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Abstract

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 MDMA4 and suppresses p53 signaling, and we show that 7P53
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.
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INTRODUCTION

Chromosome copy number changes, otherwise known as aneuploidy, are a ubiquitous
feature of tumor genomes (1, 2). While the pervasiveness of aneuploidy in cancer has been
known for over 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 dosage of tumor-promoting genes that are found within altered regions (9,
10). However, proof of this hypothesis is lacking, and it has alternately been suggested that
aneuploidy could arise as a result of the loss of checkpoint control that frequently occurs in
advanced malignances (11). Indeed, individuals with Down syndrome, which is caused by
the triplication of chromosome 21, have a markedly decreased risk of developing most solid
cancers, suggesting that in certain cases aneuploidy may actually have tumor-suppressive
properties (12).

Our ability to directly interrogate the role of aneuploidy in cancer has historically been
limited by the experimental difficulties involved in manipulating entire chromosome arms.
Over the past 40 years, cancer researchers have used the standard tools of molecular
genetics, including gene overexpression, knockdown, and mutagenesis, to develop a deep
understanding of many individual oncogenes and tumor suppressors (13, 14). For instance,
the biological functions of genes like KRASand 7P53were elucidated in part by creating
and analyzing 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 aneuploid chromosomes from human cancer cells have not previously been
established.

Studies of individual cancer driver genes led to the discovery of a phenomenon called
“oncogene addiction”, in which loss or inhibition of a single oncogene is sufficient to induce
cancer regression (17). 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 (18). Previous cancer genome sequencing projects have revealed that
the aneuploidy patterns observed in human tumors are non-random, and specific events like
the gain of chromosome 1q and 8q occur more often than expected by chance (1, 19). We
speculated that these recurrent aneuploidies could themselves represent a type of cancer
“addiction”, analogous to the concept of oncogene addictions. To investigate this hypothesis,
we developed a set of computational and functional techniques to facilitate the analysis of
cancer aneuploidy.

RESULTS

Specific chromosome gains recurrently occur early in cancer development

We recently established a computational approach to leverage multi-sample tumor
sequencing data to determine the relative timing of somatic copy number alterations
(SCNAS) in cancer evolution (20). We applied this tool to investigate 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 SCNAs in whole genome sequences from
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these tumor samples by assuming that (1) somatic point mutations accumulate over time

at a rate that is proportional to DNA copy number, and (2) the multiplicity of early point
mutations increases with copy humber gains. We found that specific chromosome copy
number changes are consistently observed early in tumor development (Fig. 1A-B). Notably,
we observed that chromosome 1q gains are recurrently the first copy number alterations
that occurs in breast cancer evolution, and these gains are also among the first alterations

in melanoma evolution. In general, we found that common aneuploidies arose earlier in
tumor development than less-common aneuploidies, in agreement with the assumption that
early somatic alterations are likely to be fitness-driving events (Fig. 1C)(23). However, the
correlation between frequency and timing was not maintained across all chromosomes. For
instance, in breast cancer, chromosome 8¢ 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 oncogenic point
mutations (24), specific chromosome gains occur in a defined temporal order, and we
speculate that aneuploidies that are consistently gained early during tumorigenesis 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 frequently
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 expected

to exhibit mutual exclusivity with individual oncogenic mutations. To investigate this
possibility, we calculated patterns of mutual exclusivity between chromosome arm gains
and mutations across 23,544 cancer patients (26, 27). We detected several hundred instances
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. 1D-E, S1, and Table

S1). For instance, KRAS mutations are mutually exclusive with chromosome 18q gains in
pancreatic cancer, while BRAF mutations are mutually exclusive with chromosome 20q
gains in colorectal cancer (Fig. S1 and Table S1). These results are consistent with our
hypothesis 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 associated with poor cancer patient outcomes (28—
30). However, it is less clear whether specific copy number changes drive tumor progression,
or whether the aneuploid state itself represents a universal risk factor. We calculated the
association between patient outcome and copy number gains affecting every chromosome
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 prognostic across
multiple cancer types, particularly gains affecting chromosome 1q (Fig. S2A-C and Table
S2A). The strong association between 1q gains and disease progression was robust to

the inclusion of multiple clinical variables, including patient age, sex, tumor stage, and
tumor grade (Fig. S2D and Table S2B). 1q copy number correlated with hallmarks of
aggressive disease in genetically-diverse cancer types, including with Gleason score in
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prostate adenocarcinoma and with thrombocytopenia in acute myeloid leukemia (Fig. S2E).
We performed 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 7P53 (Fig.
S2A and S2D). These results illustrate that specific chromosome gain events, particularly
involving 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 highlighted several similarities between
chromosome copy number gains and driver mutations, raising the possibility that these
aneuploidies could represent oncogene-like cancer addictions. The oncogene addiction
paradigm was first established by developing genetic techniques to eliminate individual
genes from established cancer cell lines (16, 17). In order 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 gRNA that cuts between the integrant and the centromere and treated with ganciclovir,
which is toxic to cells that express HSV-TK (32). Loss of the aneuploid chromosome
harboring HSV-TK allows cells to survive ganciclovir selection. In the second approach,
called ReDACT-TR (Telomere Replacement), cells are co-transfected with a gRNA that
cuts near the centromere of an aneuploid chromosome along with a cassette encoding

~100 repeats of the human telomere seed sequence (33). CRISPR cleavage coupled with
integration 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 demonstrating that in rare circumstances CRISPR
cleavage by itself is sufficient to trigger chromosome loss (34, 35), and we transfected cells
with a gRNA targeting an aneuploid chromosome arm without any other selection markers.
We successfully applied all three approaches to create clones derived from human cell lines
that had lost specific aneuploid chromosomes.

We first focused on aneuploidies of chromosome 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 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
derivatives 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 and the absence of any other chromosome copy number
changes using SMASH-Seq, a sequencing-based approach to determine DNA copy number
(36), and by G-banding analysis of metaphase spreads (Fig. 2B, S3-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 downregulation of genes encoded on an
aneuploid chromosome, though these effects can be buffered to some extent by cellular
dosage compensation (37).
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Next, we tested whether losing the 1q trisomy 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
1g-disomic clones derived from each cell line exhibited minimal anchorage-independent
growth (Fig. 2D). We then performed contralateral subcutaneous injections with each cell
line to test whether aneuploidy-loss affected tumor growth in vivo. Consistent with our
colony formation assays, we observed that 1g-trisomic A2058 and A2780 cells rapidly
formed large tumors, while 1g-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 1g-disomic cells. For the AGS cancer cell line,
neither the trisomic nor the disomic cells formed tumors following 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. S6A-C). The aneuploidy-loss clones
divided more slowly in vitro compared to the 1g-trisomic cells, though the difference in
doubling time (~35%) was substantially less than the differences observed in the soft agar
and xenograft assays. In total, these results suggest that multiple human cancer cell lines
are dependent on the presence of a third copy of chromosome 1q to support malignant
growth, and elimination of this aneuploid chromosome compromises 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 1g gains were commonly the first copy number alteration to occur
during breast tumor development (Fig. 1A-C). We therefore hypothesized that, in addition
to being required for cancer growth, aneuploidy of chromosome 1q may directly promote
cellular transformation. To test this, we performed chromosome engineering in MCF10A, an
immortal but non-tumorigenic mammary epithelial 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 copies rather than three
copies of 1q (Fig. 2F, S3D, and Table S3). We then attempted to transform the 1g-trisomic
and 1g-disomic cells by transducing them with a retrovirus encoding the HRASG2Y
oncogene. HRASG12V expression was sufficient to transform trisomic MCF10A, as these
cells were able to form colonies in soft agar and grow as xenografts in nude mice (Fig.
2G-H). In contrast, 1g-disomic MCF10A clones expressing HRASE12Y exhibited impaired
colony formation and were unable to produce tumors in vivo, demonstrating that loss of
the trisomic chromosome prevented cellular transformation. These results are consistent
with our finding that 1q gains are an early event during breast cancer development and
demonstrate that specific aneuploidies can cooperate with oncogenes to transform non-
malignant cells.
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Robust anchorage-independent growth in human cancer cell lines subjected to CRISPR
cutting and ganciclovir selection

In order 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 (Fig. S7 and S8A). These control clones included:

1 Cell lines harboring a CRISPR-mediated integration of the HSV~TK cassette that
were not subjected to selection for 1g-loss

2. Cell lines in which the HSV-TK cassette was deleted using two gRNAs followed
by ganciclovir selection

3. Cell lines transfected with a 1g-targeting gRNA in which the lesion was repaired
without inducing chromosome loss

4, Cell lines transfected with a gRNA targeting the non-coding Rosa26 locus

5. Cell lines in which dual CRISPR guides were used to generate segmental
deletions of genes encoding olfactory receptors on chromosome 1q

6. 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 we confirmed
that each clone retained an extra copy of chromosome 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. S8B-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.

Eliminating different cancer aneuploidies produces distinct phenotypic consequences

To further investigate the consequences of inducing aneuploidy loss, we used ReDACT

to eliminate the trisomy of either chromosome 7p or 8g from A2058 melanoma cells.
SMASH-Seq confirmed the desired aneuploidy-loss events without other karyotypic changes
(Fig. 3A, 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 8g-disomic clones exhibited impaired anchorage-independent growth compared
to a panel of control clones, though this defect was not as severe as the defect observed
among A2058 1g-disomic clones (Fig. 3C and S10). In vitro doubling times were also closer
to wild-type levels for 7p-disomic and 8q-disomic cells compared to 1g-disomic cells (Fig.
S6D). Finally, we performed subcutaneous 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 trisomy resulted in a
moderate decrease in tumor 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 8g-disomic
cells, compared to a 30-fold difference between A2058 wild-type and 1g-disomic tumors
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(Fig. 2E). In total, these results indicate that A2058 melanoma cells exhibit a greater degree
of “addiction” to the 1q trisomy compared to the trisomies of chromosome 7p or 8q.

To explore the consequences of losing chromosome 8¢ aneuploidy in a distinct cancer

type, we eliminated the 8q trisomy from the colorectal cancer cell line HCT116 (Fig. 3E-F,
S9C 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 8g-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 chromosomes 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 re-establish oncogenic signaling (40). For instance, when
EGFR-driven lung cancers are treated with an EGFR inhibitor, these cancers evolve to
acquire specific mutations, including EGFR7799M (which restores EGFR activity) and
KRASC13D (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 aneuploidy. We injected 1g-disomic A2058 cells into nude mice and

then determined the copy number of chromosome 1q in the resulting xenografts using
gPCR (Fig. 4A). We discovered that 65 out of 82 1g-disomic xenografts re-acquired an
extra copy of chromosome 1q, demonstrating 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 1g-regain was the only detectable chromosome-scale copy number
change (Fig. 4B and S11A). No gross karyotypic changes were observed when the parental
1g-trisomic cells were grown as xenografts (Fig. 4B and S11B). If loss of the chromosome
1q trisomy compromises malignant potential, then we would expect that regaining 1q
aneuploidy would restore cell fitness. Consistent with this, we found that cells that had
re-acquired the 1q trisomy exhibited increased clonogenicity compared to 1g-disomic cells
when grown under anchorage-independent conditions (Fig. 4C).

Next, we assessed karyotype evolution following in vivo growth of A2058 7p-disomic and
8g-disomic clones. Interestingly, 17 out of 68 7p-disomic xenografts and 17 out of 63
8g-disomic xenografts were found to exhibit 7p and 8q trisomy regain, respectively (Fig.
4D-E). These rates of chromosome re-gain 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 restore 7p and 8q trisomies and stronger selective
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
thirty days in culture and then we assessed their karyotypes. Similar to our in vivo results,
we uncovered multiple instances in which 1g-disomic cells independently regained an extra
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copy of chromosome 1q over the course of the assay (Fig. S12). We reasoned that there
were two possible sources for the regained chromosome: the third copy of 1q could result
from the missegregation of an endogenous copy of chromosome 1q, or the disomic cell line
could have been out-competed by an exogenous population 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 possibilities, we identified SNPs on 1q that
were heterozygous in the parental cell line and that exhibited loss-of-heterozygosity (LOH)
following 1g-elimination. We reasoned that if LOH was maintained following 1g-regain,
then that would be evidence for an endogenous missegregation event, while the reappearance
of heterozygosity would be evidence of an exogenous cell population (Fig. S13A). Sanger
sequencing analysis revealed that both potential causes of 1g-regain were observed during
these evolution experiments (Fig. S13B-C). In both cases, 1g-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. S13D-E).

Finally, we assessed karyotype evolution in xenografts produced by 8qg-disomic HCT116
cells (Fig. 4G). We found that O out of 13 tumors 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 KRASG2C mutation (16), and KRAS is encoded on chromosome
12. Sanger sequencing analysis revealed that every chromosome 12-trisomic tumor had
amplified the copy of chromosome 12 harboring the mutant KRASSZ3P allele (Fig. 4G).
Increasing dosage of mutant KRAS has previously been associated with enhanced tumor
fitness (42), and we observed that these chromosome 8g-disomic/chromosome 12-trisomic
cells exhibited superior anchorage-independent growth relative to the chromosome 8g-
disomic/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 suppressed in cis (by regaining the lost chromosome) 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 mechanism underlying the addiction to chromosome
1q aneuploidy. RNA-seq analysis revealed that elimination of the 1q trisomy caused
upregulation of tumor suppressor p53 target genes in A2780 and MCF10A, which are

both wild-type for 7P53 (Fig. 5A-B and Fig. S14A-B). Western blotting confirmed that
1g-disomic clones exhibited increased 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 integration
of HSV-TK did not display evidence of p53 activation (Fig. 5B-C). Additionally, 1g-disomic
A2780 and MCF10A cells exhibited a delay in the G1 phase of the cell cycle and increased
senescence-associated beta-galactosidase staining, both of which are associated with p53-
mediated tumor suppression (Fig. S14C-F)(44). These results suggest that the chromosome
1q trisomy inhibits p53 signaling, and elimination of this trisomy antagonizes malignant
growth at least in part by triggering p53 activation.
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To explore whether p53 inhibition is a common 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 mutation pairs, the single strongest instance of
mutual exclusivity was between 1q gains and 7P53 mutations (Fig. 5D). Next, we applied
a classification algorithm capable of predicting cancers that lack p53 function based on
their transcriptional profiles (45). As expected, cancers from TCGA with non-synonymous
TP53 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.
5F-G). Among tumors with wild-type 7P53, gains of chromosome 1q were associated with
lower expression of the p53 target genes CDKN1A (p21), GADDA45A, and RRMZB (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 chromosome 1q responsible for inhibiting p53
signaling. We noted that MDM4, a negative regulator of p53 activity, is located on 1g32
(46). MDMA4 expression increased with chromosome 1q copy number and higher MDM4
expression correlated with the p53-loss transcriptional signature (Fig. SI5A-B). To uncover
whether MDMA4 is directly responsible for the 1g-aneuploidy addiction observed in A2780,
we first used CRISPR-interference (CRISPRI) to downregulate MDM4 expression without
fully ablating it (47). In A2780 competition assays, we observed that downregulating
MDM4 impaired cell fitness relative to A2780 cells in which AAVSI or PIP5K1A, an
unrelated gene on chromosome 1q, were downregulated (Fig. 51)(48). Next, we used a
two-guide strategy to delete a single copy of MDM4 in an otherwise trisomic background
(Fig. 5J-K and S15C-D). We found that the subsequent A2780 MDM4*/*/KO clones
downregulated MDM4 and upregulated p53 target genes, comparable to the effects observed
in cells lacking the entire 1q trisomy (Fig. 5L and S15E). We then tested the colony
formation ability of MDM4%/#*/KO 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 cDNA under the control of a doxycycline-
inducible promoter and transduced the construct into both 1g-trisomic and 1g-disomic cells.
We found that moderate (1.7-fold) overexpression of MDMA4 was sufficient to cause an
increase in anchorage-independent growth in the 1g-disomic cells, while this same treatment
did not affect the 1g-trisomic cells (Fig. 5N and S15F).

Finally, to investigate the role of p53 as a mediator of 1g-aneuploidy addiction from an
orthogonal approach, we used CRISPR to delete the 7P53 gene in A2780 1g-disomic

and 1g-trisomic cells (Fig. SI6A-B). We discovered that loss of 7P53 rescued the G1

delay and enhanced anchorage-independent growth in 1g-disomic cells (Fig. S16C-D). The
magnitude of the increase in colony formation was significantly greater in the 1g-disomic
cells compared to the 1g-trisomic cells (4-fold vs. 1.5-fold; P < 0.0001, t-test)(Fig. S16D).
In total, these results indicate that chromosome 1q gains are a mechanism by which 7P53
wildtype cancers can suppress p53 activity, and this suppression occurs due to the increased
expression of MDM4.
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BCL9 promotes the growth of 1g-aneuploid cancers via a p53-independent mechanism

We noted that the deletion of 7P53and the overexpression of MDM4 in 1g-disomic

clones did not fully restore anchorage-independent growth to 1g-trisomic levels (Fig. 5N
and S16D). We therefore hypothesized that there were additional dosage-sensitive genes
encoded 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 MDMA4 as a positive control, and we conducted CRISPRI
competition assays to assess the effects of downregulating each gene in 1g-trisomic A2780
cells (Fig. S17A). gRNAs targeting six genes, including MDM4, exhibited a mean depletion
>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 anti-apoptotic gene MCL 1, and the Wnt/B-catenin signaling gene BCL 9 (Fig.
S17C). We then conducted two further analyses to test whether the effects of the latter two
genes were independent of the MDM4/p53 pathway. First, we co-transduced 1g-disomic
cells with vectors to overexpress both MDM4 and BCL9 or MDM4and MCL 1, and second,
we assessed the effects of overexpressing BCLIor MCL1 in TP53-KO 1g-disomic cells. We
found that MCL 1 had no effect on anchorage-independent growth in 1g-disomic cells that
lacked 7P53, and co-expressing MCL 1 and MDMA4 in p53-wildtype 1g-disomic cells did
not increase clonogenicity beyond the effects of expressing MCL1 alone (Fig. S17D-E). As
both MCL1and 7P53control apoptosis, we speculate that the overexpression of MCL1 and
MDM4 are to some extent epistatic with one another (49).

In contrast, BCL 9expression enhanced anchorage-independent growth in 7P53-KO cells
and BCL 3 MDMA4 co-expression resulted in more colony formation compared to BCL9
alone (Fig. S17D-E). BCL9encodes an adaptor protein that binds to nuclear p-catenin and
enhances B-catenin—-mediated transcriptional activity (50). We found that eliminating the
trisomy of chromosome 1q reduced the expression of BCL9as well as AXIN2and LGRS,
which are canonical targets of the Wnt/p-catenin pathway (51)(Fig. S18A). GSEA revealed a
general decrease in the expression of transcripts associated with the Wnt/B-catenin pathway
in 1g-disomic vs. 1g-trisomic cells (Fig. S18B). Ectopic overexpression of BCL9increased
the expression of AX/N2and LGR5 (Fig. S18C). In human cancers, chromosome 1q gains
were associated with higher levels of BCL9expression, and high BCL9was associated

with the upregulation of AX/NZ2and LGR5 (Fig. S18D-E). Mutations in CTNNB1, which
encodes p-catenin, were over-represented in cancers with 1q gains (Fig. S18F). Finally, 1q
aneuploidy was associated with higher p-catenin activity in several cancer types, including
ovarian cancer, hepatocellular carcinoma, and rectal adenocarcinoma (Fig. S18G). In total,
these results indicate that chromosome 1q aneuploidy can enhance oncogenic Wnt/B-catenin
signaling via the upregulation of BCLY, and increased BCL 9 expression promotes cancer
cell fitness in a p53-independent manner.

Aneuploidy addictions create collateral therapeutic vulnerabilities

The oncogene addiction hypothesis is the conceptual foundation for the use of targeted
therapies in cancer (40). Correspondingly, we sought to uncover whether aneuploidy
addictions could also represent a therapeutic vulnerability for certain cancers. We noted that
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chromosome 1q harbors the UCKZ2 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 UCKZ is overexpressed

in human cancers that contain extra copies of chromosome 1q, and elimination of the
chromosome 1q trisomy consistently decreased UCK2 protein expression in our engineered
cell lines (Fig. 6B-C). We therefore investigated whether gaining chromosome 1q could
create a collateral sensitivity to UCK2-dependent nucleotide 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 UCKZ2 expression. We
used CRISPR to delete UCK?Z2in the haploid HAP1 cell line, and we confirmed that UCK2-
knockout cells were highly resistant to both compounds (Fig. S19A-C). Next, we tested

the effects of RX-3117 and 3-deazauridine in our engineered 1g-trisomic and 1g-disomic
cell lines. We found that A2780 and MCF10A cells harboring a trisomy of chromosome 1q
were more sensitive to both compounds compared to 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, deletion of a single copy of UCKZin 1g-trisomic
A2780 cells was sufficient to decrease sensitivity to RX-3117, while ectopic overexpression
of UCK2cDNA in 1g-disomic A2780 cells was sufficient to increase sensitivity to RX-3117
(Fig. S19E-H). However, we did not detect any difference in RX-3117 sensitivity between
1g-trisomic and 1g-disomic A2058 and AGS cells (Fig. S20A-B). As A2780 and MCF10A
harbor wild-type 7P53while AGS and A2058 exhibit compromised p53 signaling, we
speculate that 7P53 status or the expression of other related proteins may also influence the
response to UCK2 substrates.

To determine whether 1g copy number changes generated without using ReDACT could
also increase sensitivity to UCK2 substrates, 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. S20C-D). DLD1 trisomy-1 cells were
significantly more sensitive to RX-3117 compared to the parental DLD1 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 UCKZ expression correlates with greater
sensitivity to both compounds (Fig. S20F)(56). In total, these results indicate that 1q gains
induce a collateral sensitivity to certain nucleotide analogs by increasing the expression of
UCK2.

We hypothesized that we could use the greater sensitivity of 1g-trisomic cells to UCK2
substrates to re-direct cellular evolution away from aneuploidy and towards 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 nine days of growth in drug-free medium, the trisomic cells had expanded to comprise
75% of the culture, but when the same cell populations were grown in the presence of

500 nM 3-deazauridine, the trisomic population decreased to comprise only 4% of the final
culture (Fig. 6F). We conclude that trisomy-selective compounds can be used to manipulate
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cellular evolution to prevent the outgrowth of malignant aneuploid cells in a pre-malignant
setting.

Finally, we investigated whether we could generalize this approach to identify compounds
that exhibit selective toxicity against other aneuploidies. To nominate drugs that could be
used to target chromosome 7p, we assessed the PRISM dataset of 4,518 compounds tested
against 578 cancer cell lines (57). We calculated the correlation between the expression

of every gene encoded on chromosome 7p and the sensitivity to each drug (Fig. S21A).

One of the strongest relationships that we found was between expression of the gene

AHR, which encodes 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 upregulate the expression of pro-apoptotic genes, providing a potential
mechanistic explanation for this result (Fig. S21C)(58). AHR expression was upregulated in
human cancer cell lines and tumors that are trisomic for chromosome 7p, while eliminating
the 7p trisomy in our A2058 cell line model decreased the expression 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 to 7p-disomic
A2058 cells (P < 0.0005; t-test; Fig. S21E). We conclude that by using a combination of
computational and experimental approaches, we can uncover compounds that exhibit greater
activity toward cancer cells with specific aneuploidies.

DISCUSSION

In this work, we eliminated endogenous aneuploidies from established cancer cell lines, and
we revealed that the removal of trisomic chromosomes compromises cancer-like growth. We
posit that these phenotypes are due specifically 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 observations 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 tumorigenesis. For instance,
we showed that chromosome 1q gains are an early event during cancer development, and
we demonstrated that MDM4 and BCL 9 are dosage-sensitive genes on 1q that enhance
malignant growth. In cells that already harbor 7253 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 overexpressed
(60, 61). For instance, MDMA4 is focally amplified in ~1% of cancers in TCGA, and

strong overexpression of MDMA4 via retrovirus immortalizes primary cells and renders
them sensitive to Ras-mediated transformation (62). Here, we demonstrated that a single
extra copy of MDMA4 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 MDMA4 can enhance fitness in hematopoietic cell competitions
(63). The overlap between single-copy dosage-sensitive genes like MDM4 and genes found
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to have tumor-promoting properties when highly overexpressed is at present unknown.
Furthermore, our work demonstrates that MDMA4 overexpression alone is insufficient to
fully recapitulate the oncogenic effects of 1q aneuploidy, and we established that BCL9is
a second dosage-sensitive 1q gene that enhances fitness in a 7P53-independent manner. As
arm-length aneuploidy is more common in tumor genomes than focal gene amplifications
(19), we expect that recurrently-gained chromosomes harbor multiple independent loci like
MDM4 and BCL9that cooperate to drive tumor development.

Finally, our results raise the exciting possibility that “aneuploidy addictions” may represent
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 chromosome, 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
sensitize cancers to compounds that are otherwise better-tolerated in euploid tissue. We
demonstrated that gaining chromosome 1q creates a collateral vulnerability to the nucleotide
analogs RX-3117 and 3-deazauridine due 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 UCKZ expression has been proposed

as a potential sensitivity biomarker for RX-3117, and we speculate that patients whose
tumors harbor gains of chromosome 1g may exhibit strong responses due to the constitutive
overexpression of UCK2 (67). More broadly, compounds whose anti-cancer function is
enhanced by genes encoded on aneuploid chromosomes could be used to direct cellular
evolution away from certain aneuploidies and toward the lower-malignancy diploid state.

MATERIALS & METHODS

The identities of all cell lines used in this study were confirmed using STR (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
supplementary materials (59).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 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 humber 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
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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 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 to 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 darkness 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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Figure 2. Phenotypic effects of losing chromosome 1g-aneuploidy.
(A) Chromosomal engineering strategies for the targeted deletion of chromosome arms:

(1) 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 1g. We induced arm loss by generating a dsDNA break centromere-proximal
to the cassette with Cas9, and isolated clonal populations of cells that were ganciclovir-
resistant. (2) ReDACT-TR: We induced arm loss by generating a dsSDNA break at a
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centromere-proximal location with Cas9 while providing cells with an ectopic telomere seed
sequence for repair. (3) 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 CNV assays and validated their karyotypes through SMASH sequencing.
(B) Representative SMASH karyotypes of the 1g-disomic clones generated from the 1q-
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 of genes
encoded on chromosome 1¢. 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 HRASCZZY exhibit decreased anchorage-
independent growth relative to 1g-trisomic MCF10A cells.

(H) 1q disomic MCF10A clones transduced with HRASGZ2V 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
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Figure 3. Variable degrees of addiction to aneuploidy of chromosome 1q, 7p, and 8q.
(A) Representative SMASH karyotypes of the 1g-disomic, 7p-disomic, and 8g-disomic

clones generated from the melanoma cell line A2058. Trisomy of chromosomes 14, 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.
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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 8g-disomic clones in A2058 exhibit a milder deficit in anchorage-
independent growth as compared to 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 8g-trisomic) cells and either 7p-disomic or 8g-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.
(E) SMASH karyotype of an 8g-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 8qg. 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) 8g-disomic clones in HCT116 exhibit variable xenograft growth. 8g-trisomic and 8g-
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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Figure 4. Cancersrapidly 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 prior to the xenograft assay are shown on the left, and
karyotypes of tumors following the xenograft assay are shown on the right. Chromosome 1q
is highlighted in blue.
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(C) 1g-disomic clones that have evolved to regain 1q trisomy following xenograft growth
exhibit increased anchorage-independent growth relative to the pre-xenograft 1g-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 to recover a third copy of chromosome 8q during
xenograft growth.

(F) Regain of trisomy 1q occurs more frequently than regain of trisomy 7p or trisomy

8g. 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 KRASCLD 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 pre- and post-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 following
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 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
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(C) Western blot analysis demonstrating activation of p53 signaling in 1g-disomic clones.
GAPDH was analyzed as a loading control. The TK+ clone indicates a clone that harbors the
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CRISPR-mediated integration of the H/SV-TK transgene but that was not 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 7P53mutation phenocopy signature (45) in cancers from
TCGA, split based on whether the cancers harbor a non-synonymous mutation in 7P53.
(F) A scatterplot comparing the association between chromosome arm gains and the 7P53
mutation phenocopy signature (45) in 7P53-wildtype cancers from TCGA. Cancers with
chromosome 1q gains are highlighted in blue.

(G) Boxplots displaying the 7P53-mutation phenocopy signature (45) in cancers from
TCGA, split based on whether tumors harbor a gain of chromosome 1qg. Only 7P53-
wildtype cancers are included in this analysis.

(H) Boxplots displaying the expression of three p53 target genes — CDKN1A (p21),
RRMZB, and GADD45A — in cancers from TCGA split based on the copy number of
chromosome 1q. Only 7P53wildtype cancers are included in this analysis.

() A CRISPRI competition assay demonstrates that gRNAs targeting MDAMA4 drop out over
time in A2780 cells. In contrast, gRNAs targeting AAVSZ and P/IP5K1A, another gene
encoded on chromosome 1q, exhibit minimal depletion.

(J) A schematic displaying the strategy for using paired CRISPR gRNASs to delete a single
copy of MDMA4in a cell line with a trisomy of chromosome 1q.

(K) SMASH karyotype demonstrating maintenance of the chromosome 1q trisomy in an
MDM4*/#/KO clone. Chromosome 1q is highlighted in blue.

(L) 1g-disomic clones and MDM4%/#*/KO clones in A2780 exhibit comparable upregulation
of p53 transcriptional targets, as determined through TagMan gene expression assays.

(M) MDM4*/#/KO clones exhibit decreased 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 fromn = 15
fields of view, and a representative trial is shown (n > 2 total trials). Scale bars = 250 um.
***p < 0.0005
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Figure 6. Gaining chromosome 1q increases sensitivity to UCK 2 substrates.
(A) A schematic of the metabolism of two pyrimidine analogs, RX-3117 and 3-deazauridine.

UCKZ2, 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 UCKZ from the cancer cell line encyclopedia
(left) and TCGA (right), divided based on 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 following
aneuploidy-elimination.

(D) Cellular sensitivity of A2780 and MCF10A treated with different concentrations of
RX-3117 or 3-deazauridine. Mean + SEM, data from representative trials are shown (h > 3
total trials).

(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-
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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 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 trial are shown (n = 2 total trials).
*p < 0.05, ** p < 0.005, *** p < 0.0005
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