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INTRODUCTION: It has been known for more
than 100 years that human cancers exhibit
pervasive aneuploidy, or chromosome copy
number changes. For instance, about 25% of
cancers exhibit gains of the q arm of chromo-
some 1. However, despite the prevalence of
aneuploidy across cancer types, its role in
tumorigenesis has remained poorly defined.
Our ability to uncover the function of these
large-scale copy number alterations has been
hampered by our inability to experimentally
manipulate chromosome dosage in cancer.
Nonetheless, as aneuploidy is common across
malignancies but rare in normal tissue, drugs
that exhibit selective toxicity toward aneuploid
cells could be useful anticancer agents.

RATIONALE: Although aneuploidies have re-
sisted close analysis, previous research has led
to the discovery of a phenomenon called
“oncogene addiction.” An oncogene-addicted
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cancer is dependent on the expression of an
individual oncogene for continued malignant
growth, and loss or inhibition of that onco-
gene is sufficient to induce cancer regression.
As specific aneuploidies such as the gain of
chromosome 1q are frequent events in diverse
cancer types, we hypothesized that certain
aneuploidies could themselves represent
oncogene-like cancer addictions. To test this
hypothesis, we developed ReDACT (Restoring
Disomy in Aneuploid cells using CRISPR Tar-
geting), a set of chromosome engineering tools
that allow us to eliminate individual aneu-
ploid chromosomes from cancer genomes.
Using ReDACT, we created and then charac-
terized a panel of isogenic cells that have or
lack common cancer aneuploidies.

RESULTS: We found that eliminating the tri-
somy of chromosome 1q from cancer cell lines
harboring this alteration almost completely
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Chromosomal engineering to investigate the effects of aneuploidy. (A) ReDACT enables the targeted
deletion of aneuploid chromosomes. (B) Loss of an extra copy of chromosome 1q compromises malignant
growth. (C) MDM4 and BCL9 are dosage-sensitive drivers of chromosome 1q gain in cancer. (D) Chromosome
1q gain can be targeted therapeutically with UCK2-specific nucleotide analogs.
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xenograft formation. Similarly, eliminating ...2
1q trisomy from a nonmalignant cell line
blocked RAS-mediated transformation. Pro-
longed growth in vitro or in vivo after aneu-
ploidy elimination in cancer cell lines led to
karyotype evolution, and 1g-disomic cells were
eventually outcompeted by cells that had re-
covered the 1q trisomy. In contrast, removing
other trisomic chromosomes from cancer cells
had variable effects on malignant growth, dem-
onstrating that different aneuploidies have
distinct phenotypic consequences for cancer
development.

An analysis of clinical sequencing data dem-
onstrated that chromosome 1q gains arise
early during tumorigenesis and are mutually
exclusive with mutations in the tumor sup-
pressor TP53, suggesting that 1q trisomies
could represent a mutation-independent mecha-
nism for blocking p53 signaling. Consistent
with this, we demonstrated that ReDACT-
mediated elimination of chromosome 1q tri-
somies increased the expression of p53 target
genes in 7P53 wild-type cell lines. We traced
this suppression of p53 function to the tripli-
cation of MDM4, a p53 inhibitor encoded on
chromosome 1q, and we found that deleting a
single copy of MDM4 impaired the growth of
1g-trisomic cells, whereas moderate overex-
pression of MDM4 rescued the growth of 1g-
disomic cells.

Finally, we demonstrated that chromosome
1q gains result in the overexpression of UCK2,
a nucleotide Kkinase encoded on chromosome
1q that is also required for the cytotoxicity of
certain anticancer nucleotide analogs. We
determined that several different 1g-trisomic
cell lines displayed enhanced sensitivity to
these compounds owing to the up-regulation
of UCK2, revealing that 1q aneuploidy can also
represent a tractable cancer vulnerability.

CONCLUSION: Certain aneuploidies that are
commonly found in tumor genomes play a
central role in cancer development, and elim-
inating these aneuploidies compromises ma-
lignant growth potential. At the same time,
aneuploidy causes collateral therapeutic vul-
nerabilities that can be targeted to selectively
eliminate cells with chromosome dosage im-
balances. The development of flexible chromo-
some engineering methodologies like ReDACT
will enable additional experiments to further
unravel the consequences of aneuploidy in
development and disease.
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Oncogene-like addiction to aneuploidy

in human cancers

Vishruth Girish'?{, Asad A. Lakhani®t, Sarah L. Thompson', Christine M. Scaduto®t,
Leanne M. Brown', Ryan A. Hagenson', Erin L. Sausville3, Brianna E. Mendelson’,

Pranav K. Kandikuppa', Devon A. Lukow', Monet Lou Yuan?®, Eric C. Stevens!, Sophia N. Lee",
Klaske M. Schukken’, Saron M. Akalu’, Anand Vasudevan', Charles Zou', Barbora Salovska',
Wenxue Li, Joan C. Smith, Alison M. Taylor*, Robert A. Martienssen®®, Yansheng Liu?,

Ruping Sun®, Jason M. Sheltzer**

Most cancers exhibit aneuploidy, but its functional significance in tumor development is controversial.
Here, we describe ReDACT (Restoring Disomy in Aneuploid cells using CRISPR Targeting), a set of
chromosome engineering tools that allow us to eliminate specific aneuploidies from cancer genomes.
Using ReDACT, we created a panel of isogenic cells that have or lack common aneuploidies, and we
demonstrate that trisomy of chromosome 1q is required for malignant growth in cancers harboring this
alteration. Mechanistically, gaining chromosome 1q increases the expression of MDM4 and suppresses
p53 signaling, and we show that TP53 mutations are mutually exclusive with 1q aneuploidy in human
cancers. Thus, tumor cells can be dependent on specific aneuploidies, raising the possibility that these
“aneuploidy addictions” could be targeted as a therapeutic strategy.

hromosome copy number changes, oth-
erwise known as aneuploidy, are a ubiq-
uitous feature of tumor genomes (7, 2).
While the pervasiveness of aneuploidy

in cancer has been known for more than

a century (3, 4), the role of aneuploidy in tumor
development has remained controversial (5-8).
Chromosome gains have been proposed to
serve as a mechanism for increasing the dos-
age of tumor-promoting genes that are found
within altered regions (9, 10). However, proof
of this hypothesis is lacking, and it has alter-
nately been suggested that aneuploidy could
arise as a result of the loss of checkpoint con-
trol that frequently occurs in advanced malig-
nancies (17). Indeed, individuals with Down
syndrome, which is caused by the triplication
of chromosome 21, have a markedly decreased
risk of developing most solid cancers, suggest-
ing that, in certain cases, aneuploidy may ac-
tually have tumor-suppressive properties (12).
Our ability to directly investigate the role of
aneuploidy in cancer has historically been lim-
ited by the experimental difficulties involved
in manipulating entire chromosome arms. Over
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the past 40 years, cancer researchers have used
the standard tools of molecular genetics, in-
cluding gene overexpression, knockdown, and
mutagenesis, to develop a deep understanding
of many individual oncogenes and tumor sup-
pressors (13, 14). For instance, the biological
functions of genes such as KRAS and TP53
were elucidated in part by creating and analyz-
ing isogenic cell lines that express or lack these
genes (15, 16). However, existing approaches
for single-gene manipulations are insufficient
to interrogate the chromosome-scale changes
that affect hundreds of genes simultaneously.
The consequences of eliminating specific aneu-
ploid chromosomes from human cancer cells
have not previously been established.

Studies of individual cancer driver genes led
to the discovery of a phenomenon called “on-
cogene addiction,” in which loss or inhibition
of a single oncogene is sufficient to induce
cancer regression (7). For example, mutations
in KRAS cause the development of pancreas
cancer, and genetically ablating KRAS in a
“KRAS-addicted” pancreas tumor blocks growth
and triggers apoptosis (I8). Previous cancer ge-
nome sequencing projects have revealed that
the aneuploidy patterns observed in human
tumors are nonrandom, and specific events
such as the gain of chromosome 1q or 8q occur
more often than expected by chance (7, 19). We
speculated that these recurrent aneuploidies
could themselves represent a type of cancer
“addiction,” analogous to the concept of onco-
gene addictions. To investigate this hypothe-
sis, we developed a set of computational and
functional techniques to facilitate the analysis
of cancer aneuploidy.
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Results

Specific chromosome gains recurrently occur
early in cancer development

We recently established a computational ap-
proach to leverage multisample tumor sequenc-
ing data to determine the relative timing of
somatic copy number alterations in cancer
evolution (20). We applied this tool to inves-
tigate the timing of aneuploidy events in a
cohort of patients with breast cancer (BRCA)
or melanoma (MEL) (21, 22). We modeled the
relative timing of somatic copy number alter-
ations in whole-genome sequences from these
tumor samples by assuming that (i) somatic
point mutations accumulate over time at a
rate that is proportional to DNA copy number
and (ii) the multiplicity of early point muta-
tions increases with copy number gains. We
found that specific chromosome copy num-
ber changes are consistently observed early
in tumor development (Fig. 1, A and B). Nota-
bly, we observed that chromosome 1q gains
are recurrently the first copy number alter-
ations that occur in breast cancer evolution,
and these gains are also among the first al-
terations in melanoma evolution. In general,
we found that common aneuploidies arose
earlier in tumor development than less-common
aneuploidies, in agreement with the assump-
tion that early somatic alterations are likely to
be fitness-driving events (Fig. 1C) (23). How-
ever, the correlation between frequency and
timing was not maintained across all chromo-
somes. For instance, in breast cancer, chromo-
some 8q gains and chromosome 1q gains
occurred with similar frequencies, but we
found that 1q gains consistently arose earlier
during tumor development than 8q gains. We
conclude that, as previously observed with on-
cogenic point mutations (24), specific chromo-
some gains occur in a defined temporal order,
and we speculate that aneuploidies that are
consistently gained early during tumorigene-
sis may enhance cancer fitness.

Specific chromosome gains are associated
with altered mutational patterns and
cancer progression

In instances where two oncogenes converge
to activate the same pathway, cancers fre-
quently acquire mutations in either gene but
not both (25). If chromosome gains play an
oncogene-like role supporting cancer growth,
then specific aneuploidies may also be ex-
pected to exhibit mutual exclusivity with in-
dividual oncogenic mutations. To investigate
this possibility, we calculated patterns of mu-
tual exclusivity between chromosome arm gains
and mutations across 23,544 cancer patients
(26, 27). We detected several hundred instan-
ces in which aneuploidies and mutations co-
occur less often than expected by chance both
within individual cancer types and in a pan-
cancer analysis (Fig. 1, D and E; fig. S1; and
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Fig. 1. Specific chromosome gains arise early in tumor development and are
mutually exclusive with driver gene mutations. (A) The inferred timing of somatic
copy number gains in the evolution of two tumors. A breast tumor is shown on the left and
a melanoma on the right. Copy number (CN) states along the genome are shown on
the left in each panel and color coded. The plot visualizes the time fraction of somatic
evolution from germline to the most recent common ancestor (MRCA) of the patient
tumor sample. For each copy number segment, the inferred timing is shown as a rectangle
(exactly solved timing) or an arrow (upper bounds of timing when the timing solutions
are not unique) with the same color-coding as its CN. The top panel shows the cumulative
distribution (CDF) of the timing. Genome doubling (GD) can be observed as the
punctuated gains occurring in a narrow time window, and chromosome 1q gains appear to
be extremely early and preceding GD in these two tumors. (B) Recurrent early gains of
chromosome 1q in BRCA (n = 38 tumor samples) and MEL (n = 37 tumor samples).
For each tumor type, we converted the timing of gains into ranks for genomic bins within a
patient and computed the rank sums across patients for each bin. The normalized rank
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sums for each genomic bin are shown for BRCA and MEL. The large negative values
indicate recurrent early initiating gains. We used the normalized rank sums to test against
the null hypothesis (no regions show recurrent early gain across patients). Bins from
chromosome 1q reject this null for both tumor types (with 90% confidence level). (C) The
timing of a gain compared with the frequency of its occurrence in BRCA (n = 38 tumor
samples) and MEL (n = 37 tumor samples). The points on the plots show the timing of
gain of a genomic bin versus its frequency of copy number gain. Colors represent
chromosomal arms, and color saturation indicates the density of points. Both the timings
and frequencies were transformed into normalized rank sums (see methods). In total,
15 out of 21 BRCA patients and 24 out of 37 MEL patients exhibited arm-scale gains of
chromosome 1q. (D) A pan-cancer analysis of mutual exclusivity between mutations in
25 commonly mutated cancer genes and chromosome arm gain events. The complete
results of this analysis are included in table S1. (E) Mutual exclusivity and co-
occurrence patterns between one representative chromosome gain (+13q, orange
bars at the top), and point mutations in several different cancer driver genes.
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table S1). For instance, KRAS mutations are
mutually exclusive with chromosome 18q gains
in pancreatic cancer, whereas BRAF mutations
are mutually exclusive with chromosome 20q
gains in colorectal cancer (fig. S1 and table S1).
These results are consistent with our hypoth-
esis that specific chromosome gains can play
an oncogene-like role in cancer, thereby making
the acquisition of certain oncogenic mutations
redundant in the presence of that aneuploidy.

High levels of aneuploidy are generally asso-
ciated with poor outcomes for cancer patients
(28-30). However, it is less clear whether spe-
cific copy number changes drive tumor pro-
gression, or whether the aneuploid state itself
represents a universal risk factor. We calcu-
lated the association between patient outcome
and copy number gains affecting every chro-
mosome band across 10,884 patients and 33
cancer types from The Cancer Genome Atlas
(TCGA) (31). We discovered that certain copy
number alterations were commonly prognos-
tic across multiple cancer types, particularly
gains affecting chromosome 1q (fig. S2, A to
C, and table S2A). The strong association be-
tween 1q gains and disease progression was
robust to the inclusion of multiple clinical var-
iables, including patient age, sex, tumor stage,
and tumor grade (fig. S2D and table S2B). 1q
copy number correlated with hallmarks of ag-
gressive disease in genetically diverse cancer
types, including with Gleason score in prostate
adenocarcinoma and with thrombocytopenia
in acute myeloid leukemia (fig. S2E). We per-
formed a similar analysis for cancer-associated
mutations, and we found that the only gene
for which mutations were prognostic in more
than four cancer types was TP53 (fig. S2, A
and D). These results illustrate that specific
chromosome gain events, particularly in-
volving regions of chromosome 1q, are robust
pan-cancer markers for the risk of disease
progression.

Loss of trisomy 1q blocks malignant growth in
human cancers

The computational analyses described above
highlight several similarities between chro-
mosome copy number gains and driver mu-
tations, raising the possibility that these
aneuploidies could represent oncogene-like
cancer addictions. The oncogene addiction
paradigm was first established by develop-
ing genetic techniques to eliminate individ-
ual genes from established cancer cell lines
(16, 17). To conduct comparable assays with
aneuploidy, we created a set of approaches
collectively called ReDACT (Restoring Disomy
in Aneuploid cells using CRISPR Targeting)
(Fig. 2A). In the first approach, called ReDACT-
NS (Negative Selection), we integrate a copy
of herpesvirus thymidine kinase (HSV-TK)
onto an aneuploid chromosome of interest.
Then, the cells are transfected with a guide
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RNA (gRNA) that cuts between the integrant
and the centromere and are treated with gan-
ciclovir, which is toxic to cells that express
HSV-TK (32). Loss of the aneuploid chromo-
some harboring HSV-TK allows cells to survive
ganciclovir selection. In the second approach,
called ReDACT-TR (Telomere Replacement),
cells are cotransfected with a gRNA that cuts
near the centromere of an aneuploid chromo-
some along with a cassette encoding ~100 re-
peats of the human telomere seed sequence
(33). CRISPR cleavage coupled with integra-
tion of the telomeric seed sequence leads to
loss of an aneuploid chromosome arm and
formation of a de novo telomere. In the third
approach, called ReDACT-CO (CRISPR Only),
we took advantage of prior reports demon-
strating that, in rare circumstances, CRISPR
cleavage by itself is sufficient to trigger chro-
mosome loss (34, 35), and we transfected cells
with a gRNA targeting an aneuploid chro-
mosome arm without any other selection
markers. We successfully applied all three
approaches to create clones derived from hu-
man cell lines that had lost specific aneuploid
chromosomes.

We first focused on aneuploidies of chromo-
some 1q, as we found that 1q gains were an
early event in multiple cancer types and were
strongly associated with disease progression
(Fig. 1 and fig. S2). We targeted the 1q trisomy
in the A2058 melanoma cell line, AGS gastric
cancer cell line, and A2780 ovarian cancer cell
line. We generated multiple independent de-
rivatives of each line in which a single copy of
chromosome 1q had been eliminated, thereby
producing cell lines that were disomic rather
than trisomic for chromosome 1q. We verified
loss of the 1q trisomy using short multiply
aggregated sequence homologies sequenc-
ing (SMASH-Seq), an approach to determine
DNA copy number (36), and by G-banding
analysis of metaphase spreads (Fig. 2B, figs. S3
and S4, and table S3). Loss of the 1q trisomy
decreased the expression of genes encoded
on chromosome 1q by an average of 26% at the
RNA level and 21% at the protein level (Fig.
2C). These results suggest that chromosome
loss causes a substantial down-regulation of
genes encoded on an aneuploid chromo-
some, although these effects can be buffered to
some extent by cellular dosage compensa-
tion (37).

Next, we tested whether losing the 1q tri-
somy affects malignant growth in cancer cells.
Toward that end, we quantified anchorage-
independent colony formation, an in vitro
proxy for malignant potential (38), in the 1g-
trisomic and 1g-disomic cells. While 1g-trisomic
A2058, A2780, and AGS cells displayed robust
colony formation, multiple independent 1q-
disomic clones derived from each cell line ex-
hibited minimal anchorage-independent growth
(Fig. 2D). We then performed contralateral
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subcutaneous injections with each cell line to
test whether aneuploidy loss affected tumor
growth in vivo. Consistent with our colony for-
mation assays, we observed that 1g-trisomic
A2058 and A2780 cells rapidly formed large
tumors, whereas 1q-disomic cells displayed
minimal tumor growth (Fig. 2E). At the end
of these assays, the trisomic cells had formed
tumors that were, on average, 25-fold larger
than the tumors formed by the 1q-disomic
cells. For the AGS cancer cell line, neither
the trisomic nor the disomic cells formed
tumors after subcutaneous injection (fig. S5).
Finally, we performed proliferation assays to
measure the doubling time of the 1g-trisomic
and the 1g-disomic cells in culture (fig. S6, A to
C). The aneuploidy-loss clones divided more
slowly in vitro compared with the 1g-trisomic
cells, although the difference in doubling time
(~35%) was substantially less than the differ-
ences observed in the soft agar and xenograft
assays. In total, these results suggest that mul-
tiple human cancer cell lines are dependent on
the presence of a third copy of chromosome 1q
to support malignant growth and that elimina-
tion of this aneuploid chromosome compro-
mises their tumorigenic potential. Furthermore,
we note that this phenotypic pattern, in which
aneuploidy loss causes a moderate effect on in
vitro doubling but a severe effect on anchorage-
independent growth and xenograft formation,
resembles the previously reported consequences
of eliminating bona fide oncogene addictions
16, 39).

Loss of trisomy 1q prevents malignant
transformation

We discovered that 1q gains were commonly
the first copy number alteration to occur dur-
ing breast tumor development (Fig. 1, A to C).
‘We therefore hypothesized that, in addition to
being required for cancer growth, aneuploidy
of chromosome 1q may directly promote cellu-
lar transformation. To test this, we performed
chromosome engineering in MCF10A, an im-
mortal but nontumorigenic mammary epithe-
lial cell line. SMASH-Seq revealed that this
cell line harbors a trisomy of chromosome 1q,
and we successfully applied ReDACT-CO and
ReDACT-TR to generate derivatives of MCF10A
with two rather than three copies of 1q (Fig. 2F,
fig. S3D, and table S3). We then attempted to
transform the 1g-trisomic and 1g-disomic cells
by transducing them with a retrovirus en-
coding the HRAS®?" oncogene. HRAS™Y ex-
pression was sufficient to transform trisomic
MCFI10A, as these cells were able to form col-
onies in soft agar and grow as xenografts in
nude mice (Fig. 2, G and H). In contrast, 1g-
disomic MCF10A clones expressing HRAS™?”
exhibited impaired colony formation and were
unable to produce tumors in vivo, demonstrat-
ing that loss of the trisomic chromosome pre-
vented cellular transformation. These results
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Fig. 2. Phenotypic effects of losing chromosome 1q aneuploidy.

(A) Chromosomal engineering strategies for the targeted deletion of chromo-
some arms: (i) ReDACT-NS: Using CRISPR-Cas9 homology-directed repair,

we integrated a positive-negative selection cassette encoding a fluorescent
reporter, a positive selection marker, and a negative selection marker (HSV
thymidine kinase) at a centromere-proximal region on chromosome 1q. We
induced arm loss by generating a double-stranded DNA (dsDNA) break
centromere-proximal to the cassette with Cas9 and isolated clonal populations
of cells that were ganciclovir-resistant. (i) ReDACT-TR: We induced arm loss by
generating a dsDNA break at a centromere-proximal location with Cas9 while

Girish et al., Science 381, eadg4521 (2023) 25 August 2023

providing cells with an ectopic telomere seed sequence for repair.

(iii) ReDACT-CO: We induced arm loss by generating a dsDNA break at a
centromere-proximal location with Cas9 and isolated clonal populations of cells.
For all three approaches, we screened clonal populations of cells for targeted
chromosome loss through TagMan copy number assays and validated their
karyotypes through SMASH sequencing. (B) Representative SMASH karyotypes
of the 1g-disomic clones generated from the 1g-trisomic cancer cell lines A2780,
AGS, and A2058. Chromosome 1q is highlighted in blue. A complete list of
aneuploidy-loss clones and how they were generated is included in table S3.
(C) 1g-disomic clones display decreased RNA expression and protein expression
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of genes encoded on chromosome 1q. RNA expression data were obtained through
bulk RNA-seq and represent the average expression of genes by chromosome arm
across multiple 1g-disomic clones for each cell line. Protein expression data were
obtained through mass spectrometry, and representative data from one 1g-disomic
clone are shown for each cell line. Data are log2 transformed, normalized to the
parental cell line, and adjusted so that the mean expression across all chromosomes is
0. (D) 1g-disomic clones exhibit decreased anchorage-independent growth. The
micrographs display representative images of colony formation for 1g-trisomic and 1g-
disomic clones. (E) 1g-disomic clones exhibit impaired xenograft growth in vivo. 1g-
trisomic and 1g-disomic cells were injected contralaterally and subcutaneously into
immunocompromised mice. The graphs display the mean + SEM for each trial.
Representative mice are shown on the right. (F) SMASH karyotype of a

1g-disomic clone generated from the mammary epithelial cell line MCF10A.
Chromosome 1q is highlighted in blue. (G) 1g-disomic MCF10A clones transduced with
HRAS®2Y exhibit decreased anchorage-independent growth relative to 1q-trisomic
MCF10A cells. (H) 1q disomic MCF10A clones transduced with HRAS®™" clones exhibit
impaired xenograft growth in vivo. 1g-trisomic and 1g-disomic cells were injected
contralaterally and subcutaneously into immunocompromised mice. The graphs
display the mean + SEM for each trial. Representative mice are shown below. For
anchorage-independent growth assays in (D) and (G), the boxplots represent the
25th, 50th, and 75th percentiles of colonies per field, while the whiskers represent the
10th and 90th percentiles. Unpaired t test, n = 15 fields of view, data from
representative trial (n = 2 total trials). Representative images are shown below. Scale
bars, 250 um. **P < 0.005, ***P < 0.0005.

are consistent with our finding that 1q gains
are an early event during breast cancer devel-
opment and demonstrate that specific aneu-
ploidies can cooperate with oncogenes to
transform nonmalignant cells.

Robust anchorage-independent growth in human
cancer cell lines subjected to CRISPR cutting
and ganciclovir selection

To confirm that our findings were a specific
consequence of aneuploidy loss, we generated
and tested a series of control clones subjected
to various CRISPR manipulations that did not
induce loss of the 1q trisomy (figs. S7 and S8A).
These control clones included the following:
@) Cell lines harboring a CRISPR-mediated
integration of the HSV-TK cassette that were
not subjected to selection for 1q loss. (ii) Cell
lines in which the HSV-TK cassette was de-
leted using two gRNAs followed by ganciclovir
selection. (iii) Cell lines transfected with a 1q-
targeting gRNA in which the lesion was re-
paired without inducing chromosome loss.
(iv) Cell lines transfected with a gRNA targeting
the noncoding Rosa26 locus. (v) Cell lines in
which dual CRISPR guides were used to gen-
erate segmental deletions of genes encod-
ing olfactory receptors on chromosome 1q.
(vi) Cell lines in which CRISPR was used to
delete a terminal segment on chromosome 1q,
eliminating the telomere and decreasing the
copy number of 26 out of 968 protein-coding
genes on the chromosome.

‘We performed SMASH-Seq on each control
clone that we generated and confirmed that
each clone retained an extra copy of chro-
mosome 1q (fig. S7). We then measured the
effects of these manipulations on anchorage-
independent growth. We found that every
control clone maintained the ability to form
colonies in soft agar, with some variability
between independent clones. Across the three
cancer cell lines and 37 different control
clones, we observed that the 1g-disomic clones
exhibited worse anchorage-independent growth
than every control clone that we generated
(fig. S8, B to E). These results indicate that
the deficiencies in malignant growth exhibited
by the 1g-disomic clones are not a result of our
use of CRISPR or ganciclovir selection.

Girish et al., Science 381, eadg4521 (2023)

Eliminating different cancer aneuploidies
produces distinct phenotypic consequences

To further investigate the consequences of in-
ducing aneuploidy loss, we used ReDACT to
eliminate the trisomy of either chromosome
7p or 8q from A2058 melanoma cells. SMASH-
Seq confirmed the desired aneuploidy-loss
events without other karyotypic changes (Fig.
3A, fig. S9, and table S3). As expected, loss of
either trisomy 7p or trisomy 8q resulted in a
decrease in the expression of genes encoded
on the affected chromosomes (Fig. 3B). 7p-
disomic and 8q-disomic clones exhibited
impaired anchorage-independent growth com-
pared with a panel of control clones, although
this defect was not as severe as the defect ob-
served among A2058 1g-disomic clones (Fig.
3C and fig. S10). In vitro doubling times were
also closer to wild-type levels for 7p-disomic
and 8qg-disomic cells compared with 1g-disomic
cells (fig. S6D). Finally, we performed sub-
cutaneous injections of the 7p-disomic and
the 8g-disomic cells in nude mice, and we
found that loss of either the 7p or the 8q tri-
somy resulted in a moderate decrease in tu-
mor growth (Fig. 3D). At the end of the assay,
the wild-type tumors were, on average, two-
fold larger than the tumors formed by either
‘7p-disomic or 8q-disomic cells, compared with
a 30-fold difference between A2058 wild-type
and 1g-disomic tumors (Fig. 2E). In total, these
results indicate that A2058 melanoma cells
exhibit a greater degree of “addiction” to the
1q trisomy compared with the trisomies of
chromosome 7p or 8q.

To explore the consequences of losing chro-
mosome 8q aneuploidy in a distinct cancer
type, we eliminated the 8q trisomy from the
colorectal cancer cell line HCT116 (Fig. 3, E and
F; fig. SOC; and table S3). Consistent with our
observations in A2058, loss of the 8q trisomy
decreased but did not fully prevent anchorage-
independent growth in HCT116 (Fig. 3G). We
then tested xenograft formation in the HCT116
8g-disomic cells, and we observed that one 8q-
disomic clone exhibited a moderate defect in
tumor growth while a second clone was able
to form tumors at levels comparable to the
trisomic parental line (Fig. 3H). These results
demonstrate that eliminating aneuploid chro-
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mosomes has variable effects, depending on
the identity of the chromosome and the genetic
background of the cancer.

Karyotype evolution and 1q trisomy restoration
after aneuploidy loss

A hallmark of oncogene addictions is that loss
or inhibition of a driver oncogene results in
strong and rapid selection to reestablish onco-
genic signaling (40). For instance, when epi-
dermal growth factor receptor (EGFR)-driven
lung cancers are treated with an EGFR in-
hibitor, these cancers evolve to acquire specific
mutations, including EGFR™°™ (which re-
stores EGFR activity) and KRAS?*P (which
activates a parallel oncogenic pathway) (41).
We sought to investigate whether elimination
of an “aneuploidy addiction” would also result
in evolutionary pressure to restore the lost an-
euploidy. We injected 1g-disomic A2058 cells
into nude mice and then determined the copy
number of chromosome 1q in the resulting
xenografts using quantitative polymerase chain
reaction (Fig. 4A). We discovered that 65 out
of 82 1g-disomic xenografts reacquired an
extra copy of chromosome 1q, demonstrat-
ing strong selective pressure to regain the
initial 1q aneuploidy. We subjected 20 of these
post-xenograft clones to SMASH-Seq, and we
found that chromosome 1q regain was the
only detectable chromosome-scale copy num-
ber change (Fig. 4B and fig. S11A). No gross
karyotypic changes were observed when the
parental 1g-trisomic cells were grown as xeno-
grafts (Fig. 4B and fig. S11B). If loss of the
chromosome 1q trisomy compromises malig-
nant potential, then we would expect that
regaining 1q aneuploidy would restore cell
fitness. Consistent with this, we found that
cells that had reacquired the 1q trisomy ex-
hibited increased clonogenicity compared with
1g-disomic cells when grown under anchorage-
independent conditions (Fig. 4C).

Next, we assessed karyotype evolution after
in vivo growth of A2058 7p-disomic and 8q-
disomic clones. Interestingly, 17 out of 68
7p-disomic xenografts and 17 out of 63 8q-
disomic xenografts were found to exhibit 7p
and 8q trisomy regain, respectively (Fig. 4, D
and E). These rates of chromosome regain
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Fig. 3. Variable degrees of addiction to aneuploidy of chromosomes 1q, 7p,
and 8q. (A) Representative SMASH karyotypes of the 1g-disomic, 7p-disomic, and
8qg-disomic clones generated from the melanoma cell line A2058. Trisomy of
chromosomes 1q, 7p, and 8q are highlighted in blue in the parental cell line on the left,
and the respective targeted chromosome loss is highlighted in blue in the derived
clones on the right. A complete list of aneuploidy-loss clones and how they were
generated is included in table S3. (B) 1g-disomic, 7p-disomic, and 8g-disomic clones
in A2058 exhibit decreased RNA expression of genes encoded on the targeted
chromosome. RNA expression data were obtained through bulk RNA-seq and
represent the average expression of genes by chromosome arm across multiple
aneuploidy-loss clones for each targeted chromosome. Data are log2 transformed,
normalized to the parental cell line, and adjusted so that the mean expression across
all chromosomes is 0. (C) 7p-disomic and 8qg-disomic clones in A2058 exhibit a milder
deficit in anchorage-independent growth than do 1g-disomic clones. The micrographs
display representative images of colony formation for the indicated cell lines.

(D) 7p-disomic and 8g-disomic clones in A2058 exhibit a moderate defect in xenograft
growth. Wild-type (7p-trisomic and 8qg-trisomic) cells and either 7p-disomic or 8qg-
disomic cells were injected contralaterally and subcutaneously into immuno-

Girish et al., Science 381, eadg4521 (2023) 25 August 2023

compromised mice. The graphs display the mean + SEM for each trial. Representative
mice are shown on the right. (E) SMASH karyotype of an 8q-disomic clone generated
from the colorectal cancer cell line HCT116. Chromosome 8q is highlighted in blue.
(F) 8g-disomic clones in HCT116 exhibit decreased RNA expression of genes encoded
on chromosome 8q. RNA expression data were obtained through bulk RNA-seq and
represent the average expression of genes by chromosome arm across multiple
aneuploidy-loss clones for each cell line. Data are log2 transformed, normalized to
the parental cell line, and adjusted so that the mean expression across all
chromosomes is 0. (G) 8g-disomic clones in HCT116 exhibit decreased anchorage-
independent growth. The micrographs display representative images of colony
formation for the indicated cell lines. (H) 8qg-disomic clones in HCT116 exhibit variable
xenograft growth. 8g-trisomic and 8q-disomic cells were injected contralaterally

and subcutaneously into immunocompromised mice. The graphs display the mean + SEM
for each trial. Representative mice are shown below the graphs. For anchorage-
independent growth assays in (C) and (G), boxes represent the 25th, 50th, and 75th
percentiles of colonies per field, while the whiskers represent the 10th and 90th
percentiles. Unpaired t test, n = 15 fields of view, data from representative trial (n = 2 total
trials). Representative images are shown below. Scale bars, 250 um. ***P < 0.0005.
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Fig. 4. Cancers rapidly recover chromosome 1q aneuploidy. (A) A2058 1g-
disomic cells frequently evolve to recover a third copy of chromosome 1q during
xenograft growth. (B) Representative SMASH karyotypes of A2058 wildtype and 1g-
disomic tumors. The initial karyotypes for these lines before the xenograft assay
are shown on the left, and karyotypes of tumors after the xenograft assay are shown
on the right. Chromosome 1q is highlighted in blue. (C) 1g-disomic clones that
have evolved to regain 1q trisomy after xenograft growth exhibit increased
anchorage-independent growth relative to the pre-xenograft 1q-disomic parental
cells. (D) Variable evolution of 7p-disomic cells to recover a third copy of
chromosome 7p during xenograft growth. (E) Variable evolution of 8g-disomic cells
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to recover a third copy of chromosome 8q during xenograft growth. (F) Regain of
trisomy 1qg occurs more frequently than regain of trisomy 7p or trisomy 8q. Tumors
were classified as exhibiting regain if the mean copy number of the targeted
chromosome was =2.5, as determined through TagMan copy number assays. n =
213 tumors, chi-squared test. (G) HCT116 8g-disomic clones evolve to gain a copy of
chromosome 12 during xenograft assays, resulting in the acquisition of an extra
copy of the KRASC™P allele. Cell lines were rederived from tumors harvested at the
endpoint of xenograft assays and subjected to SMASH karyotyping and Sanger
sequencing of KRAS. The xenograft growth curve is shown on the left, and
representative SMASH karyotype profiles and Sanger sequencing chromatograms
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before and after xenograft are shown on the right. Chromosome 8q is highlighted in
blue, and chromosome 12 is highlighted in green. (H) 8g-disomic clones that have
evolved to acquire trisomy of chromosome 12 after xenograft growth exhibit
increased anchorage-independent growth relative to the pre-xenograft 8q-disomic
parental cells. For copy number profiling in (A), (D), and (E), cell lines were rederived
from tumors at the endpoint of the xenograft assays, and chromosome copy
number was determined through TagMan copy number assays. Mean + SEM, n = 3

were significantly lower than the rates that
we observed for chromosome 1q (P < 0.0001,
chi-square test; Fig. 4F). These results suggest
that there is moderate selective pressure to re-
store 7p and 8q trisomies and stronger selec-
tive pressure to restore 1q trisomy in A2058.

We then sought to determine whether we
could observe evolutionary pressure to restore
chromosome 1q aneuploidy when 1g-disomic
cells were grown in vitro. Toward that end, we
passaged A2058, A2780, and AGS 1g-trisomic
and 1g-disomic cancer cell lines for 30 days in
culture and then assessed their karyotypes.
Similar to our in vivo results, we uncovered
multiple instances in which 1g-disomic cells
independently regained an extra copy of chro-
mosome 1q over the course of the assay (fig.
S12). We reasoned that there were two pos-
sible sources for the regained chromosome:
The third copy of 1q could result from the mis-
segregation of an endogenous copy of chromo-
some 1q, or the disomic cell line could have
been outcompeted by an exogenous popu-
lation of trisomic cells (for instance, from
metastatic colonization when 1g-disomic and
1g-trisomic xenografts were grown in the same
mouse). To differentiate between these possi-
bilities, we identified single-nucleotide poly-
morphisms on 1q that were heterozygous in
the parental cell line and that exhibited loss of
heterozygosity after 1q elimination. We rea-
soned that if loss of heterozygosity was main-
tained after 1q regain, then that would be
evidence for an endogenous missegregation
event, whereas the reappearance of hetero-
zygosity would be evidence of an exogenous
cell population (fig. SI3A). Sanger sequenc-
ing analysis revealed that both potential
causes of 1q regain were observed during these
evolution experiments (fig. S13, B and C). In
both cases, 1q regain correlated with restored
anchorage-independent growth relative to the
1g-disomic clones, further verifying the link
between 1q copy number and cell fitness (fig.
S13, D and E).

Finally, we assessed karyotype evolution in
xenografts produced by 8q-disomic HCT116
cells (Fig. 4G). We found that 0 out of 13 tu-
mors regained the trisomy of chromosome
8q, but 7 out of 13 tumors gained a de novo
trisomy of chromosome 12. HCT116 cells are
driven by a heterozygous KRAS®*P mutation
(16), and KRAS is encoded on chromosome
12. Sanger sequencing analysis revealed that
every chromosome 12-trisomic tumor had am-
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plified the copy of chromosome 12 harboring
the mutant KRAS®P allele (Fig. 4G). Increas-
ing dosage of mutant KRAS has previously
been associated with enhanced tumor fitness
(42), and we observed that these chromosome
8q-disomic and chromosome 12-trisomic cells
exhibited superior anchorage-independent
growth relative to the chromosome 8g-disomic
and chromosome 12-disomic pre-xenograft
population (Fig. 4H). In total, these results
suggest that aneuploidy loss creates strong
selective pressure for karyotype evolution,
and the effects of aneuploidy loss can be sup-
pressed in cis (by regaining the lost chromo-
some) or in trans (by acquiring a beneficial
secondary alteration).

Chromosome 1q aneuploidy suppresses p53
signaling by increasing MDM4 expression

We sought to uncover the biological mecha-
nism underlying the addiction to chromosome
1q aneuploidy. RNA sequencing (RNA-seq)
analysis revealed that elimination of the 1q
trisomy caused up-regulation of tumor sup-
pressor p53 target genes in A2780 and MCF10A,
which are both wild type for 7P53 (Fig. 5, A
and B, and fig. S14, A and B). Western blotting
confirmed that 1g-disomic clones exhibited in-
creased phosphorylation of p53 at serine-15
and increased expression of the canonical p53
target p21 (Fig. 5C) (43). These results were
not a by-product of CRISPR mutagenesis, as
A2780 cells harboring a CRISPR-mediated in-
tegration of HSV-TK did not display evidence of
P53 activation (Fig. 5, B and C). Additionally,
1g-disomic A2780 and MCF10A cells exhibited
a delay in the G1 phase of the cell cycle and
increased senescence-associated f-galactosidase
staining, both of which are associated with
p53-mediated tumor suppression (fig. S14, C to
F) (44). These results suggest that the chromo-
some 1q trisomy inhibits p53 signaling and
that elimination of this trisomy antagonizes
malignant growth at least in part by triggering
P53 activation.

To explore whether p53 inhibition is a com-
mon consequence of chromosome 1q gains, we
examined our prior analysis of aneuploidy-
mutation mutual exclusivity in cancer genomes
(table S1). Out of 14,383 aneuploidy-gene mu-
tation pairs, the single strongest instance of
mutual exclusivity was between 1q gains and
TP53 mutations (Fig. 5D). Next, we applied a
classification algorithm capable of predicting
cancers that lack p53 function on the basis of
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probes on targeted chromosome, data from representative trials are shown

(n = 2 total trials). The corresponding xenograft assays are shown on the left. For
the anchorage-independent growth assays in (C) and (H), the boxes represent the
25th, 50th, and 75th percentiles of colonies per field, while the whiskers represent
the 10th and 90th percentiles. Unpaired t test, n = 15 fields of view, data from
representative trial (n = 2 total trials). Representative images are shown on the right.
Scale bars, 250 um. ***P < 0,0005.

their transcriptional profiles (45). As expected,
cancers from TCGA with nonsynonymous 7P53
mutations scored higher with this classifier
than cancers with wild-type 7P53 (Fig. 5E).
Considering only tumors with wild-type 7P53,
we calculated the association between the p53
status classifier and every possible chromosome
arm gain in TCGA. Across all chromosomes,
1q gains exhibited the strongest correlation
with the p53-loss signature (Fig. 5, F and G).
Among tumors with wild-type 7P53, gains of
chromosome 1q were associated with lower
expression of the p53 target genes CDKNIA
(p21), GADD45A, and RRM2B (Fig. 5H) (43).
In total, these results indicate that gaining
chromosome 1q phenocopies the effects of
P53 mutations and suppresses p53 activity in
human tumors.

We sought to discover the gene(s) on chro-
mosome 1q responsible for inhibiting p53
signaling. We noted that MDM4, a negative
regulator of p53 activity, is located on 1q32
(46). MDM4 expression increased with chro-
mosome 1q copy number and higher MDM4
expression correlated with the p53-loss tran-
scriptional signature (fig. S15, A and B). To
uncover whether MDM4 is directly respon-
sible for the 1g-aneuploidy addiction observed
in A2780, we first used CRISPR interference
(CRISPRI) to down-regulate MDM4 expres-
sion without fully ablating it (¢7). In A2780
competition assays, we observed that down-
regulating MDM+4 impaired cell fitness rela-
tive to A2780 cells in which AAVSI or PIP5KIA,
an unrelated gene on chromosome 1q, were
down-regulated (Fig. 5I) (48). Next, we used a
two-guide strategy to delete a single copy of
MDM4 in an otherwise trisomic background
(Fig. 5, J and K, and fig. S15, C and D). We
found that the subsequent A2780 MDM4* /%0
clones down-regulated MDM4 and up-regulated
p53 target genes, comparable to the effects
observed in cells lacking the entire 1q trisomy
(Fig. 5L and fig. S15E). We then tested the
colony formation ability of MDM4*”*/%© clones,
and we discovered that losing a single copy
of MDM4 decreased anchorage-independent
growth (Fig. 5M). Subsequently, we performed
the converse experiment: We cloned MDM4
c¢DNA under the control of a doxycycline-
inducible promoter and transduced the con-
struct into both 1g-trisomic and 1g-disomic
cells. We found that moderate (1.7-fold) over-
expression of MDM4 was sufficient to cause an
increase in anchorage-independent growth in
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Fig. 5. A single extra copy of MDM4 suppresses p53 signaling and
contributes to the 1q trisomy addiction. (A) GSEA analysis of A2780 RNA-seq
data reveals up-regulation of the p53 pathway in the 1g-disomic clones, relative

to the parental trisomy. (B) A heatmap displaying the up-regulation of 10 p53 target
genes in A2780 1g-disomic clones. The TK+ clone indicates a clone that harbors
the CRISPR-mediated integration of the HSV-TK transgene but that was not treated
to induce chromosome 1g-loss. (C) Western blot analysis demonstrating activation
of p53 signaling in 1g-disomic clones. Glyceraldehyde phosphate dehydrogenase
(GAPDH) was analyzed as a loading control. The TK+ clone indicates a clone that
harbors the CRISPR-mediated integration of the HSV-TK transgene but that was not
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treated to induce chromosome 1g-loss. (D) A waterfall plot highlighting the most-
significant instances of mutual exclusivity between chromosome arm gains and
mutations in cancer-associated genes. The complete dataset for mutual exclusivity
and co-occurrence is included in table S1. (E) Boxplots displaying the TP53-mutation
phenocopy signature (45) in cancers from TCGA, split according to whether the
cancers harbor a nonsynonymous mutation in TP53. (F) A scatterplot comparing
the association between chromosome arm gains and the TP53-mutation phenocopy
signature (45) in TP53 wild-type cancers from TCGA. Cancers with chromosome
1q gains are highlighted in blue. (G) Boxplots displaying the TP53-mutation
phenocopy signature (45) in cancers from TCGA, split according to whether

9 of 14

€202 ‘22 Jequiedes uo Aloreloge] JogreH Bulids pjod e 61o0'sous10s Mmm//:sdny Wwol) papeojumoqd



RESEARCH | RESEARCH ARTICLE

tumors harbor a gain of chromosome 1qg. Only TP53 wild-type cancers are
included in this analysis. (H) Boxplots displaying the expression of three
p53 target genes—CDKNIA (p2l), RRMZ2B, and GADD45A—in cancers from TCGA
split according to the copy number of chromosome 1q. Only TP53 wild-type cancers
are included in this analysis. (I) A CRISPRi competition assay demonstrates that
gRNAs targeting MDM4 drop out over time in A2780 cells. In contrast, gRNAs
targeting AAVSI and PIP5KIA, another gene encoded on chromosome 1q, exhibit
minimal depletion. (J) A schematic displaying the strategy for using paired
CRISPR gRNAs to delete a single copy of MDM4 in a cell line with a trisomy of
chromosome 1q. (K) SMASH karyotype demonstrating maintenance of the
chromosome 1q trisomy in an MDM4**%C clone. Chromosome 1q is highlighted

the 1g-disomic cells, whereas this same treat-
ment did not affect the 1g-trisomic cells (Fig.
5N and fig. S15F).

Finally, to investigate the role of p53 as a
mediator of 1q aneuploidy addiction from an
orthogonal approach, we used CRISPR to de-
lete the 7P53 gene in A2780 1g-disomic and 1g-
trisomic cells (fig. S16, A and B). We discovered
that loss of 7P53 rescued the G1 delay and
enhanced anchorage-independent growth in
1g-disomic cells (fig. S16, C and D). The mag-
nitude of the increase in colony formation was
significantly greater in the 1g-disomic cells than
in the 1g-trisomic cells (4-fold versus 1.5-fold;
P < 0.0001, £ test) (fig. S16D). In total, these
results indicate that chromosome 1q gains are
amechanism by which 7P53 wild-type cancers
can suppress p53 activity, and this suppression
occurs because of the increased expression
of MDM4.

BCL9 promotes the growth of 1q-aneuploid
cancers through a p53-independent mechanism

We noted that the deletion of 7P53 and the
overexpression of MDM4 in 1g-disomic clones
did not fully restore anchorage-independent
growth to 1g-trisomic levels (Fig. 5N and fig.
S16D). We therefore hypothesized that there
were additional dosage-sensitive genes en-
coded on chromosome 1q that promote the
fitness of 1g-aneuploid cancers. To uncover
these genes, we assembled a panel of 16 1q
genes that have previously been associated
with tumorigenesis, including MDM4 as a pos-
itive control, and we conducted CRISPRi
competition assays to assess the effects of
down-regulating each gene in 1q-trisomic
A2780 cells (fig. S17A). gRNAs targeting six
genes, including MDM4, exhibited a mean de-
pletion of >1.75-fold in cellular competitions
(fig. S17B). We cloned cDNAs for these six
genes into doxycycline-inducible vectors and
transduced them into A2780 1g-disomic cells.
We found that overexpression of three of these
genes increased anchorage-independent growth:
MDM4, the antiapoptotic gene MCLI, and
the Wnt/B-catenin signaling gene BCL9 (fig.
S17C). We then conducted two further analyses
to test whether the effects of the latter two
genes were independent of the MDM4/p53
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pathway. First, we cotransduced 1g-disomic
cells with vectors to overexpress both MDM4
and BCL9 or MDM4 and MCLI, and next we
assessed the effects of overexpressing BCL9 or
MCLI in TP53-KO 1g-disomic cells. We found
that MCLI1 had no effect on anchorage-
independent growth in 1g-disomic cells that
lacked TP53, and coexpressing MCLI and
MDM4 in p53 wild-type 1g-disomic cells did
not increase clonogenicity beyond the effects
of expressing MCLI alone (fig. S17, D and E). As
both MCLI and TP53 control apoptosis, we
speculate that the overexpression of MCLI and
MDMH4 are to some extent epistatic with one
another (49).

In contrast, BCL9 expression enhanced
anchorage-independent growth in 7P53-KO
cells, and BCL9-MDM4 coexpression resulted
in more colony formation compared with
BCL9 alone (fig. S17, D and E). BCL9 encodes
an adaptor protein that binds to nuclear
B-catenin and enhances B-catenin-mediated
transcriptional activity (50). We found that
eliminating the trisomy of chromosome 1q re-
duced the expression of BCL9 as well as AXIN2
and LGR5, which are canonical targets of the
Wnt/B-catenin pathway (57) (fig. S18A). Gene
set enrichment analysis (GSEA) revealed a
general decrease in the expression of tran-
scripts associated with the Wnt/B-catenin
pathway in 1g-disomic versus 1g-trisomic cells
(fig. S18B). Ectopic overexpression of BCL9 in-
creased the expression of AXIN2 and LGR5
(fig. S18C). In human cancers, chromosome
1q gains were associated with higher levels of
BCL9 expression, and high BCL9 was asso-
ciated with the up-regulation of AXIN2 and
LGR5 (fig. S18, D and E). Mutations in CTNNBI,
which encodes B-catenin, were overrepre-
sented in cancers with 1q gains (fig. S18F).
Finally, 1q aneuploidy was associated with
higher B-catenin activity in several cancer
types, including ovarian cancer, hepatocellular
carcinoma, and rectal adenocarcinoma (fig.
S18G). In total, these results indicate that chro-
mosome 1q aneuploidy can enhance onco-
genic Wnt/fB-catenin signaling through the
up-regulation of BCL9 and that increased BCL9
expression promotes cancer cell fitness in a
p53-independent manner.

25 August 2023

in blue. (L) 1g-disomic clones and MDM4**/© clones in A2780 exhibit
comparable up-regulation of p53 transcriptional targets, as determined through
TagMan gene expression assays. (M) MDM
anchorage-independent growth relative to the MDM4**"* parental cell line.

(N) Induction of MDM4 cDNA in 1g-disomic clones in A2780 increases
anchorage-independent growth. For the graphs in (E), (G), (H), (M), and (N), the
boxplots represent the 25th, 50th, and 75th percentiles of the indicated data,
while the whiskers represent the 10th and 90th percentiles of the indicated
data. For the soft agar experiments in (M) and (N), the data are from n = 15
fields of view, and a representative trial is shown (n = 2 total trials). Scale bars,
250 um. ***P < 0.0005.

4+*/K0 clones exhibit decreased

Aneuploidy addictions create collateral
therapeutic vulnerabilities

The oncogene addiction hypothesis is the con-
ceptual foundation for the use of targeted
therapies in cancer (40). Correspondingly, we
sought to uncover whether aneuploidy addic-
tions could also represent a therapeutic vul-
nerability for certain cancers. We noted that
chromosome 1q harbors the UCK2 gene, which
encodes a pyrimidine salvage kinase that
controls a rate-limiting step in the activation
of certain toxic nucleotide analogs, including
RX-3117 and 3-deazauridine (Fig. 6A) (52, 53).
We found that UCK2 is overexpressed in human
cancers that contain extra copies of chromo-
some 1q, and elimination of the chromosome
1q trisomy consistently decreased UCK2 pro-
tein expression in our engineered cell lines
(Fig. 6, B and C). We therefore investigated
whether gaining chromosome 1q could create
a collateral sensitivity to UCK2-dependent nu-
cleotide analogs.

First, as the mechanism of many cancer
drugs is poorly understood (54, 55), we sought
to verify that the cytotoxicity of RX-3117 and
3-deazauridine requires UCK2 expression. We
used CRISPR to delete UCK2 in the haploid
HAPI cell line, and we confirmed that UCK2-
knockout cells were highly resistant to both
compounds (fig. S19, A to C). Next, we tested
the effects of RX-3117 and 3-deazauridine in
our engineered 1g-trisomic and 1q-disomic
cell lines. We found that A2780 and MCF10A
cells harboring a trisomy of chromosome 1q
were more sensitive to both compounds com-
pared with isogenic cells containing two copies
of chromosome 1q (Fig. 6D). This effect was
specific for UCK2 substrates, as the 1g-trisomic
cells did not exhibit greater sensitivity to UCK2-
independent nucleotide poisons and other
cancer drugs (fig. S19D). Furthermore, dele-
tion of a single copy of UCK2 in 1g-trisomic
A2780 cells was sufficient to decrease sensi-
tivity to RX-3117, whereas ectopic overexpres-
sion of UCK2 cDNA in 1g-disomic A2780 cells
was sufficient to increase sensitivity to RX-3117
(fig. S19, E to H). However, we did not detect
any difference in RX-3117 sensitivity between
1g-trisomic and 1g-disomic A2058 and AGS
cells (fig. S20, A and B). As A2780 and MCF10A
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harbor wild-type 7P53, whereas AGS and
A2058 exhibit compromised p53 signaling,
we speculate that 7P53 status or the expres-
sion of other related proteins may also in-
fluence the response to UCK2 substrates.
To determine whether 1q copy number
changes generated without using ReDACT
could also increase sensitivity to UCK2 sub-
strates, we transiently treated near-diploid
DLD1 colon cancer cells with an inhibitor
of the spindle checkpoint kinase Mps1, and

we isolated a clone that harbored a trisomy
of chromosome 1 (fig. S20, C and D). DLD1
trisomy-1 cells were significantly more sensi-
tive to RX-3117 compared with the parental
DLDI1 cells (P < 0.005, t test; fig. S20E). Finally,
RX-3117 and 3-deazauridine have been screened
across the NCI-60 cell line panel, and we
found that higher UCK2 expression corre-
lates with greater sensitivity to both com-
pounds (fig. S20F) (56). In total, these results
indicate that 1q gains induce a collateral sen-

UCK2 expression vs. 1q copy number

sitivity to certain nucleotide analogs by in-
creasing the expression of UCK2.

We hypothesized that we could use the
greater sensitivity of 1g-trisomic cells to UCK2
substrates to redirect cellular evolution away
from aneuploidy and toward a disomic state
with lower malignant potential (Fig. 6E). We
mixed fluorescently labeled 1g-trisomic and
1g-disomic MCF10A cells at a ratio of 20:80
and then co-cultured the two cell populations.
After 9 days of growth in drug-free medium,

UCK2 protein expression
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Fig. 6. Gaining chromosome 1q increases sensitivity to UCK2 substrates.
(A) A schematic of the metabolism of two pyrimidine analogs, RX-3117 and
3-deazauridine. UCK2, a kinase encoded on chromosome 1q, phosphorylates these
compounds to produce cytotoxic derivatives that can poison DNA and RNA
synthesis. (B) Boxplots displaying the expression of UCK2 from the Cancer Cell Line
Encyclopedia (CCLE, left) and TCGA (right), divided according to the copy number
of chromosome 1q. The boxplots represent the 25th, 50th, and 75th percentiles of the
indicated data, while the whiskers represent the 10th and 90th percentiles of the
indicated data. Data were analyzed using unpaired t tests; n = 10,331 samples from
TCGA and 942 samples from CCLE. (C) Expression of UCK2 protein in cancer cell lines
with 1q trisomies or after aneuploidy elimination. (D) Cellular sensitivity of A2780
and MCF10A treated with different concentrations of RX-3117 or 3-deazauridine.
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(E) A schematic displaying cellular competition between trisomic and disomic cells. Under
normal conditions, certain trisomies enhance cellular fitness, allowing these cells

to overtake the population and enhance malignant growth (top). However, treatment
with an “anti-trisomy” compound could selectively impair the growth of the
aneuploid cells, keeping the population in a low-malignant state (bottom). (F) A cellular
competition between fluorescently labeled MCF10A 1g-trisomic and unlabeled
1g-disomic cells. These cells were mixed at a ratio of 20% to 80% and then cultured in
either dimethyl sulfoxide (DMSO) or 3-deazauridine. While the trisomic cells quickly
dominate the population in drug-free medium, treatment with 3-deazauridine prevents
the outgrowth of the 1g-trisomic subpopulation. Data from representative trials are
shown (n = 2 total trials). *P < 0.05, **P < 0.005, ***P < 0.0005.
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the trisomic cells had expanded to make up
75% of the culture, but when the same cell
populations were grown in the presence of
500 nM 3-deazauridine, the trisomic popu-
lation decreased to just 4% of the final culture
(Fig. 6F). We conclude that trisomy-selective
compounds can be used to manipulate cellular
evolution to prevent the outgrowth of malig-
nant aneuploid cells in a premalignant setting.

Finally, we investigated whether we could
generalize this approach to identify compounds
that exhibit selective toxicity against other an-
euploidies. To nominate drugs that could be
used to target chromosome 7p, we assessed
the PRISM dataset of 4518 compounds tested
against 578 cancer cell lines (57). We calculated
the correlation between the expression of every
gene encoded on chromosome 7p and the sen-
sitivity to each drug (fig. S21A). One of the
strongest relationships that we found was be-
tween expression of the gene AHR, which en-
codes a ligand-activated transcription factor,
and sensitivity to the drug CGS-15943 (fig. S21B).
It has previously been reported that CGS-15943
binds to AHR and causes it to up-regulate
the expression of proapoptotic genes, provid-
ing a potential mechanistic explanation for
this result (fig. S21C) (568). AHR expression
was up-regulated in human cancer cell lines
and tumors that are trisomic for chromosome
7p, whereas eliminating the 7p trisomy in our
A2058 cell line model decreased the expres-
sion of AHR (fig. S21D). Consistent with our
hypothesis, we found that A2058 cells with a
7p trisomy were moderately but significantly
more sensitive to CGS-15943 compared with
7p-disomic A2058 cells (P < 0.0005, ¢ test; fig.
S21E). We conclude that by using a combina-
tion of computational and experimental ap-
proaches we can uncover compounds that
exhibit greater activity toward cancer cells with
specific aneuploidies.

Discussion

In this work, we eliminated endogenous aneu-
ploidies from established cancer cell lines and
revealed that the removal of trisomic chromo-
somes compromises cancer-like growth. We
posit that these phenotypes are due specifi-
cally to the loss of the aneuploid chromosome
and are not a by-product of CRISPR selection
or the elimination of point mutations encoded
on the targeted chromosome (discussed in
more detail in the supplementary text) (59).
Due to the similarity between our observa-
tions and the previously described oncogene
addiction phenomenon (17), we suggest that
in certain circumstances cancers may also be
“addicted” to the aneuploidy found in their
genomes. We speculate that during tumor
evolution, certain aneuploidies can provide
context-specific benefits that enhance tumor-
igenesis. For instance, we showed that chro-
mosome 1q gains are an early event during
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cancer development, and we demonstrated
that MDM4 and BCL9 are dosage-sensitive
genes on 1q that enhance malignant growth.
In cells that already harbor 7P53 mutations or
in cancer types that are not driven by WNT
signaling, the beneficial effects of gaining
chromosome 1q may be outweighed by the
detrimental effects of overexpressing hundreds
of other 1q genes.

MDM4 and many other genes have tumor-
promoting properties when highly overex-
pressed (60, 61). For instance, MDM4 is focally
amplified in ~1% of cancers in TCGA, and
strong overexpression of MDM4 via retrovirus
immortalizes primary cells and renders them
sensitive to Ras-mediated transformation (62).
In this study, we demonstrated that a single
extra copy of MDM4 is sufficient to suppress
the expression of p53 target genes and promote
oncogenic growth. Our results are consistent
with a recent report showing that low-level
overexpression of MDM4 can enhance fitness
in hematopoietic cell competitions (63). The
overlap between single-copy dosage-sensitive
genes such as MDM4 and genes found to have
tumor-promoting properties when highly over-
expressed is at present unknown. Further-
more, our work demonstrates that MDM4
overexpression alone is insufficient to fully
recapitulate the oncogenic effects of 1q aneu-
ploidy, and we established that BCL9 is a sec-
ond dosage-sensitive 1q gene that enhances
fitness in a TP53-independent manner. As
arm-length aneuploidy is more common in
tumor genomes than focal gene amplifica-
tions (19), we expect that recurrently gained
chromosomes harbor multiple independent
loci such as MDM4 and BCL9 that cooperate to
drive tumor development.

Finally, our results raise the exciting pos-
sibility that “aneuploidy addictions” may rep-
resent a therapeutic vulnerability in cancer.
Previous attempts to target aneuploidy have
focused on phenotypes that are shared across
highly-aneuploid cells, such as alterations in
spindle geometry (64, 65). Here, we sought to
develop an approach to take advantage of the
genes that are encoded on an aneuploid chro-
mosome, thereby allowing chromosome-specific
targeting. In particular, we hypothesized that
the overexpression of specific genes—for
instance, drug-importer pumps or enzymes
required for a prodrug’s activation—could sen-
sitize cancers to compounds that are other-
wise better tolerated in euploid tissue. We
demonstrated that gaining chromosome 1q
creates a collateral vulnerability to the nucleo-
tide analogs RX-3117 and 3-deazauridine ow-
ing to the overexpression of the kinase UCK2.
Notably, RX-3117 has been tested in phase 2A
clinical trials, but without the use of any
genomic biomarkers for patient selection (66).
High UCK2 expression has been proposed as a
potential sensitivity biomarker for RX-3117,
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and we speculate that patients whose tumors
harbor gains of chromosome 1q may exhibit
strong responses because of the constitutive
overexpression of UCK2 (67). More broadly,
compounds whose anticancer function is en-
hanced by genes encoded on aneuploid chro-
mosomes could be used to direct cellular
evolution away from certain aneuploidies and
toward the lower-malignancy diploid state.

Materials and methods summary

The identities of all cell lines used in this study
were confirmed using short tandem repeat
profiling. CRISPR plasmids were cloned as
described in (68). Chromosome copy number
analysis was performed as described in (36).
Complete methods are provided in the sup-
plementary materials (59).
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Editor’'s summary

Aneuploidies, which are changes in the numbers of whole chromosomes or chromosome arms, are common in cancer,
but their contributions to cancer cell survival have been difficult to pinpoint. Girish et al. developed a chromosome-
engineering tool to orchestrate the targeted loss of aneuploid chromosome arms and thereby compare isogenic cancer
cell lines with and without selected trisomies. The authors discovered that trisomy of chromosome 1q in particular

is advantageous to cancer cells and phenocopies the loss of tumor suppressor TP53 signaling. Tumors with this
aneuploidy are sensitive to compounds activated by an enzyme encoded on chromosome 1q, suggesting a potential
therapeutic approach. —Yevgeniya Nusinovich
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