotide Archive and aligned to the genome using STAR. Only cell lines that could be matched to cell line names used in

DepMap were used (n = 665). The compressed version of a table describing the sequences most likely to form dsRNA across 3 kilo-

base windows of the genome with calculated dsRNA force was acquired from �Sulc et al.29 Every sequence has a seqA and a com-

plementary seqB and featureCounts with the settings ‘‘-p -O -M -F’’ was used to count up reads for seqA and seqB individually. The

counts for seqA and seqB were then added together for each sequence. The R package DESeq2 was used to find sequences with

dsRNA force that had a statistical significant correlation with the effect of XRN1 knockout on viability in the DepMap dataset. For

every cell line, the total amount of reads that aligned to significantly down-regulated sequences with dsRNA force was counted

up and plotted in a scatterplot against the effect of XRN1 knockout on viability. Additionally, the total amount of reads that aligned

to significantly down-regulated sequences with dsRNA force higher than 0.5 was counted up and plotted in a scatterplot against the

effect of XRN1 knockout on viability. The stats.linregress function in the python package Scipy was used to calculate statistics for the

linear regression, and the python package seaborn was used for plotting. Furthermore, sequences were overlapped with repeat-

masker and it was assessed whether they were inverted repeats as described in �Sulc et al.29 For example, if the longest overlap

for seqA was an AluY in the first strand and the longest overlap for seqB was an AluY in the second strand, the sequence was an-

notated as an AluY IR. Odds-ratios and corresponding p values were calculated using the fisher_exact function from the python

package scipy.

STRING gene networks and enrichment analysis
Genelists were submitted to the STRING tool v11.5. Textmining, Experiments, Databases, co-expression, neighborhood, gene fusion

and co-occurrence were all used as active interaction sources and medium confidence was used for interaction score. STRING was

also used to perform enrichment analysis on the same gene list. The enrichment for the gene ontology ‘‘biological process’’ was

downloaded. The 20 terms with the highest strength parameter from STRING were selected and plotted with the ggplot2 package

in R.

Genome-wide search for RNA editing
The STAR aligner was used to align raw reads to the hg38 human genome,48 allowing 10 mismatches per aligned read. Duplicate

readsweremarked and removed, and only unique readswere kept. To avoid bias due to library size, all bam files were down-sampled

to 26 million reads. Transcripts were called from each sample using Stringtie,49 and the called transcripts from all samples were
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merged using the Stringtie merge mode. To prevent redundant coverage in read positions, the overlap between read mates was

clipped using bamUtil clipoverlap,50 and three base pairs at the start and end of reads were clipped using bamUtil trimbam due

to potential errors. Reads aligned to insertions and deletions were discarded. Variants for each sample in merged transcript regions

were called using the bcftools mpileup command,51 with a minimum read position quality cutoff of Q = 20. Indel calling was ignored.

Since the RNAseq samples are unstranded, we predicted the strandness of the loci based on several factors such as the strandness

of the expressed genes that overlap with the genomic loci.

Filtering process was performed to remove mismatch positions that correspond to common SNPs in the SNP142 common data-

base, which was downloaded from the UCSC genome browser table. Amismatch position is considered present if it has a read depth

of at least 5 and if the read depth of the alternative nucleotide is at least 5% of the position read depth and a minimum of 2 reads;

otherwise, it is considered absent. To assess editing at Alu elements, edited genomic loci were intersected with the whole genome

Alu elements, and only edited loci that overlapped with Alus were kept, while other loci were filtered out.

CRISPR LAPSE
For knock-in/homology-directed repair (HDR), the RNP complex was supplemented with custom single-stranded DNA donor oligos

(Integrated DNA Technologies) and cells were transfected by electroporation using setting #14 and the Neon Transfection System

100 mL Kit (Invitrogen, MPK10025). Media was supplemented with Alt-R HDR enhancer V2 (Integrated DNA Technologies,

10007921) for 24 h following electroporation to improve HDR.

Electroporation of cells with a unique Cas9-RNP/HDR donor combination results in a heterogeneous population with distinct

genotypes: unedited/WT, indel, and knock-in (KI). For each unique sample (RNP/HDR donor combination), 5e5-1e6 cells were har-

vested 3- and 10-day post Cas9-RNP electroporation and genomic DNA was extracted for sequencing using the DNeasy Blood and

Tissue Kit (Qiagen, 69506). PCR primers flanking CRISPR/Cas9 editing sites were designed to incorporate partial Illumina adapters

compatible with Amplicon-EZ next generation sequencing service (Azenta). Amplicons were generated using the OneTaq PCR sys-

tem (NewEngland Biolabs, M0482L), purified using theMonarch PCR&DNACleanup Kit (T1030S), and submitted to Azenta for NGS.

Raw FASTQ files were processed using CRISPResso version 152 to calculate the percentage of unedited/wild type (WT), frameshift/

knockout (KO) andHDR/knock-in (KI) populations in each unique sample. To determine relative growth rates, each unique population

was first normalized to its matchedWT population (unique RNP/HDR donor and time point) before comparing between 10- and 3-day

time points.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of replicates is stated in the figure legends. Unless otherwise stated, statistical analyses were performed using

GraphPad prism (v7.0) using Bonferroni two-way ANOVA and statistical significance was determined at a p value <0.05. Unless

otherwise mentioned asterisks indicate significance at these levels: * = p % 0.05, ** = p % 0.01, ***, p % 0.001, **** = p % 0.0001.
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Figure S1. Correlation between effect of XRN1 knock out on viability and ISG expression. (A) Linear correlation of average scaled

ISG protein levels of CCLE cell lines and effect on viability by knockout of XRN1 from the CRISPR DepMap dataset. Each dot is

one cell line, and data from 302 cell lines1. The ISGs are 38 ISGs defined in Liu et al2. (B) Slope and adjusted p-value from linear

correlation as done in A, shown for all genes. (C) Network of the 50 genes with the lowest p-value in the correlation of effect on

viability from ADAR knockout and effect on viability from knocking out that gene. Made with the STRING tool. (D) All terms with

FDR < 0.05 of the biological process GO terms according to the STRING tool. (E) Example of linear correlation analysis between

gene expression from CCLE and effect on viability by knockout of XRN1 from the CRISPR DepMap dataset from 1005 cell lines.

Here shown for the gene MX1. (F) Slope and p-value from linear correlation analysis as done in E. Red box shows the 50 genes

with the lowest p-value with negative slope. (G) Network of the 50 genes with the lowest p-value in the correlation of effect on

viability from XRN1 knockout and expression of that gene. Made with the STRING tool. (H) The 20 terms with the highest

strength of the biological process GO terms according to the STRING tool. The color of GO term names corresponds to the node

color seen in G.
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Figure S2. Viability of cell lines after XRN1 knockout. (A) Linear correlation between mean scaled ISG expression in the CCLE

dataset of 38 ISGs defined by Liu et al2 and effect on viability after knocking out XRN1 from the DepMap dataset. Each dot is a

cell line. (B) Western blot of XRN1 protein level in indicated cell lines. XRN1-sensitive cell lines are colored purple and

XRN1-resistant cell lines are colored green. Two independent clones were used for XRN1-KO. Tubulin or actin was used as a

loading control. (C) Cell viability of control or XRN1-KO cells assessed by crystal violet staining. (D) CRISPR LAPSE in NCI-H747

using the indicated single-guide RNAs (sgRNA). 7-day fold change of the indicated frameshift (KO) subpopulations after

normalizing to matched unedited (WT) subpopulations. Data presented as the mean of six experiments (five for sgHPRT1

sample) ± SD and p-values calculated with mixed-effects model (REML) with matched samples and assuming sphericity. (E) As in

D, but with the inclusion of the indicated HDR donor oligos and concurrent analysis of distinct KO and knock-in (KI)

subpopulations within each sample. Data presented as the mean of six experiments ± SD and p-values calculated with 1-way

ANOVA with matched samples and assuming sphericity.
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Figure S3. Correlating levels of RNA decay proteins to sensitivity to XRN1 knockout. (A) Linear correlation of XRN1 expression in

the CCLE dataset and effect on viability after knocking out XRN1 from the DepMap dataset. Each dot is a cell line, n = 1005 cell

lines. (B) Same as A except using quantitative proteomics data from cell lines1. n = 302 cell lines. (C) Western blot of XRN1

protein level in indicated cell lines. (D) Same quantitative proteomics data presented in B for cell lines used here that were

available in the proteomic dataset. (E,F) The slope of linear correlation of XRN1 sensitivity and expression of a gene of all genes

in the geneset indicated by the text above plot. GO genesets downloaded from AMIGO 2 and Hallmark geneset is from this

paper3. Red bars indicate significantly correlating genes (p-adj < 0.05). G) Plot from figure 3F that highlights cell lines selected for

displaying in H. H) Genomic signal from poly A based RNAseq from CCLE in selected cell lines. The dsRNA track represents one of

the regions forming dsRNA that contribute to the score in G. As the y-axis in figure G shows the sum of 1521 fragments the

value on the y-axis is not directly relatable to value on y-axis in H. I) Same as H but for a different region and showing the cell

lines used here. J) Correlation between XRN1 protein level and high dsRNA force regions correlating with XRN1 sensitivity, see

y-axis in figure 3F.
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Figure S4. AZA and Palbociclib sensitizes XRN1-resistant cell lines to XRN1 knockout. (A) Survival of wild-type XRN1 (black) and

XRN1-knockout (red) in indicated cells after treatment with 5-AZA-CdR. The luminescent signal was normalized, and

dose-response curves and EC50 values were calculated using a nonlinear regression curve fit. (B) Cell viability was assessed by

celltiter glo in CTRL and XRN1 KO Colorectal and breast cancer cells treated with 300 nM 5-AZA-CdR. (C) Cell viability was

assessed by celltiter glo in CTRL and XRN1 KO Colorectal and breast cancer cells treated with Palbociclib. Data presented as the

mean of triplicates ± SD.



Figure S5. The role of the IFN pathway in XRN1 dependent cell death. A) Quantification of plate shown in 5B. B) Western blot

after XRN1 knockout in NCI-H747 cells. C) qPCR of IFN genes in NCI-H747 cells with indicated knockout of MAVS. Values are

normalized against RPLP0. Data presented as the mean of at least four technical replicates ± SD. D) Cell viability in MAVS

knockout NCI-H747 cells assessed by celltiter glo in CTRL and XRN1 KO cells treated with and without exogenous IFN-β (10

ng/mL). Data presented as the mean of five replicates ± SD. E) Cell viability assessed by celltiter glo in CTRL or XRN1 knockout

NCI-H747 cells treated with and without Ruxolitinib (1 µM). Data presented as the mean of five replicates ± SD. F) qPCR after

Ruxolitinib (1 µM) treatment as in E. Values are normalized against RPLP0. Data presented as the mean of three technical

replicates ± SD. G) Quantification of plate shown in 5F.



Figure S6. Depletion of XRN1 and over expression of ADAR1 in POP92 cells. A) Western blot of ADAR1 in POP92 cells with

ADAR1 and XRN1 knockout and ADAR1 overexpression. Tubulin is loading control. sgRNA is used to knockout XRN1, #1 and #2

represents different sgRNA targeting XRN1. B) Extension of figure 6D including additional comparisons. Cell viability in POP92

cells with indicated knockout or overexpression determined with Cell Titer Glo assay. Data presented as the mean of triplicates ±

SD. C) PCR of selected ISGs in POP92 cells with indicated overexpression of ADAR1. Values are normalized against RPLP0. Data

presented as the mean of triplicates ± SD. Significance levels shown for ISG15, but are equal for the other genes.
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