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While the effect of amplification-induced oncogene expression in cancer is
known, the impact of copy-number gains on “bystander” genes is less under-
stood. We create a comprehensive map of dosage compensation in cancer by
integrating expression and copy number profiles from over 8000 tumors in
The Cancer Genome Atlas and cell lines from the Cancer Cell Line Encyclo-
pedia. Additionally, we analyze 17 cancer open reading frame screens to
identify genes toxic to cancer cells when overexpressed. Combining these
approaches, we propose a class of ‘Amplification-Related Gain Of Sensitivity’
(ARGOS) genes located in commonly amplified regions, yet expressed at lower
levels than expected by their copy number, and toxic when overexpressed. We
validate RBM14 as an ARGOS gene in lung and breast cancer cells, and suggest
a toxicity mechanism involving altered DNA damage response and STING
signaling. We additionally observe increased patient survival in a radiation-
treated cancer cohort with RBM14 amplification.

Due to genomic instability, human cancers accumulate somatic
mutations over time. The most frequent type of genomic alterations
are copy number changes, affecting on average ~30% of a tumor’s
genome™’. Somatic copy number alterations (SCNAs) can target focal
regions of the genome (e.g., amplification of the oncogene MYC in
chromosome 8q or deletion of the tumor suppressor RBI in chromo-
some 13q), but often comprise chromosome arm-level events that span
hundreds of collaterally-altered genes located in proximity to the
cancer driver genes. Such large-scale events shape the transcriptional
and translational profile of tumor cells, as chromosomal copy number
changes may affect genes with essential roles in tumor progression
and viability>.

In human cancers, changes in DNA copy number tend to be tightly
correlated with mRNA expression levels*”. However, uncoupling of
gene expression from DNA copy number has been described by mul-
tiple mechanisms at the genomic (e.g., rearrangements), epigenetic
(e.g., promoter hypermethylation), and post-translational (e.g., buf-
fering copy number imbalances in protein complex members)
levels®'>. These discrepancies between gene expression levels and
copy number suggest that such large-scale changes may have a nega-
tive impact on cellular fitness. Such alterations may also create new
dependencies. For example, loss of ‘Copy number alterations Yielding
Cancer Liabilities Owing to Partial losS’ (CYCLOPS) genes renders cells
dependent on the remaining copy". Similarly, loss of heterozygosity
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events spanning passenger metabolic and essential genes, as well as
homozygous losses of gene paralogs, create unique dependencies in
tumor cells that can be exploited therapeutically' ., More recently,
some studies have also addressed overexpression toxicity of a limited
number of genes?*?, as well as genetic dependencies correlated with
chromosome gains in cell lines>”**, However, the impact of copy
number gains affecting “bystander” genes, often co-amplified with
oncogenes, remains less well understood.

In this study, we investigate whether copy number gains can
also become collateral cancer liabilities, as they affect the
expression of multiple genes with diverse biological functions
and impact cellular fitness. For this, we hypothesize that some
genes located in commonly amplified regions of the genome
could be detrimental to the cell when overexpressed upon gain,
triggering mechanisms of gene compensation. We identify these
‘Amplification-Related Gain Of Sensitivity’ (ARGOS) genes by
analyzing their gene expression compensation in tumors and cell
lines, and their overexpression toxicity in open reading frame
(ORF) screens. We experimentally show that the gain of one of
these genes, RBMI4, indeed perturbs the DNA damage response

and cGAS/STING signaling, and its amplification is associated with
increased vulnerability of tumors to radiation treatment in a
clinical colorectal cancer cohort.

Results
Copy-number changes often affect non-driver genes whose
expression is nevertheless altered
Much of the genome is frequently gained or lost in cancer (Fig. 1a). This
is because individual copy-number alterations, selected by cancer
driver events, typically affect large sections of the genome (Fig. 1b).
Although Oncogenes (OGs) are more frequently amplified and less
frequently lost, and Tumor Suppressor genes (TSGs) show the oppo-
site trend (Supplementary Fig. S1a, b), most of the frequently amplified
genes are neither OGs nor TSGs, but likely “collaterally altered” by the
gain/loss of large chromosomal regions (Supplementary Fig. Slc, d).
Nevertheless, the expression levels of the vast majority of genes,
including these “bystander” genes, scale with their copy number*?.
This is true across human tumors®, across cell lines in the Cancer Cell
Line Encyclopedia (CCLE) (Fig. 1c), and also in isogenic RPE-1 cells with
individual gained chromosomes®. However, we also observe
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Fig. 1| Approach to identify ARGOS genes. a The landscape of CNAs with the
frequency of amplifications and deletions across TCGA tumors shows preferential
gains of OGs and losses of TSGs. Genes gained in over 15% of samples (dotted line)
were considered commonly amplified. b Individual CNA events typically contain
multiple genes at a median of 58. ¢ Normalized RNA expression across all genes
and cell lines scales with DNA copy number in the CCLE, although there is a con-
siderable spread around this trend (scaling P-value from linear regression model
without intercept). We then statistically model which genes are expressed
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consistently lower or higher than the expectation and refer to them as compen-
sated and hyperactivated, respectively. d ARGOS genes are identified by genes that
are collaterally affected by amplifications, which are also detrimental to cell growth
when overexpressed and show compensation upon copy number gain. e In prac-
tical terms, we employ the CCLE and TCGA cohorts to identify compensated genes
and confirm the toxicity phenotype by repurposing previously published ORF
screens.
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Fig. 2 | Compensated and toxic genes. a Using a Bayesian Negative Binomial
regression model, we split the expression of each gene in CCLE and TCGA into
components that are scaling (orange) and deviating (red) from DNA content. For
TCGA data, we explicitly take into account non-cancer cells (blue). We apply this
model across (pan-cancer) and for individual cancer types (tissue-specific). b In the
pan-cancer model, deregulation is well correlated between CCLE and TCGA, and we
identify commonly compensated (red) and hyperactivated genes (blue). These are
genes that show a compensation score in both data sets of less than - 0.3 or more
than 0.3, respectively (dotted lines). ¢ Number of pan-cancer (left) and tissue-

0 148 343

Number of Toxic Genes found

590

specific (right) compensated genes, specific to either CCLE or TCGA datasets or
common to both. Numbers mentioned in the text are highlighted. d We utilize ORF
overexpression screens to quantify barcode abundance for outgrowth after the
selection marker, which (e) identifies genes that are promoting (green) or attenu-
ating (red) cell growth when overexpressed. Genes passing the significance
threshold of the linear regression model are shown with a black outline. f Numbers
of pan-cancer vs. tissue-specific toxic (attenuating) genes and their overlap. Figure
2d was created in BioRender. Beroukhim, R. (2024) https://BioRender.com/
269q647.

considerable variation around this trend (Fig. 1c). If amplified genes are
consistently expressed at lower or higher levels than expected, we
refer to them as “compensated” or “hyperactivated”, respectively. We
were especially interested in compensated genes because these might
reflect negative selective pressures resulting from fitness decreases
due to amplification-driven overexpression. That is, genes whose
overexpression is “toxic” to cancer cells might exhibit substantial
compensation when amplified.

To more directly assess gene toxicity, we assembled gene sensi-
tivity data from 17 different Open Reading Frame (ORF) overexpression
screens performed across 8 tumor types” . We then quantified which
genes strongly decreased in abundance across these screens without
additional selection pressure. Combining these toxic genes with genes
that we identified as “compensated”, we aimed to identify the set of
ARGOS genes whose amplification could jeopardize cancer cell fitness
(Fig. 1d, e).

Genes are consistently compensated in CCLE and TCGA

We developed a computational method to detect genes that are con-
sistently compensated in their expression relative to their copy num-
ber, both across (pan-cancer) and for individual (tissue-specific) cancer
types. First, we selected samples with copy-neutral and amplified
genes from both large human cancer cell lines (Cancer Cell Line
Encyclopedia; CCLE*®) and tumor (The Cancer Genome Atlas; TCGA*)
cohorts. We then built a Bayesian Negative Binomial regression model
between this copy number and a gene’s expression, including a vari-
able for copy number vs. gene expression scaling and one for its
deviation (Fig. 2a). In addition, in human tumors, non-cancer cells can
represent a large fraction of the cells in a sample (reflecting low tumor
purity). These impurities would be expected to modify observed
expression levels relative to the expression levels within the cancer
cells. To account for this, we explicitly modeled cancer and non-cancer
contributions to the observed gene expression in TCGA.
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This regression analysis provided us with a compensation score where
-1 indicates complete compensation for cancer cells (i.e., no expres-
sion changes with amplifications) and + 1 indicates full hyperactivation
(i.e., twice the gene expression that we would expect based on its
purity-corrected copy number change). We built this model across
cancers and for individual cancer types (Supplementary Data 1-3).

As expected, most genes scaled with copy number in both the CCLE
and TCGA (pan-cancer analysis; Fig. 2b). Compensation scores were
significantly correlated between the two datasets, especially when
explicitly controlling for non-cancer cells in TCGA data (P<10°%,
R*=0.09; Supplementary Fig. S2a, b). We did not observe an overall
difference in compensation scores between genes that are commonly
amplified, deleted, or copy-neutral (Supplementary Fig. S2c); or for OGs,
TSGs, and genes that are neither (Supplementary Fig. S2d). However, we
found splicing and RNA processing genes (Gene Ontology) consistently
compensated over the expected scaling, whereas DNA replication and
repair genes were hyperactivated when amplified (Supplementary
Fig. S2b).

Using a cutoff of 30% less expression than expected, we identified
110 genes to be compensated across cancer types in both the CCLE and
TCGA (Fig. 2b, ¢ and Supplementary Data 1). They contained more
protein-coding and fewer non-coding genes (i.e., pseudogenes,
IncRNAs) than expected by chance (Supplementary Fig. S2e), and
overall much fewer genes than previously reported (Supplementary
Fig. S2f). Among the protein-coding genes, we found nine members of
the hnRNP family (heterogeneous ribonucleoprotein particle), seven
RPLs (Ribosomal protein L), five RBMs (RNA-binding motif), four SRSFs
(arginine/serine-rich splicing factor), and three ZNF (Zinc finger)
genes. Five are listed as OGs in the COSMIC database®® (CHD4, DGCRS,
EWSRI1, HNRNPA2B1, SRSF3), four as TSGs (CHD2, CTCF, FUS, SFQP), and
two are labeled as both (CDKNI1A and DDB2). Given the frequent pre-
sence of RNA binding proteins, we performed a separate analysis of
genes that contain an RNA recognition motif (RRM) and, more speci-
fically an aggregation-prone disordered region (Prion-Like Domain,
PLD*). We indeed found a strong enrichment of compensation in
RRM-containing genes over protein-coding genes (30x, P=1077,
Fisher’s Exact Test) and a further enrichment (10x, P=0.0002) of PLD-
containing over RRM genes (Supplementary Fig. S2e).

To validate these as compensated genes, we first examined whe-
ther they showed evidence of negative selection in the TCGA. We
indeed found higher mutation rates compared to non-compensated
genes, consistent with previous studies (Supplementary Fig. S2g). We
then compared gene expression changes in isogenic RPE-1 clones with
gained chromosomes (either chromosome 7 or a combination of
chromosomes 7 and 22; or 8, 9, and 18; for 7, 10, and 7 compensated
genes in Supplementary Fig. S2h)**. We confirmed that the com-
pensated genes residing on the respective gained chromosomes were
expressed less than non-compensated genes thereon (P<0.05). We
could not confirm this compensation for previously published gene
sets (Supplementary Fig. S2i). Furthermore, our compensated genes
showed significantly higher associations between genomic gain and
diseases other than cancer compared to non-compensated genes, also
when compared to other studies (“Triplosensitivity”; Supplementary
Fig. S2j)*°. Combining the evidence of these four independent data sets
(TCGA, CCLE, RPE-1 and Triplosensitivity), we therefore consider these
110 genes as having strong evidence of compensation across cancer
types and an improvement over previous studies.

In the tissue-specific analysis, we identified a total of 17 addi-
tional genes that were compensated in both CCLE and TCGA for at
least one cancer type (Fig. 2c). This brings the total number of
identified genes common to both datasets to 127, with 90 genes in
both the pan-cancer and tissue-specific analysis. The additional
tissue-specific genes occurred in one cancer type exclusively. Across
pan-cancer and tissue-specific analyses, only a part of the most
compensated genes was shared between cell lines (CCLE) and tumors

(TCGA), where the former showed a stronger enrichment in cell cycle
and the latter a stronger enrichment in immune-related processes
(Supplementary Fig. S2Kk, I).

ORF screens reveal genes that are toxic when overexpressed
Dosage compensation could be the consequence of selective pressure
to avoid the detrimental overexpression of some genes. To identify
genes whose overexpression is indeed toxic, we aggregated gene cell
viability data from 17 different ORF screens across 8 tumor types” >
(Supplementary Data 1, 4). In each of these ORF screens, cells were
transduced with the lentiviral ORFeome library* containing 16,100
barcoded constructs encoding for a total of 12,753 genes. After
transduction and construct marker selection, cells were subjected to
drug treatment or vehicle control and grown for up to 3 weeks. With
only the vehicle control arms, we determined the effect of each gene’s
overexpression on cell viability and/or proliferation. For this, we
quantified the log, fold changes of lentiviral barcodes between early
and late time points across all screens using pan-cancer and tissue-
specific linear models (Fig. 2d and Supplementary Fig. S3a, b).

Across all cancer cell lines, we observed that many more genes
were depleted rather than enriched in these screens, with DPHS,
ZNF124, ABL1, and HNF4A showing the most significant toxicity
(Fig. 2e). We did not observe a preferential dropout or enrichment in
commonly amplified vs. commonly deleted genes (Supplementary
Fig. S3b), but both OGs and TSGs were depleted more strongly than
other genes (Supplementary Fig. S3c). Interestingly, overexpressing
OGs in a cancer cell background led to an even stronger viability defect
than TSGs, in line with oncogene-induced senescence as a major driver
of gene toxicity*>*>. However, the genes that dropped out the stron-
gest on average were pro-inflammatory genes, indicating that their
overexpression is detrimental to cancer cell growth even when cul-
tured in vitro without immune cells (Supplementary Fig. S3d).

Using these screen results, we categorized genes whose over-
expression was associated with at least a 30% decrease in growth
(P<107) as potentially toxic. Among the 12,753 genes tested, 343
genes met these criteria across cancer types and 442 within at least one
cancer type (Fig. 2e, f and Supplementary Data 1, 5). The majority of the
pan-cancer toxic genes (195) were also found in the tissue-specific
analysis (Fig. 2f). To focus on the most confident hits, we considered
only genes identified across the pan-cancer analysis (Supplementary
Fig. S3e, f).

Integration of pan-cancer compensation and toxicity analyses
identifies ARGOS genes. Compensated and hyperactivated genes are
spread along the genome and are not enriched for frequently amplified
genes. The same is true for toxic genes, i.e., genes that drop out in the
ORF screens (Fig. 3a). More generally, the distribution of genes of all
classes along the genome followed the overall gene density (Supple-
mentary Fig. S4a) and no other strong co-occurrence patterns were
observed. Importantly, however, compensated genes were on average
also toxic when overexpressed, and hyperactivated genes promoted
cell growth and survival in the ORF screens (Fig. 3b and Supplementary
Fig. S4b). This is in contrast to genes identified in previous studies, for
which compensation did not imply overexpression toxicity (Supple-
mentary Fig. S4c). Whole Genome Doubled (WGD) samples did not
show a major difference in compensation or toxicity. Tissue-level
scores were correlated at a similar strength to pan-cancer scores as
long as there were enough samples available (Supplementary
Fig. S4d-h).

Intersecting the sets of pan-cancer compensated and toxic
genes yields nine high-confidence ARGOS genes, six of which are also
frequently amplified: RBM12, RBM14, SNRPA, ZBTB14, POU2F1, and
CDKNIA (Fig. 3a, ¢ and Supplementary Data 1). As gene dosage
compensation has previously been shown to primarily occur at the
level of protein complexes™”'?, we investigated their functional
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Fig. 3 | Overlap of compensation and toxicity identifies ARGOS genes. a All
gene classes are spread along the genome and densities using a Gaussian esti-
mator with a 1 Mb bandwidth show clustering only in gene-dense regions (cf.
Supplementary Fig. S4a). b Compensated genes (110) are dropping out more
strongly in the ORF screen than hyperactivated (451) and non-regulated genes.
Boxes show median + quartile, whiskers 1.5x inter-quartile range, and P-values
from a two-sided ¢ test. ¢ The overlap of compensated and toxic genes identifies
eight genes, five of which are amplified in over 15% of TCGA tumors (upward
pointing triangles). Numbers include only genes present in both CCLE and TCGA,

numbers in brackets include all genes present in data. d Prioritization of protein
complexes with ARGOS genes (Fisher’s Exact test on CORUM complexes, y-axis)
and their toxicity (Wald statistic of a linear regression model for ORF dropout, x-
axis) identifies the HDP-RNP and U1A spliceosomal complexes. Paraspeckle genes
in the HDP-RNP complex are both compensated and toxic, while nonhomologous
end-joining (NHEJ) genes show no effect or the opposite trend. Complexes
without evidence of compensation and toxicity are shaded gray and yellow,
respectively.

impact based on complex membership: Prioritizing both the number
of compensated genes within a complex and their degree of toxicity
(Fig. 3d), the top ‘hits’ of this analysis are RBMI4 (part of the HEXIM1-
DNA-PK-paraspeckle ribonucleoprotein complex, HDP-RNP; FDR =
0.00048) and SNRPA (involved in UlA splicing; FDR=0.028). By
contrast, general splicing and mi/rRNA processing complexes
showed compensation but no toxicity. In addition, CDKN1A (p21), a
well-characterized TSG and a potent cell cycle inhibitor, showed
strong compensation and toxicity based on our analysis but was not
significantly enriched in any specific complex (Fig. 3d). To consider
both a well-known and a rarely studied gene, we chose CDKNIA and
RBM14 for a more detailed investigation. CDKNIA is part of the fre-
quently amplified p arm of chromosome 6 (Fig. 3a), and its direct role
in cell cycle arrest makes it an expected ARGOS gene that can serve as
a control for our identification and validation strategies. RBM14 is
located at the edge of a focal amplification next to CCNDI on chro-
mosome 11, and the nature of its toxicity is unknown. However, its
complex members suggest that it may be implicated in the cellular

DNA damage response and in the activation of innate immune sig-
naling (Fig. 3d).

The well-known cell cycle inhibitor CDKNIA as an ARGOS gene
Amplification of CDKNIA occurs at the arm-level in chromosome 6p.
Copy number gains of known oncogenes that may drive this arm-
level gain*, such as CCND3, POUSF1, and PIMI reside in its close
vicinity (Fig. 4a), suggesting a reason for the common amplification
of this tumor suppressor gene. Our analysis identified it as a com-
pensated gene in TCGA and CCLE (Fig. 4b), and our ORF screen data
pointed to overexpression of CDKNIA resulting in a toxic effect
(Fig. 4b, ¢), in agreement with its important role in cell cycle arrest.
To functionally validate the toxic effect of CDKNIA overexpression,
we selected cancer cell lines from two tumor types (lung and breast):
one with normal copy number and average mRNA expression (“non-
compensated”) and one with lower mRNA/protein expression levels
than expected by its amplification (“compensated”) (Fig. 4d and
Supplementary Fig. S5a). We transduced SK-LU-1 lung
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Fig. 4 | CDKNIA as an ARGOS gene. a The map of copy number alterations in
chromosome 6 shows a p-arm amplification, where CDKNIA is located among
other known oncogenes. Amplifications (red) and deletions (blue) are shown for
this genomic region. The genomic location of OGs and TSGs are shown at the
level of amplification- and deletion frequencies for easier visibility, reflecting
their respective selection pressure. b Compensation scores for CDKNIA in our
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error bars the standard deviation of the posterior. ¢ Depletion scores for CDKNIA
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ORFs across 17 independent screens, including breast (BRCA), ovarian (OV),
neuroblastoma (NB), skin cutaneous melanoma (SKCM), lung adenocarcinoma
(LUAD), Ewing sarcoma (EWS), medulloblastoma (MB) and prostate adeno-
carcinoma (PRAD) cell lines. The mean log-fold change in growth is shown as a
line for each tumor type. d Lung and breast cancer cell lines chosen for functional
validation based on their gene expression and DNA copy number profile on
CCLE. e CDKNIA overexpression leads to a growth inhibition phenotype upon
varying levels of overexpression. The mean and S.D. of three replicates are
shown. Data was analyzed using two-way ANOVA.

adenocarcinoma and MDA-MB-231 breast cancer cells with doxycy-
cline (dox)-inducible and V5-tagged constructs encoding either
CDKNIA or a luciferase control. By treating cells with a range of dox
concentrations (50-500 ng/mL), we were able to detect increases in
CDKNIA transcript and protein levels (up to 3-fold) for both cell lines
in a dose-dependent manner (Supplementary Fig. S5b, c). A luciferase
reporter assay confirmed luciferase expression in each cell line
model following dox-mediated induction (Supplementary Fig. S5d).
To validate the deleterious impact of CDKNIA overexpression on cell
proliferation, we performed a live-cell imaging assay where we
monitored cell confluency in CDKNIA- or luciferase-overexpressing
cells over time. Indeed, increased levels of gene expression led to a

decrease in cell proliferation, with > 60% growth inhibition observed
for SK-LU-1°P®™ and MDA-MB-231PXN1A cells treated with 500 ng/mL
dox (Fig. 4e), independent of amplification status. These results are
in line with the well-established tumor-suppressive role of CDKN1A*.
Taken together, these findings serve as proof of concept that we can
generate cellular models of gene overexpression to validate ARGOS
candidates identified by our compensation and toxicity analyses.

RBM14 overexpression reduces proliferation of human lung and
breast cancer cell lines and causes cell death by apoptosis

RBM14 belongs to the family of RNA binding proteins, which interact
with RNA transcripts to regulate their splicing, cytosolic transport, and
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translation*®*’. RBM14 is known to play a role in alternative splicing
regulation of DNA repair via the canonical non-homologous end join-
ing (c-NHEJ) pathway and is part of the HEXIMI-DNA-PK-paraspeckle
components-ribonucleoprotein (HDP-RNP) complex that regulates
innate immune response through cGAS-STING signaling*°. Its
depletion leads to disrupted genome integrity and the accumulation of
DNA damage during mouse embryogenesis® and hinders mitotic
spindle assembly and chromosome segregation in human U20S bone
osteosarcoma cells™.

RBM14 gains occur as a focal event in chromosome 11, likely driven
by adjacent copy number amplifications of the oncogene CCNDI
(Fig. 5a). Our analysis showed strong gene compensation across cancer
types (Fig. 5b), and ORF screens pointed to RBM14 overexpression also
leading to detrimental effects on cell proliferation in multiple cancer
types (Fig. 5¢). To validate the cellular effects of RBMI4 overexpression
in human cell lines, we selected two lung adenocarcinoma (NCI-H838;
NCI-H1650) and two breast cancer (ZR-75-1; HCC70) cell lines that
either exhibit high copy number and lower-than-expected mRNA/
protein expression levels (“compensated”) or remain euploid at the
RBM14 locus while expressing average levels of gene transcript and
protein (Fig. 5d and Supplementary Fig S3a). To generate cell models
of RBM14 overexpression, we first transduced cells with a dox-
inducible V5-tagged construct encoding either RBM14 protein (gen-
erating NCI-H838%®* NCI-H1650%™*, ZR-75-1%M" and HCC70R*™*) or
a luciferase overexpression control (generating NCI-H838", NCI-
H1650", ZR-75-1¢, and HCC70"“). By treating all four RBMI4-
overexpressing cell lines with increasing concentrations of dox (0 to
500 ng/mL), we were able to detect a dose-dependent induction in
RBMI14 gene transcript as well as increased expression of V5-tagged
exogenous and total RBM14 protein (Supplementary Fig. S6b, c). We
confirmed luciferase activity in control cell lines by measuring the
luminescent signal in the presence of substrate following dox treat-
ment (Supplementary Fig. S6d).

We next evaluated the impact of RBM14 overexpression on cell
proliferation using live-cell imaging of the RBMI14- and luciferase-
overexpressing cell lines treated with increasing concentrations of
dox. All RBM14-overexpressing cell lines exhibited a dose-dependent
reduction in proliferation, with the strongest effects observed as early
as 48 h following 500 ng/mL dox induction. By seven days of treat-
ment, NCI-H838%* NCI-H1650%**, ZR-75-1"*"", and HCC70"*"* cells
showed > 50% decrease in confluency (P < 0.0001) when compared to
their respective luciferase controls, supporting the observation that
RBM14 overexpression has inhibitory effects on cell proliferation in
vitro (Fig. 5e). This growth inhibitory phenotype was supported by the
observation that RBM14 overexpression interfered with nascent pro-
tein synthesis, which we measured by incubating cells with a fluores-
cently labeled methionine analog. Following 48 h of dox induction, we
performed immunofluorescence and quantified the amount of average
fluorescent signal detected per cell (Fig. 5f). We found that RBM14
overexpression caused a two- to three-fold decrease in fluorescent
signal, and hence nascent protein synthesis, when compared to luci-
ferase controls (P=0.0106 for NCI-H838; P=0.0011 for NCI-H1650;
P<0.0001 for ZR-75-1; P=0.0112 for HCC70). We next explored whe-
ther the reduction in cell proliferation associated with RBM14 over-
expression is a result of cell cycle arrest or cell death. Flow cytometry
for BrdU incorporation did not indicate significant changes in cell cycle
profile between RBM14- or luciferase- overexpressing NCI-H838, NCI-
H1650, ZR-75-1, and HCC70 cells (Supplementary Fig. S7a, b). However,
when we performed flow cytometry for Annexin V/PI, 20-30% of cells
were positive for Annexin V in NCI-H1650%*"* and HCC70"** cells by
72 h post-induction with 500 ng/mL dox (P < 0.0001) while apoptotic
rates remained < 3% in luciferase controls (Fig. 5g). The apoptosis rates
of NCI-H838*!"* and ZR-75-1"™* were lower, with 5-10% cells being
positive for Annexin V, but these were still significantly higher rates of
apoptosis in comparison to their luciferase controls (P=0.025 for NCI-

H838; P=0.0005 for ZR-75-1). Altogether, these results show that low-
level overexpression of RBM14 negatively impacts cellular prolifera-
tion and viability in our lung and breast cancer models, regardless of
gene amplification status.

RBM14 overexpression increases reliance on DNA repair

by c-NHEJ

Our analysis of compensated protein complexes identified RBM14 as
one of several paraspeckle proteins interacting with the DNA-
dependent protein kinase (DNA-PK), and other members of the HDP-
RNP complex (cf. Figure 3d). This subnuclear complex mediates DNA
damage sensing and repair and regulates cGAS-STING signaling and
the innate immune response®>***. We therefore explored whether
DNA damage is a mechanism by which RBM14 overexpression might
lead to cell death. We first exposed the lung adenocarcinoma NCI-
H838%M4/NCI-H838" and NCI-H1650%™*/NCI-H1650"° cell line pairs
to 2 Gy ionizing radiation (IR), and by immunofluorescence measured
levels of nuclear y-H2AX foci as a biomarker of DNA damage. For both
cell lines, we were able to detect an initial increase in the number of y-
H2AX foci 15 min after IR, followed by a gradual decrease over time
and a return to baseline levels by 360 min after exposure (Fig. 6a).
Interestingly, NCI-H838%""* and NCI-H1650%*"* cells showed a 30-50%
reduction of y-H2AX foci when compared to their respective luciferase
controls, with the strongest effect at 60 min post-IR (P<0.0001). We
observed a similar decrease in ZR-75-1%%"4/7R-75-1" and HCC70RM4/
HCC70" pairs of breast cancer cell lines, albeit with a lower effect size
(Supplementary Fig. S8a).

Next, we hypothesized that the difference we observed in y-H2AX
phosphorylation dynamics could reflect an increased reliance on
RBM14-overexpressing cells on c-NHEJ over homologous recombina-
tion (HR) for resolving DNA damage. To assess this hypothesis, we first
irradiated cells with 2 Gy and quantified levels of 53BP1 (a marker of the
faster c-NHEJ repair) and RADS1 (a marker of the slower HR repair) foci
after 60 min and 120 min, respectively. Here, we observed increases in
53BP1 foci following RBM14 overexpression in three out of four cell line
pairs, with the largest effect sizes being present in NCI-H838"*
(P=0.0001) and ZR-75-1"* (P=0.0094) cells (Fig. 6b). Conversely,
we found significant decreases in RADS1 foci for RBMI4-
overexpressing cells compared to their relative luciferase controls,
particularly in NCI-H838%"* (P < 0.0001), NCI-H1650%¥* (P = 0.0044),
and HCC70™®™* (P=0.0013) cells (Fig. 6c).

To confirm that RBM14 expression increases the rate of c-NHEJ-
mediated DNA repair, we next quantified changes in protein expres-
sion of the catalytic subunit of the DNA-PK complex (DNA-PKcs), as
auto-phosphorylation at the Ser2056 (pSer*®*®) residue is known to
specifically enable c-NHEJ*. After 15 min of DNA damage-inducing IR,
we found a mean 27.8-fold (range: 0.9-104.8) increase in levels of
pSer?®¢ DNA-PKcs in RBM14-overexpressing cells when compared to
their respective luciferase controls (Fig. 6d).

Our third experiment leveraged the EJ7-GFP*® and DR-GFP*’
reporter systems engineered in U20S cells to quantify the fraction of
cells that repair double-stranded breaks (DSBs) by c-NHEJ (based on
CRISPR-Cas9 cutting with ‘7a” and ‘7b’ RNA guides) and HR (based on
cutting with the endonuclease I-Scel), respectively. Following the
transduction of U20S cells with RBM14 or luciferase inducible vectors,
we transfected cells with plasmids encoding GFP, empty vector con-
trols for both systems and ‘7a’ and ‘7b’ CRISPR guides (c-NHE] assay) or
I-Scel (HR assay). After 72 h, we detected a significant increase in the
fraction of GFP-positive U20S EJ7-GFP RBMI14-overexpressing cells
repairing DSBs by c-NHEJ (P = 0.0280) and a significant decrease in HR-
mediated repair in U20S DR-GFP cells (P=0.0142) compared to luci-
ferase control. We did not detect changes in GFP expression for cells
transfected with empty vector controls (Fig. 6¢ and Fig. S8b).

As ¢-NHE]J is an error-prone DNA repair pathway, we hypothe-
sized that RBM14 overexpression would lead to increased misrepair
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following DNA damage, with resulting genomic instability. To confirm
this, we first treated RBM14- and luciferase-overexpressing cells with
2 Gy IR. Next, we used time-lapse microscopy to monitor individual
cells during their course of division. Upon induction of DNA damage,
we observed a higher percentage of cells with mitotic defects in
RBM14-overexpressing cells compared to luciferase controls (P =
0.039). The mitotic aberrations detected in RBM14-overexpressing cell

lines included the formation of DNA bridges during metaphase, an
increase in the number of micronuclei, and incomplete cellular divi-
sions lacking metaphase alignment (Supplementary Fig. S8c, d). These
results indicate that RBM14 overexpression leads to a higher rate of
aberrant mitotic division following DNA damage and suggest a
mechanism by which RBM14 overexpression ultimately leads to cell
death in our cell line models.

Nature Communications | (2025)16:1077


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56301-2

Fig. 5| RBM14 as an ARGOS gene. a The map of copy number alterations in
chromosome 11 shows a focal amplification, where RBM14 is located next to CCNDI.
Amplifications (red) and deletions (blue) are shown for this genomic region. The
genomic location of OGs and TSGs are shown at the level of amplification- and
deletion frequencies for easier visibility, reflecting their respective selection pres-
sure. b Compensation or ORF dropout scores for RBM14 in our pan-cancer analysis
(green) as well as in breast (purple) and lung (orange) lineages chosen for down-
stream functional validation. Bars represent the mean, error bars the standard
deviation of the posterior. ¢ Depletion scores for RBM14 ORFs across 17 indepen-
dent screens, including breast (BRCA), ovarian (OV), neuroblastoma (NB), skin
cutaneous melanoma (SKCM), lung adenocarcinoma (LUAD), Ewing sarcoma
(EWS), medulloblastoma (MB) and prostate adenocarcinoma (PRAD) cell lines. The
mean log-fold change in growth is shown as a line for each tumor type. d Lung and

breast cancer cell lines chosen for functional validation based on their gene
expression and DNA copy number profile on CCLE. e RBM14 overexpression leads
to a growth inhibition phenotype. The mean and S.D. of three replicates are shown.
Data was analyzed using two-way ANOVA. f RBM14 overexpressing lung and breast
cells show a decrease in nascent protein synthesis. Fluorescence (GFP; green) is
quantified relative to cell number (DAPI; blue). Luciferase overexpressing cells were
used as a control. Scale bar: 100 uM. Mean +/-SD is shown from two biological
replicates (five images per cell line; six for HCC70) and analyzed by unpaired two-
tailed ¢ test. g The fraction of apoptotic cells following RBM14 overexpression was
determined by flow cytometry-based quantification of annexin V and Pl-positive
cells. The mean and S.D. of three replicates is shown. Data was analyzed by unpaired
two-tailed ¢ test. Source data for Fig. 5c, f, and g are provided as Source Data files.

Finally, we explored whether the increased dependency of
RBM14-overexpressing cells on c-NHEJ-mediated DNA repair exposed
new vulnerabilities in these cells. For this purpose, we tested the sen-
sitivity of our cell line models to the DNA-PK inhibitor NU7441 (thereby
inhibiting c-NHEJ repair) and the RADS1 inhibitor BO2 (inhibiting HR-
mediated repair) after inducing DNA damage by 2 Gy IR. All four
RBM14-overexpressing cell lines showed increased sensitivity to DNA-
PK inhibition when compared to luciferase controls after 3 days of
treatment, albeit with a mild effect size (Fig. 6d). By contrast, RBM14
overexpression did not alter the sensitivity to RADS1 inhibition in three
out of the four cell lines (Supplementary Fig. S8e). Altogether, these
results support an increased dependency of RBMI14-overexpressing
cells on c-NHEJ over homologous recombination (HR) for resolving
DNA damage, which underlies RBM14 toxicity and may suggest ther-
apeutic sensitivities associated with its expression.

RBM14 overexpression modulates STING-STAT3 signaling and
enhances NK cell-mediated tumor recognition

As part of the HDP-RNP complex, RBM14 also plays an important role
in recognizing the accumulation of cytoplasmic DNA and is required
for the production of type I interferons following STING pathway
activation®***°, We therefore hypothesized that, in the presence of
DNA damage, RBM14 overexpression would also lead to increased
recognition of cytosolic DNA strands and activation of STING signal-
ing. To assess this, we exposed NCI-H838%®™M“/NCI-H838" and NCI-
H1650%M#/NCI-H1650"° overexpressing cells to 2 Gy IR and measured
by immunofluorescence of the perinuclear localization of STING as a
marker of STING pathway activation®. Indeed, in both cell lines, RBM14
overexpression led to a significant increase in perinuclear localization
of STING (quantified as the relative STING area outside the cellular
nucleus; P=0.045 for NCI-H838*™* and P<0.0001 for NCI-
H1650%™*), whereas no effect was observed in luciferase-
overexpressing control cells (Fig. 7a, b).

We next explored whether RBM14 overexpression modulates
downstream STING signaling in our cell line models. We have recently
shown how inflammatory responses in chromosomally unstable breast
cancers are accompanied by increased STAT3 signaling, which is in
itself dependent on STING pathway activation®* and has been linked to
immunosuppressive phenotypes®. To determine whether RBMi14
affects the STING/STAT3 signaling axis, we evaluated the effect of gene
overexpression on cellular response to STAT3 inhibition. To this end,
we induced DNA damage in our set of RBMI14- vs. luciferase-
overexpressing lung and breast cancer cell lines and treated with the
STAT3 inhibitors C188-9 and HJCO052 for 72 h. We found that RBM14-
overexpressing cells treated with 1 uM of the STAT3 inhibitors C188-9
and HJCO052 were less affected by these inhibitors compared to the
luciferase controls (Fig. 7c). However, it should be noted that RBM14-
overexpressing cells had a lower starting viability when compared to
luciferase control cells (Supplementary Fig. S9a, b). These results
suggest a potential role for RBM14 in impairing STAT3 signaling,
leading to lower viability and decreased sensitivity to STAT3 inhibitors

while contributing to an inflammatory phenotype in our cell line
models.

To determine whether RBM14-dependent activation of STING can
also elicit non-cell-autonomous immune responses, we finally per-
formed co-culture experiments with our cancer cell line pairs and
natural killer (NK) cells. To this end, we irradiated RBM14- and
luciferase-overexpressing cancer cells with 2 Gy and added NK-92 cells
to the culture at a10:1 ratio of 2 h following irradiation. After 48 h of co-
culture, we removed the NK-cells, fixed and stained the cancer cells
with crystal violet, and quantified the area of colony formation as a
measurement of cancer cell viability (Fig. 7d). A reduction in colony
area was observed for all co-cultured cancer cell lines compared to
control conditions #1 (only cancer cells cultured in regular cancer cell
media) and #2 (only cancer cells cultured in NK-92 cell media). Relative
to luciferase controls, we observed decreases in colony area for both
lung NCI-H838%** (P=(0.5308) and NCI-H1650%*"* (P=0.5138) cells,
and a significant reduction in colony area (> 60%) for HCC70RM* cells
(P=0.0192).

In sum, our results show how RBM14 overexpression promotes
STING activation in the context of DNA damage, and how this effect
impairs immunosuppressive STAT3 signaling and may enhance NK
cell-mediated tumor recognition and killing.

RBMI14 amplification status is correlated with survival in a clin-
ical CRC cohort treated with IR

To determine whether RBM14 amplification and overexpression can be
clinically actionable, we identified a clinical study cohort of 1063 col-
orectal cancer (CRC) patients, all treated with IR as standard of care®*.
Of those, 110 had a CCNDI amplification, 95 a RBMI14 co-amplification
and 952 had neither. We confirmed a stronger dosage-sensitive scaling
for CCNDI (Fig. 8a) compared to RBM14 (Fig. 8b), indicating that also in
this cohort RBM14 expression is partially compensated. We observed
that CCND1 amplifications themselves were negatively correlated with
overall patient survival, while the combined amplification with RBM14
was positively correlated (P=0.048, Cox Proportional Hazards model;
Fig. 8c). These results suggest that RBM14 amplifications indeed drive a
cancer vulnerability, clinically exploitable by IR.

Discussion

Current targeted therapies in cancer are designed against a handful of
oncogenic proteins that drive disease progression. In an effort to
expand the universe of potentially exploitable anti-cancer targets,
recent genomic efforts have started to uncover therapeutic vulner-
abilities arising from copy number losses not only affecting driver but
also passenger genes in cancer>*, However, it is much less known how
much genes collaterally affected by amplifications can drive similar
sensitivities?**. In this study, we sought to define and characterize the
class of ‘Amplification-Related Gain Of Sensitivity’ (ARGOS) genes,
causing a proliferation defect in cancer cells when overexpressed,
often due to their close proximity to focal oncogenic driver
amplifications.

Nature Communications | (2025)16:1077


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56301-2

Luciferase

Luciferase

a NCI-H838 (lung) NCI-H1650 (lung)
P <0.0001 Luciferase RBM14 Luciferase RBM14
80 P <0.0001 P <0.0001 80
2 20] P=006 P <0.0001 P <0.0001 2 20
S 60 S P<0.0001 | p_g004 P>099
2 50 2 601 o090 P <0.0001 P =097
20 3
8 30 8
x
< 20 g
210 Fevi924. 2 'e
30 60 120 360 5 60 120 360
Time following irradiation (min) Time following irradiation (min)
60 min olowing imadi NCI-H838 (lung) NCI-H1650 (lung)
b min following irradiation S Luciferase RBM14 Luciferase RBM14
30 — - Luciferase 60 min
g . RBM14
@
o
2 20+ 1
o}
Q . N
3 .
2 ol ! | S HCC?70 (breast)
% : : Luciferase RBM14
B t 4 Py, 60 min
olat 2 s = s =
3 2 g
2 & & 3
y I o I
o o N
= =z
c 120 min following irradiation _NCI-H1 650 (lung)
P >0.9999 Luciferase RBM14
40 Luciferase
2} RBM14
2
g 30+
(=
o}
5 20
kel ZR-75-1 (breast)
o 104 ! ciferas RBM14
g : : 1
0 ==
3 3 ¥y
@© © Q2
z 2
d Lung e
NCI-H83 NCI-H1650 U20S EJ7-GFP U20S DR-GFP
Luciferase  RBM14 Luciferase  RBM14 (c-NHEJ reporter) (HR reporter)
R@Gy) - * ° + . * ) + Luciferase RBM14 Luciferase RBM14
— — — pDNA-PKcs
- o T —— =— ==’ (Ser2056
460 kDa : ) ( ) P=0.81 P=0.03 P =0.833 P =0.01
37 kDa 7‘ — — — Wl Actin 15+ 7 |—|
—_ — 6 i
& 10+ &
Breast 2 i 2
3 I 3 4
ZR-751 HCC70 i ] :
Luciferase ~ RBM14 Luciferase ~ RBM14 = 7] & o]
IRE2Gy) - + -+ -4+ -4 o
b . ¢ pDNA-PKcs 0lete 810 = B @ liIe® :
460 kDa - = = == ==X (Ser2056) EV 7a+7b EV I-Scel
(NHEJ) (NHEJ) (HR) (HR)
37kDa - - e s -— Actin

Gene expression upon amplification is generally considered
dosage-sensitive’, but previous studies have shown extensive com-
pensation of protein expression>*>*®, To measure gene expression
compensation, studies have so far quantified the degree of over-
expression with genomic amplifications®®” or changes in their
correlation®. Here, we instead quantified the evidence for a deviation
of gene expression from the expected slope of dosage-sensitive

scaling. We preferred using this approach, so that genes that scale with
copy number but are noisy in their expression levels would not be
falsely identified as compensated. Similarly, we preferred using mRNA
over protein expression, as the available data are more complete and
RNA levels are more strongly correlated with DNA levels than proteins.

Our ARGOS genes represent a class of sensitivities that would go
unnoticed in more traditional efforts to identify dependency genes,
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Fig. 6 | RBM14 overexpression leads to differential DNA damage response.

a The number of yH2AX foci was quantified by immunofluorescence in lung NCI-
HS838REMI e and NCI-H1650%#/e cells following 2 Gy ionizing radiation (IR). Data
from three biological replicates analyzed by two-way ANOVA. The horizontal bar in
each violin plot indicates the mean. Representative images are shown for each
condition at 60 min following IR. Scale bar: 10 uM. b, ¢ Quantification of (b) 53BP1
and (c) RADS5I foci in RBM14- and luciferase-overexpressing cells at 60 min and
120 min post 2 Gy irradiation, respectively. Data was analyzed by two-way ANOVA.
Representative images are shown for each condition. Scale bar: 20 uM. d Levels of
DNA-PKcs (pSer2056) were detected and quantified by immunoblotting in cells at

15 min following 2 Gy IR. Representative immunoblot from two biological repli-
cates. e RBM14 overexpressing U20S cells exhibit higher rates of c-NHEJ-mediated
repair. The fraction of U20SREM#!' cells that repair double-strand breaks by c-NHEJ
(EJ7-GFP; left) or HR (DR-GFP; right) was determined by quantifying GFP-positive
cells in a flow cytometry-based reporter assay. GFP-positive cells were normalized
to GFP transfection controls. Empty vector (EV) controls were included for com-
parison. Data from three biological replicates are presented as mean +/-SD and
analyzed with a two-sided ¢ test. Source data for Fig. 6a-d are provided as Source
Data files.

such as RNA interference or CRISPR-Cas9 mediated knock-out screens.
They are complementary to previously identified genetic dependen-
cies correlated with copy number gains in cell lines’*****, as evidenced
by the fact that previous studies did not identify the CCNDI-RBM14 co-
amplification**. Hence, this joint computational and experimental
approach enables the rational identification and prioritization of
compensated genes with strong biological evidence for their toxicity.
We provide the identified compensated, toxic, and ARGOS gene lists as
a resource to the community for follow-up in individual as well as
across cancer types (Supplementary Data 1-5).

We selected CDKNIA and RBM14 as proof-of-concept candidates
to identify putative mechanisms of toxicity arising from genomic
amplification. For this, we engineered cell line models where protein
overexpression could be induced at levels equivalent to those
achieved by copy number gains present in TCGA and CCLE samples.
Whereas a strong toxicity and compensation profile could be expected
for the tumor suppressor and cell cycle regulator CDKNIA, the effects
of RBM14 overexpression on cancer cell growth are novel. Previous
studies identified RBMI4 as an essential gene during mouse
embryogenesis®, with its genetic depletion leading to increased
genomic instability and cell death by apoptosis. In addition, RBM14 has
been implicated in DNA repair by c-NHEJ***%, and its knock-out sensi-
tizes glioblastoma cells to radiotherapy®’. Here, we find that over-
expression of RBM14 at similar levels to commonly observed gains can
already cause a detrimental effect: (1) gene overexpression leads to
preferential DNA damage repair by c-NHEJ, an error-prone process that
increases the rate of aberrant cell divisions; (2) upregulation of RBM14
and DNA-PK as members of the HDP-RNP complex induces cGAS-
STING pathway activation.

In accordance with protein stoichiometry imbalances driving a
common phenotype’®, the toxicity effects in our cell line models were
observed regardless of RBM14 gene amplification status. Interestingly,
the proliferation defect via RBM14-induced STING activation and
STAT3 modulation is in line with the strong enrichment for immune
response pathways observed in genes that drop out in the analyzed
ORF screens, supporting its putative role as a cell-intrinsic driver of
toxicity. RBM14 overexpression also led to increased NK cell recogni-
tion and killing in our co-culture experiments, suggesting an addi-
tional, non-cell-autonomous mechanism for RBM14 toxicity. However,
we do not discard the possibility that other processes beyond DNA
damage response and innate immune signaling contribute to RBM14’s
mechanism of toxicity. This is because both our ORF screen toxicity
analysis and initial validation of lung and breast cancer cell lines
showed gene overexpression to strongly decrease cellular prolifera-
tion and protein translation rates in the absence of IR-mediated DNA
damage. Identification of all biological processes associated with
RBM14 overexpression, as well as their relative contribution, will
require further investigation in additional cancer cell line models as
well as in vivo experiments.

Finally, our compensation and toxicity analyses identified 7 addi-
tional ARGOS genes that remain to be validated. However, this number
may be an underestimation of the full universe of targets, as (1) the ORF
screens we analyzed were performed with lentiviral libraries that only
span about half of the protein-coding genome (12,753 genes) and were

conducted in a limited number of tumor types; (2) some genes may be
compensated only at the protein level and not at the mRNA level; and
(3) we were very stringent with our definitions of ARGOS genes in this
proof-of-concept study.

Overall, our study establishes a compendium of genes compen-
sated across human cancers and in tissue-specific patterns, with
functional evidence for toxicity effects associated with gene over-
expression in the context of this disease. We predict that additional
candidates will be discovered as data from other functional genomic
approaches (such as CRISPR activation screens) becomes more widely
available. As ARGOS genes can constitute cellular liabilities, their dis-
covery could ultimately lead to the emergence of therapeutic oppor-
tunities in tumors harboring ARGOS gene amplification. We have
provided an example of this with RBMI4 amplifications in an IR-treated
CRC cohort.

Methods

Gene compensation

The gene compensation analysis was performed either across tissues
(pan-cancer) or for individual cancer types (tissue-specific), both for
TCGA and CCLE data. Genes were considered frequently amplified or
deleted if they were identified by GISTIC in 15% or more of TCGA
samples. Both CCLE and TCGA RNA-seq library size factors were cal-
culated from raw counts using DESeq2 (1.31.3)”". Copy number counts
were transformed from log, into linear space and parameterized in
euploid equivalents ¢ and euploid deviation d. Therein, c represents
the slope, i.e. the part of gene expression that is scaling with DNA copy
number (O if there are no DNA copies present, 1 if it is equal to the
sample mean). d represents the deviation from this slope, with a value
of O for the sample mean, —1 if there are no DNA copies present, or 1 if
there are twice the base copies. Hence, c is always one integer unit
higher than d. The expression scaling term c is fitted per tissue ¢,
allowing for different basal expression levels per tissue. This leaves us,
for the CCLE, with the regression formula for each gene across
samples:

u=%, Bctpd+e @

For the TCGA, we multiplied the cancer component of the gene
expression by its purity term p, and add an additional term to repre-
sent the gene expression contribution of the non-cancer compart-
ment:

u=X, Bcp+B,dp+I, B'd-p)+e )

Both formulas are equivalent for a purity value of 1, as in this case
B; becomes zero and in the first two p terms can be dropped. Note that
for TCGA c and d are DNA copies for cancer cells, hence c p and d p
represent the observed DNA copy number in the mixture. Each p
represents the mean gene counts observed for a given gene in RNA-seq
data divided by library size. For each gene, we then fit a Negative
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Fig. 7 | RBM14 overexpression induces a STING-mediated innate immune
response. a, b Immunofluorescence quantification of perinuclear STING area in
RBM14- and luciferase- overexpressing (a) NCI-H838 and (b) NCI-H1650 cells.
STING area (mean +/-SD as indicated) was calculated relative to the total nuclei
area in a total of 10 images per condition (from three biological replicates). Data
was analyzed with two-way ANOVA. Scale bar: 10 uM. ¢ Cell viability of RBM14-
(blue) and luciferase- (red) overexpressing lung and breast cancer cell lines after
72 h of treatment with 1M C188-9 (left) and HJC052 (right) STAT3 inhibitors.
Viability is shown relative to DMSO (0.1 uM for HCC70) treatment condition for

dox (500 ng/mL) + + + + + + + +

each cell line (in three replicates for each condition) in the absence (circled symbol;
solid line) or presence (squared symbols; dashed line) of 2 Gy DNA damage-
inducing irradiation (IR). Boxes show median + quartile, whiskers 1.5x inter-quartile
range, and P-values from a two-sided ¢ test. d Relative colony area (mean +/- SD) of
RBM14- and luciferase- overexpressing lung and breast cancer cell lines after co-
culture with NK-92 cells at a 10:1 ratio for 48 h following 2 Gy irradiation. Data was
analyzed with one-way ANOVA three biological replicates. Source data for Fig. 7a-d
are provided as Source Data files.
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survival by co-amplification of CCDNI and RBM14 vs. only CCNDI. Cox Proportional Hazards model adjusting for sex and age P=0.048.

Binomial regression:
r ~NB(smpu,o0) 3)

Here, for the total number of observed reads r and in addition to a
theoretical gene mean y we need to take into account the RNA-seq
library size s, as well as the mean expression of a gene m (so we obtain
comparable parameters independent of gene expression level and
library size). We fit this regression using the R package brms (version
2.20.1)"* using a tissue-specific scaling term (8,), a common compen-
sation term (3,), in the case of TCGA data a tissue-specific purity term
(B5), and a linear link function for B. o represents the shape parameter.
We used the default prior for o and set the following priorson s mu f3;:

By 5 ~ logN(0, 1) “4)
B, ~ N(O, 0.5)for CCLE )
B> ~ N(O, 0.2) for TCGA (6)

We included from the CCLE/TCGA all samples where a gene has no
copy number changes (15% tolerance) and at least 3 or 5 samples with
an amplification, respectively (1 copy number with 15% tolerance). We
compared our proposed model with a model lacking a purity term
(Supplementary Fig. S2a, left) and a model with a common purity term
across tissues (Supplementary Fig. S2a, center), and in both cases
found an inflation of compensation in the TCGA over the CCLE, which
is why we did not use these models. As proposed, the result in TCGA
and CCLE showed the strongest correlation without an obvious infla-
tion effect in the TCGA (Supplementary Fig. S2a, right). We normalized
B, by the mean euploid expression (élt) and calculated statistical sig-
nificance using the z-score between the posterior and the origin of §,.
To arrive at the final compensation score s, we shrank ,82* by its
pseudo-p-value derived from the z-score:

By=B,+B,' @

s=(1-p)xp; ®

We rely on this shrunk coefficient as well as the TCGA-CCLE
overlap to confidently assign gene compensation. We estimated gene-
set level differences using a linear model on the compensation scores
of each gene in a set.

Protein compensation
We used normalized protein expression data from CCLE proteomics’”
and reverse log,-transformed them back into a linear scale. We then

estimated the expected scaling between no expression without DNA
copies and observed average expression (1 for normalized data), as
well as observed scaling using a linear regression model.

ORF screen analysis

The ORF screen (“toxicity”) analysis was performed in both a pan-
cancer and tissue-specific manner. We repurposed the vehicle treat-
ment arm of 17 independent ORFeome library screens that were con-
ducted to assess drug sensitivity across eight tumor types (Genetic
Perturbation Platform, Broad Institute). For each screen, cells were
infected with the ORFeome pLX317 barcoded library (16,100 barcoded
ORFs overexpressing 12,753 genes), selected with puromycin, and
cultured for 14-21 days. We compared the high-throughput sequen-
cing data from early (after puromycin selection) and late (after
14-21 days of cell culture) time points to estimate log,-fold changes
and significance in ORF barcode representation using a linear model,
where each barcode measurement for a given gene in any screen was
considered an independent observation. All screens were included for
the pan-cancer analysis, whereas the tissue-specific analysis was lim-
ited to screens that share a cancer type. We estimated gene-set level
differences using a linear model on the Wald statistic of each gene
in a set.

Cell line information and tissue culture

NCI-H838 (cat. no. CRL-5844; ATCC; male), NCI-H1650 (cat. no. CRL-
5883; ATCC; male), SK-LU-1 (cat. no. HTB-57; ATCC; female), ZR-75-1
(cat. no. CRL-1500; ATCC; female), HCC70 (cat. no. CRL-2315; ATCC;
female), and MDA-MB-231 (cat. no. HTB-26; ATCC) cells were initially
STR-profiled and subsequently cultured in RPMI 1640 medium (Gibco)
supplemented with 10% tetracycline negative fetal bovine serum (FBS;
Gemini Bio) and 1% penicillin-streptomycin (Invitrogen). HEK-293T
cells (cat. no. CRL-11268; ATCC) were grown in DMEM (Gibco) with 10%
FBS. U20S EJ7-GFP and DR-GFP cells were a gift from Dr. Jeremy Stark
(City of Hope) and were cultured in McCoy’s 5A medium (Gibco),
supplemented with 10% FBS and 1% penicillin/streptomycin. All cell
lines were maintained at 37 °C in 5% CO, and frequently examined for
mycoplasma contamination using the MycoAlert Mycoplasma Detec-
tion Kit (Lonza). Cell lines used in experiments tested negative for
mycoplasma contamination.

Plasmid construction

Open reading frame (ORF) constructs were obtained from the Genetic
Perturbation Platform (Broad Institute). Entry pDONR223 vectors for
CDKNIA (clone ID ccsbBroadEn_00282), RBM14 (clone ID ccsbBroa-
dEn_02429) and luciferase control (clone ID BRDNO000464768) were
cloned into the pLXI-403 dox-inducible destination vector (clone ID
BRDN0000464768) by Gateway®-compatible LR clonase II (Invitro-
gen). This final expression vector contained the coding sequence of
each gene followed by an in-frame V5-tag sequence. Following
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Reaction products were transformed in One Shot Stabl3 chemically
competent E. coli (Invitrogen) under 100 pg mL™ carbenicillin selec-
tion (Sigma-Aldrich). Plasmid DNA from single colonies was extracted
with the QIAprep Spin Miniprep Kit and Maxi Kits (Qiagen) and con-
firmed by Sanger sequencing (Genewiz) using the primer 5-G
AC GTG AAG AAT GTG CGA GA-3.

Lentiviral transduction

Lentivirus-compatible expression vectors generated from Gateway
Cloning were transfected in HEK-293T cells with Lipofectamine 3000
Transfection Reagent (cat. no. L3000001, Invitrogen) along with
psPAX2 and pVSV-G viral packaging plasmids (Addgene) following
manufacturer’s protocol. The virus was harvested 48 hours later with a
0.45-micron syringe filter. For transduction of viral plasmids, cells were
seeded at a density of 2 million cells/well in a 12-well plate. Virus
(400 L) was added together with 5ug/mL of polybrene (Sigma-
Aldrich) and cells were centrifuged at 300 x g for 2 h at 30 °C. The next
day, cells were selected with 1 ug/mL puromycin (Gibco).

Quantitative reverse transcription PCR (RT-qPCR)

One million cells were treated with 0-500 ng/mL dox for 5 h. Following
treatment, RNA extraction was conducted using the RNeasy Mini Kit
(cat. no. 74004, Qiagen) with on-column DNase digestion (cat. no.
79254, Qiagen). Next, 2 ug of purified RNA was converted to cDNA with
the Maxima H Minus first-strand cDNA synthesis kit (Thermo Fisher),
using the random hexamer primer provided per manufacturer’s pro-
tocol. For RT-qPCR analysis, 500 pg of resulting cDNA was added to a
reaction mixture containing 1X Maxima SYBR Green/ROX qPCR Master
Mix (cat. no. KO221, Thermo Fisher Scientific) and 0.3 uM forward and
reverse primers (IDT) against CDKNI1A (forward 5-GGA AGA CCA TGT
GGA CCT GT-3’; reverse 5-GGA TTA GGG CTT CCT CTT GG-3’), RBM14
(forward 5-TTT TCG TGG GCA ATG TGT CGG C-3’; reverse 5-GAT TGC
GGCTTT GGC ATC TGC T-3'), and actin (forward 5-CCG AAA GTT GCC
TTT TAT GG-3’; reverse 5-TCATCATCC ATG GTG AGC TG-3'). Samples
were run in a StepOne RT-qPCR thermocycler, using the following
running protocol: 95 °C for 15 s and 60 °C for 1 min for 40 cycles, with
melt curve stage at 95°C for 15sec and 60 °C for 1 min. Statistical
analysis was performed by the AAC; method using the StepOne Soft-
ware v2.1 (Applied Biosystems). For the analysis of STING downstream
targets, the following forward and reverse primers were used: IL-6
(forward 5-CAGGAGCCCAGCTATGAACT-3’; reverse 5-GAA GGC AGC
AGG CAA CAC-3),IL-8 (forward 5-TTT TGC CAA GGA GTG CTA AAG A-
3’; reverse 5’-AAC CCT CTG CAC CCA GTT TTC-3’, CXCLI1O (forward 5-
GAA AGC AGT TAG CAA GGA AAG GT-3’; reverse 5-GAC ATATACTCC
ATG TAG GGA AGT GA-3’), and CCLS (forward 5-TGC CCA CAT CAA
GGA GTA TTT-3’; reverse 5-CTT TCG GGT GAC AAA GAC G-3).

Immunoblotting

Cells were treated with 0-500 ng/mL doxycycline (Takara Bio) 48 h
prior to sample collection. Pellets from 2 million cells were collected
and lysed with RIPA lysis buffer (20 mM Tris-HCI at pH 7.5, 150 nM
NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate,
2.5mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM
Naz;VO,, 1pg/mL leupeptin), phenylmethanesulfonyl fluoride (PMSF;
Cell Signaling Technology) and a protease and phosphatase inhibitor
cocktail (Boston BioProducts). Lysates were incubated for 45 min on
ice with pulse-vortexing in 15min intervals and centrifuged at
14,000 x g for 10 min in 4 °C. Protein concentrations were quantified
by BCA against a bovine serum albumin standard (ThermoFisher).
Absorbance was measured by incubating protein samples and BCA
standards with fcolorimetric reagents (Thermo Scientific). A total of
25 ug for each sample was loaded on a NuPAGE 4-12% Bis-Tris gel with
1X NuPAGE MOPS Running buffer (Life Technologies, Invitrogen) and
separated for 1.5h at 120 V. For protein size comparison, the Cytiva
full-range Rainbow™ molecular weight marker (Fisher Scientific) was

used as reference. Following protein separation, a dry transfer was
completed at 30V for 6 min with PVDF stacks in an iBlot 2 transfer
instrument (Thermo Fisher). After gel transfer, the membrane was
blocked in 5% dry milk in TBS-T for 30 min and incubated overnight at
4°C with primary antibodies against: rabbit V5 at 1:1,000 (cat. no.
132028, Cell Signaling Technology), mouse vinculin at 1:1,000 (cat. no.
V9131, Millipore Sigma), rabbit CDKNIA at 1:1,000 (cat. no. 2947S, Cell
Signaling Technology), and rabbit RBM14 at 1:1,000 (cat. no. Ab70636,
Abcam) in blocking solution containing 5% milk and TBS-T. For the
detection of phospho-DNA-PKcs, samples were run in a 3-8% Tris-
acetate gel with 1X NuPAGE MES Running buffer (Life Technologies,
Invitrogen). A wet transfer was done overnight at 30 V, and the mem-
brane was blocked in 5% BSA in TBS-T. Overnight incubation was done
with primary antibodies against rabbit DNA-PKcs phospho S2056 (cat.
no. ab124918, Abcam) and mouse actin at 1:1000 (cat. no. 4970, Cell
Signaling Technology). After incubation with primary antibodies, the
membranes were washed in TBS-T and further incubated for 1 h with
goat anti-rabbit at 1:3000 (cat. no. 7074S, Cell Signaling Technolo-
gyThermoFisher) and goat anti-mouse (cat. no. 7076S, Cell Signaling
TechnologyThermoFisher) at 1:10,000 dilution or anti-rabbit at 1:3000
(IRDye 700CW, LiCor) and anti-mouse (IRDye 800CW, LiCor) anti-
bodies at 1:3000 dilution for DNA-PKcs phospho S2056. The signal was
detected by chemiluminescence with SuperSignal West Pico and
Femto kits (Thermo Scientific) in ImageQuant LAS 4000 imager (GE
Healthcare Life Sciences) or using an Odyssey CLx scanner (LiCor) for
fluorescence signaling. Blots were quantified using ImageJ 1.52 k.

Luciferase reporter assay

The expression of inducible luciferase in cell lines was measured using
the Dual-Glo Luciferase Assay system (cat. no. E2920, Promega). Cells
were seeded at a density of 15,000 cells per well in a 96-well plate
(3917, Costar). The following day, 500 ng/mL dox (Takara Bio) was
added to the media, and cells were incubated for 48 h at 37 °C. Luci-
ferase buffer and substrate reagents were prepared per the manu-
facturer’s instructions. Briefly, the Dual-Glo Luciferase reagent was
added to a L1 ratio to the cells and allowed to incubate at room tem-
perature (25 °C) for 10 min in the darkness on an orbital shaker. Firefly
luciferase expression (luminescence) was measured using the Spec-
traMax M5 plate reader and Dual-Glo luciferase protocol with an
integration time of 500 ms.

Growth curves

Cells were seeded in 6 technical replicates at a density of 5000 cells
per well in a 96-well plate. The next day, cells were treated with
0-500 ng/mL dox (Takara Bio) and imaged in an Incucyte Live-Cell
Analysis system (Sartorius) to track confluency over the course of
7 days. Images were acquired with a 10X objective every 6 h, and
analyzed with custom-defined masks to identify the area of each cell
line. Media was replaced with fresh dox every 48 hours.

Nascent protein synthesis assay

Nascent protein synthesis was measured with the Click-iT HPG Alexa
Fluor 488 Protein Synthesis Assay Kit (cat. no. C10428, ThermoFisher).
Cells were plated in 12-well plates (Cell Treat) containing 18 mm cover
glasses (Fisher Scientific) at the bottom, and treated with 500 ng/mL of
dox (Takara Bio) for 48 h. Following induction, cells were washed with
PBS and incubated with 50 M of Click-iT homopropargylglycine (HPG)
in methionine-free RPMI media (Gibco) for 30 min. Next, cells were
fixed with 3.7% formaldehyde in PBS and permeabilized using 0.5%
Triton X-100. The Click-iT reaction was performed per manufacturer’s
protocol by preparing a reaction cocktail mix containing Alexa Fluor
488 azide. DNA staining was performed using NuclearMask Blue Stain,
and incubated for 30 min in the dark. Coverslips were then removed
from the plate and mounted on glass slides using a Slow-Fade
mounting solution (Fisher Scientific). Slides were imaged in an
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Olympus IX73 inverted microscope using the CellSens Software
(Olympus). GFP signal intensity was quantified and normalized to the
total number of cells using Image J.

Cell cycle analysis by flow-cytometry

Cell cycle analysis was performed by in vitro labeling of cells with the
APC BrdU Flow Kit (cat. no. 552598, BD Biosciences). First, 1 million
cells were treated with 500 ng/mL dox for 48 h. Next, 10 uM BrdU
solution was added to the culture media, and cells were incubated for
2 h. Cells were then fixed and permeabilized according to the manu-
facturer’s protocol. Next, samples were treated with 60 pg of DNase
and incubated for 1 h at 37 °C to expose the incorporated BrdU. Finally,
cells were stained for BrdU (1:50 antibody dilution) and total DNA (7-
AAD 1:50 solution dilution) and analyzed by flow cytometer in a BD
LSRFortessa cell analyzer (BD Biosciences) using 488 nm and 640 nm
lasers. Cells were gated and assigned to the G1, S, or G2 phases of the
cell cycle.

Quantification of apoptosis by flow-cytometry

Apoptotic cells were labeled for flow cytometry using a Dead Cell
Apoptosis Kit with Annexin V FITC & Propidium lodide (cat. no. V13242,
Invitrogen). Briefly, cells were seeded at a density of 500,000 cells/well
in a 6-well plate and treated with 500 ng/mL dox for 72 h. Next, cell
pellets were collected and resuspended in 100 uL of 1X annexin-
binding buffer containing 5L of FITC annexin V antibody and 1 uL of
100 ug/mL propidium iodide (PI) working solution. Following an
incubation at room temperature for 15min, 400 uL of 1X annexin-
binding buffer was added to each sample. Stained cells were analyzed
by flow cytometry in a BD LSRFortessa cell analyzer (BD Biosciences),
measuring the fluorescence emission at 530 nm (FITC) and 575 nm (PI).
Cells were gated and classified as live (negative for both annexin V and
PI), early apoptotic (positive for annexin V), or late apoptotic (positive
for both annexin V and PI). Image quantification was performed in
FlowJo v 10.8.1 software.

Immunofluorescence analysis

Cells were seeded at a density of 40,000 cells per well in a 12-well plate
with round coverslips. After 48 h treatment with 500 ng/mL dox, cells
were subjected to 2 Gy X-ray ionizing radiation (IR). At each time point
(0,15, 30, 60, 120, and 360 min post-radiation), cells were washed with
CSK buffer for 5 min and later incubated with 0.7% Triton X-100 in CSK
for 5 min on ice. Fixation was done with 4% paraformaldehyde in CSK
at room temperature for 30 min. After two washes with PBS, cells were
permeabilized with 0.2% Triton X-100 in PBS and blocked with PBS-T
containing 5% BSA for 1h. Incubation with 1:3000 or 1:100 dilution
primary antibodies against mouse yH2A.X (cat. no. 05-636, Millipore),
53BP1 (cat. no. NBP2-25028, Bio-Techne), RAD51 (cat. no. sc-398587,
Santa Cruz Biotechnology), or STING (cat. no. PA5-23381, Invitrogen)
was done overnight at 4°C or 1h for the last 2 antibodies. After 3
washes with PBS, cells were incubated with fluorescent AF-568 (cat. no
Al1031, Invitrogen) or AF-647 (cat. no. A21236, Invitrogen) goat anti-
mouse secondary antibodies and Hoechst 33342 nucleic acid stain (cat.
no. H3570, Thermo Fisher) at a 1:10,000 dilution for 1h in the dark.
Coverslips were mounted on glass slides by addition of SlowFade
Diamond antifade mountant solution (cat. no. S36963, ThermoFisher),
and visualized either in an Olympus IX73 Inverted Microscope (YH2A.X
immunofluorescence) or in an SP8 TCS Leica confocal microscope
(53BP1, RAD51, and STING immunofluorescence). Image processing,
quantification of yH2AX, 53BP1, and RADS1 foci per nucleus, as well as
quantification of STING area, were performed in ImageJ2 v 2.9.0.

Double-strand-break repair GFP reporters

DNA repair pathway choice was measured in U20S EJ7-GFP (c-NHE))
and U20S DR-GFP (HR) cells” by flow cytometry. Cells were seeded at a
density of 500,000 cells/well in 12-well plates. The next day, cells were

transfected with 500 ng pCAGGS-NZEGFP (transfection efficiency
control), 500ng pCAGGS-BSKX (empty vector control), 500 ng
pCBASce (IScel; for HR assay) and 250 ng pX330-7a/ 250 ng pX330-7b
(‘7a’ and ‘7b’ guide RNAs; for c-NHEJ assay) plasmids using the Lipo-
fectamine 3000 Transfection Reagent (cat. no. L3000001, Invitrogen).
After 8 h, fresh media was added with 500 ng/mL dox. After 48 h, cells
were collected, resuspended in 500 uL eBioscience flow cytometry
staining buffer (cat. no. 00-4222-26, Invitrogen) and analyzed in a BD
LSRFortessa cell analyzer (BD Biosciences), measuring the fluores-
cence emission at 530 nm (GFP). GFP-positive cells were quantified in
each condition with FlowJo v 10.8.1 software.

Drug dose-response curves

Cells were seeded at a density 0of 10,000 cells per well in a 96-well plate
and treated with 500 ng/mL dox. The next day, cells were treated with
0-100 uM of the DNA-PK inhibitor NU7441 (cat. no. HY-11006, Med-
ChemExpress) or RADS1 inhibitor BO2 (cat. no. HY-101462, Med-
ChemExpress) and incubated for 72 h. The CellTiter-Glo 2.0 viability
assay (cat. no. G9241, Promega) was used to measure the level of ATP
as a surrogate for cell viability. Luminescence was measured in a
SpectraMax M5 plate reader (Associated Technologies Group) with the
SoftMax Pro software using the CellTiter-Glo protocol with an inte-
gration time of 500 ms. For determining response to STAT3 inhibition,
cells were instead treated with the STAT3 inhibitors C188-9 (cat. no.
30928, Cayman Chemical) and HJC052 (cat. no. 22351, Cayman Che-
mical), and incubated for 7 days. To determine cell viability, 20 uL of
MTT solution (5 mg/mL) was added to each well in the 96-well plate.
Cells were incubated for 2-4 h at 37 °C to allow MTT to be metabo-
lized. After incubation, the MTT-containing medium was carefully
removed, and 50 uL of DMSO was added to each well to dissolve the
formazan crystals. Plates were incubated and gently shaken for 5 min
to ensure complete solubilization. The absorbance was then measured
at 570 nm using a microplate reader.

Time-lapse imaging of mitosis

PIGPZ-H2B-Cherry was subcloned from an existing H2B-Cherry
construct using Not/ and BsrGl sites. Lentiviral transduction of pIGZ
H2B-Cherry was achieved by transfecting 3 pg of the desired plasmid
supplemented with the following packaging plasmids: 3 pg pSPAX2
and 1pg pMD2.G into HEK-293T cells. Plasmids psPAX2 (Addgene
plasmid, 12260) and pMD2.G (Addgene plasmid, 12259) were gifts from
Prof. D. Trono (Ecole Polytechnique Fédérale de Lausanne). After 48 h,
the medium was collected, passed through a 0.45 pm filter (VWR Sci-
ence), and transferred onto the target cells. To increase transduction
efficiency, polybrene (Millipore) was added to a final concentration of
8ug/mL. For time-lapse imaging, 60,000 cells expressing
H2B-mCherry were first seeded per well on imaging chambers (Lab-
Tek) treated with 2 Gy IR, and immediately replaced with fresh med-
ium. All cells were subsequently imaged for 8 h on a DeltaVision Elite
imaging station (GE Healthcare), equipped with a CoolSNAP HQ2
camera, a40 x 0.6 NA immersion objective (Olympus), and DeltaVision
softWoRx software. Images were acquired at 6 min intervals and
included z-stacks of 20 images at 0.4 um intervals. Image analysis was
done using ICY software (Institut Pasteur). Only cells that entered
mitosis and stayed in the frame throughout the imaging session were
included for analysis.

Co-culture with NK-92 cells

Cells were plated at a density of 20,000 cells per well in a 24-well plate in
RPMI containing 500 ng/mL dox. After 48 h, cell lines were exposed to
2 Gy irradiation (Cesium-137 y-ray, IBL 637). NK-92 cells (cat. no. CRL-
2407, ATCC) were plated at a ratio of 10:1 on cells and left for 48 h in NK-
92 media (12.5% FBS, 12.5% HS, 50 uM, -mercaptoethanol, 1% PenStrep,
and RPMI 1640), containing 100 Ip/mL Recombinant IL-2 (200-02-50UG,
PeproTech) and 500 ng/mL doxycycline. Cells were then washed twice
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with PBS before the addition of 4% PFA for 10 min. Cells were then
washed twice with PBS before adding 200 pL Crystal Violet solution (cat.
no. C3886, Sigma) for 5 min with gentle rocking. Cells were then washed
with dH20 three times before drying overnight. To quantify the cell
coverage within each well, plates were imaged in a BioRad Chemidoc MP
imaging system and analyzed using the ‘ColonyArea’ Fiji plugin’. Colony
coverage was compared to “Control #2”, where cancer cells were grown
in NK-92 media but in the absence of NK-92 cells.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

CCLE data was downloaded from DepMap (https://depmap.org/
portal/data_page/?tab=allData)”, including cell line annotations
(“Cell_lines_annotations_20181226.txt”), RNA-seq gene counts
(“CCLE_RNAseq_genes_counts_20180929.gct.gz”), log, copy number
changes over the mean per gene (“CCLE_copynumber_byGene_2013-
12-03.txt.gz”), and WGD (“OmicsSignatures.csv”). TCGA copy number
call significance was obtained by GISTIC copy number calls from the
Broad TCGA copy number portal (tumorscape.org) using the
Tumorscape 1.2.1 analysis data (“2015-06-01 stddata_2015_04_02 arm-
level peel-off”, available from the original authors on request)-’.
Tumor purity estimates were used from the ESTIMATE algorithm””
applied to the extended TCGA cohorts (https://static-content.springer.
com/esm/art%3A10.1038%2Fncomms9971/MediaObjects/41467_2015_
BFncomms9971 MOESM1236_ESM.xIsx)’®. Oncogenes and Tumor
Suppressor gene lists were downloaded from the COSMIC gene census
(“Census_COSMIC96.tsv”, requires an account at https://cancer.
sanger.ac.uk/)*® and included in the respective lists if they were listed
as Hallmark, Tier 1, or Tier 2. Individual copy number events were
extracted from previously published Ziggurat Deconstruction analysis
of copy number states (“TCGA.all_cancers.150601.zigg_e-
vents.160923.txt”, available from the original authors on request)’.
WGD information was downloaded from the TCGA Pan-Cancer Atlas
(https://api.gdc.cancer.gov/data/4f277128-f793-4354-a13d-
30cc7fe9f6bs). For patient survival analyses, we used recently pub-
lished data from a colorectal cancer cohort (“Supplementary Ta-
ble_Ol.xIsx” at https://static-content.springer.com/esm/art%3A10.
1038%2Fs41586-024-07769-3/MediaObjects/41586_2024 7769 _
MOESM3_ESM.zip)®*. Source data are provided in this paper.

Code availability

Unless stated otherwise, computational analyses have been performed
using R 4.3.1. Workflows were orchestrated with Snakemake (7.32.4)"°
and parallelized with clustermq (0.8.915)*°. All analysis code, including
used packages and their versions, is available at https://github.com/
mschubert/ToxicGenes under the GNU General Public License ver-
sion 3.
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