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Cancers routinely exhibit chromosomal instability, resulting in
the accumulation of changes in the abundance of genomic ma-
terial, known as copy number variants (CNVs). Unfortunately,
the detection of these variants in cancer genomes is difficult. We
developed Ploidetect, a software package that effectively iden-
tifies CNVs within whole-genome sequenced tumors. Ploidetect
was more sensitive to CNVs in cancer related genes within ad-
vanced, pre-treated metastatic cancers than other tools, while
also segmenting the most contiguously. Chromosomal instabil-
ity, as measured by segment contiguity, was associated with sev-
eral biological and clinical variables, including tumor mutation
burden, tumor type, duration of therapy and immune microen-
vironment, highlighting the relevance of measuring CNV across
the cancer genome. Investigation of gene mutations in sam-
ples revealed and the mutation status of several genes including
ROCK2 and AC074391.1. Leveraging our heightened ability to
detect CNVs, we identified 282 genes which were recurrently
homozygously deleted in metastatic tumors. Further analysis of
one recurrently deleted gene, MACROD2, identified a putative
fragile tumor suppressor locus associated with response to chro-
mosomal instability and chemotherapeutic agents. Our results
outline the multifaceted impacts of CNVs in cancer by provid-
ing evidence of their involvement in tumorigenic behaviors and
their utility as biomarkers for biological processes. We propose
that increasingly accurate determination of CNVs is critical for
their productive study in cancer, and our work demonstrates
advances made possible by progress in this regard.
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Introduction
Copy number variation (CNV) is a major class of somatic
mutation often observed in the context of cancer. CNV has
been shown to impact the majority of cancer genomes (1) and
is associated with poor clinical outcomes (2). Homozygous5

deletions are CNVs which result in the complete loss of ge-
nomic loci, and recurrent homozygous deletions are known
to be enriched for tumor suppressor genes (3). Homologous
recombination deficiency (HRD), a cause of CNV, has been
positively associated with platinum therapy response (4),10

and other phenotypes such as an increased prevalence of
tandem duplications have been described with relevance to
biological processes (5, 6). Overall, chromosomal instability
(CIN) driving the accumulation of CNVs is associated
with poor patient outcome in multiple cancer types (7–9).15

Although CNV is a highly pervasive mechanism by which

tumors mutate, these variants are considerably more difficult
to detect accurately compared to other types of mutations
and consequently they may represent an under-explored
facet of tumor biology. 20

While small mutations can be determined through base
changes embedded within aligned sequence reads, CNVs
are variations in DNA quantity and are typically determined
through measurement of relative DNA abundance by way of
sequence read depth (10, 11). Due to random noise and se- 25

quence bias, read depth data is unreliable at the granular level
and therefore must be noise corrected. Segmentation, the
process of clustering genomic loci into contiguous regions
of constant copy number is used for CNV analysis as the
aggregation of numerous sequential read depth observations 30

aids in overcoming the inherent noise in the data. There have
been a number of segmentation methods developed to tackle
this issue in the context of both next-generation sequencing
data and array CGH (10, 12, 13). Although CNVs are
arguably comparable in importance with small variants 35

in cancer, tools for somatic CNV detection tend to make
errors considerably more often than small variant callers
(14). While highly sensitive CNV detection for identifying
tumor suppressor deletions and oncogene amplifications is
desirable, it is vital to also ensure that CNV segmentation 40

is precise. Highly fragmented segmentation results preclude
the use of metrics such as CNV burden as phenotypic
features related to chromosomal instability (CIN) in cancer
biology because false positive breakpoints cause an inflated
estimate of the magnitude of CIN. Inherently noisy data 45

impedes the ability to separate signal from noise, necessarily
limiting the degree of positive, publishable findings that can
be generated from CNV data (15).
Clinical genomics is a rising area of interest in cancer
research. Studies that evaluate the utility of a personalized 50

approach to identifying potential cancer therapeutics have
been reported in recent years (16, 17). Studies that broadly
attempt to genomically characterize large cohorts of tumor
biopsies are also becoming increasingly common-place
(18, 19). As the cost of sequencing continues to decrease, 55

large-scale sequencing studies of tumor biopsies will become
more commonplace, highly precise and accurate tools to
interrogate these genomes will be required for their effective
interpretation.

60
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Here we present Ploidetect, a tool that performs copy number
variation analysis of cancer genomes. Ploidetect contributes
to the field of somatic CNV detection by using a novel seg-
mentation approach to better segment genomes compared to
contemporary methods. We demonstrate its performance on65

a cohort of 725 metastatic tumor biopsies from patients with
treatment-resistant cancers sequenced as part of the Personal-
ized OncoGenomic (POG) program at BC Cancer (20). Fur-
ther, we find that by using Ploidetect’s CNV estimates we
can reconstruct existing knowledge of the CIN phenotype in70

cancer, discover novelties regarding CIN, and elucidate puta-
tive gene associations with CIN. As a unique advantange of
Ploidetect, parameter tuning for tool usage is entirely data-
driven. Ploidetect utilizes a two-step process of joint purity-
ploidy estimation followed by CNV calling using a novel seg-75

mentation procedure. In a cohort of 725 real-world metastatic
tumor biopsies, Ploidetect outperforms existing methods for
detection of CNVs, while also limiting oversegmentation.
Using Ploidetect’s CNV determination, we found that CIN
correlates with a number of genomic and clinical features in80

cancer, including site of origin, immune infiltration, and re-
sponse to chemotherapy. Further analysis identified known
and putative gene associations with CIN. Lastly, a permu-
tation analysis of recurrently deleted regions (RDRs) within
the genome enabled prioritization of candidate fragile tu-85

mor suppressor genes. This work represents our contribu-
tion to improving CNV detection in paired tumor-normal ge-
nomic analyses and the ability of our method to enable CNV
biomarker research and discovery.

Methods90

Sample collection, sequencing and POG analysis.
Samples were obtained from the Personalized OncoGe-
nomics (POG) project, with inclusion criteria, enrolment de-
tails, clinical background, and specific details on sequenc-
ing methodology, analysis, and software previously described95

(17). Briefly, POG tumor biopsies are obtained from ad-
vanced, treatment-resistant metastatic cancer patients. The
biopsies are sequenced using short-read paired-end sequenc-
ing technology to approximately 80-fold genomic coverage,
with a matched germline genome from blood sequenced to100

approximately 40-fold coverage. Expression data are also
obtained using RNA-seq with a target depth of 200 mil-
lion paired-end reads. Data from 725 total patients were
used. Binary alignment map files were procesed using sam-
tools 1.11 (21), bedtools 1.11 (21), and BEDtools 2.30 (22).105

SNVs, isoform-specific expression, and clinical data were
processed as described previously and accessed from our in-
ternal database, vardb (Lewis et al., in preparation.).

Ploidetect package. The Ploidetect R package is described
in detail in the Supplementary Methods.110

Statistical analysis. Statistical tests were the two-sided
Wilcoxon rank-sum test unless otherwise specified. Analyses
were performed in R version 3.6.3.

Benchmarking. We compared Ploidetect with 3 other CNV 115

tools, namely Sequenza (11), BIC-seq2 (10) and PURPLE
(23). We used the latest versions of each software at the
time of analysis, corresponding to Sequenza version 3.0.0,
BIC-seq2 version 0.7.2, and AMBER/COBALT/PURPLE
versions 3.5/1.11/2.51, respectively. Our test set was 725 120

cases of the Personalized Oncogenomics (POG) cohort (17),
including recent cases sequenced after the publication of
Pleasance et al. Purity and ploidy results were obtained
from Ploidetect, Sequenza and PURPLE. While BIC-seq2
included a program, purityEM, which appeared to perform 125

tumor purity and ploidy estimation, which we were unable
to successfully implement due in part to a lack of documen-
tation. We instead used Ploidetect’s tumor purity and ploidy
estimates to assign copy number to the BIC-seq2 segments.
Each tool was run using its respective default settings using 130

a Snakemake (24) workflow. Homozygous deletions were
defined as a copy number below 0.25, and amplifications
were defined as a copy number ≥ ploidy + 3.

Detection of significantly deleted regions. We per- 135

formed a permutation analysis by shuffling the midpoint of
all homozygous deletions on each chromosome 107 times.
For each interval, we recorded the number of permutations
where more shuffled deletions were more numerous than ac-
tual deletions. P-values were obtained by dividing this count 140

by the number of permutations overall. The p-values were
adjusted for multiple testing using the Benjamini-Hochberg
method (25). For analysis we considered regions with an
FDR <= 0.01 and regions which contained deletions in at
least five separate paired tumor-normal cases. 145

Identification of variants associated with CIN. We ob-
tained the set of all single nucleotide variants (SNVs) in POG
and removed all intergenic, synonymous, upstream, down-
stream, intronic, and untranslated region SNVs. We selected 150

genes which had SNVs in at least 10 cases and assigned a
binary variable for each case and gene combination, where
1 indicated an SNV was present in the gene, and a 0 indi-
cated the absence. Segment N50 values were scaled by di-
viding each value by the maximum. We performed recur- 155

sive feature elimination (RFE) by training a support vector
regression (SVR) model using scikit-learn (26). We used a
linear kernel, a C value of 1 and a gamma of 0.001. We
eliminated the 10% least informative positively signed coef-
ficients and the 10% least informative negatively signed coef- 160

ficients, measured by the absolute value of the coefficients at
each iteration. At each iteration, 5-fold cross validation was
performed to assess the training and test error, measured as
the root-mean-squared concatenated difference between pre-
dicted scaled N50 values and the real scaled N50 values for 165

all folds. Using the set of genes from RFE with the lowest
test error, we performed a one-sided Wilcoxon rank-sum test
for each gene using their SVM coefficients as the prior to
inform the directionality of each test. We tested the differ-
ence in segment N50 between variant and non-variant cases 170
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for each gene selected by RFE, and corrected the resulting
P-values for multiple testing using the FDR method.

Ploidetect software availability. Ploidetect is
implemented in R and made available freely at
github.com/lculibrk/Ploidetect. Analyses in this paper were175

conducted using the version with commit master@98197bc.

Results
Accurate estimation of tumor purity in a diverse co-
hort of advanced cancers. Firstly, we assessed the abil-
ity of Ploidetect to estimate tumor purity in a cohort of sam-180

ples from advanced cancer patients enrolled in the POG pro-
gram (17, 20). In the context of the POG project, tumor
purity was already assessed by manual review of CNV data
from CNAseq and APOLLOH (27) and ranged between 10 to
100%. We found that Ploidetect tumor purity estimates cor-185

related well with those obtained by manual review (Pearson’s
ρ = 0.807, Figure 1A). Because Ploidetect provides visualiza-
tions of alternate model fits, it enabled the consideration and
review of alternate solutions for tumor purity. We found a
modest improvement in tumor purity estimates after manual190

review of Ploidetect output (Figure 1B). To assess its ability
to detect a wide range of tumor purity, we applied Ploidetect
to an in-silico dilution of the COLO829 cell line (28), simu-
lating tumor purities of 10% to 100%. Ploidetect was able to
accurately estimate tumor purity in all cases (Figure 1C).195

Ploidetect is a highly sensitive and precise copy num-
ber variation detector. We next tested Ploidetect’s ability to
conservatively segment cancer genomes while retaining the
ability to detect focal somatic CNVs of interest. As a proxy
for a specificity metric (since there is no appropriate gold200

standard data for this task), we assessed the segment N50 of
the CNV profiles, defined as the size of the smallest segment
for which all segments that size and below comprise half of
the genome. If two methods are equally capable of detect-
ing CNVs, a higher segment N50 implies fewer false-positive205

breakpoints. Sensitivity was assessed by the ability of each
tool to detect a number of manually-curated CNVs which are
known to commonly occur in cancer (cancer-related CNVs,
crCNVs) within the cohort, measured as the proportion of cr-
CNVs called by a tool compared to the crCNVs called by all210

tools for a given case. Genes labeled as crCNVs in addition
to their associated CNV state are listed in Table 1. Of all
the assessed tools, Ploidetect identified more cancer-related
CNVs than the other tools, and demonstrated the highest
observed segment contiguity (Figure 2A). While Sequenza215

scored second-highest in CNV sensitivity, the segment con-
tiguity was consistently low. BIC-seq2 tended to segment
more contiguously than Sequenza but had the overall worst
sensitivity for crCNVs. PURPLE was the only CNV caller
with contiguity comparable to Ploidetect, although it was less220

sensitive in detection of crCNVs, being unable to detect any
cancer CNVs found by other tools in at least 25% of cases.
Of the called crCNVs, we randomly selected 50 amplification
CNVs and 50 homozygous deletion CNVs from each tool for

a total of 400 CNV events, and manually reviewed each of 225

them to determine whether the CNVs actually existed or not.
Ploidetect demonstrated the second-highest precision for am-
plifications, behind only BIC-seq2, although it was consider-
ably more sensitive. When assessing homozygous deletions,
Ploidetect demonstrated 100% precision (Figure 2B). Ploide- 230

tect was the only tool that did not make even a single false
homozygous deletion call in the manual review cohort.

Chromosomal instability in metastatic cancer. Lever-
aging our improved ability to segment tumor genomes, we
sought to characterize the interaction of CIN with tumor mu- 235

tation burden (TMB), cancer type, treatment response, im-
mune infiltration and mutation status using CNV data. Since
segment N50 is a measure of the CNV burden of the genome,
we used it as an estimate of CIN. We found that segment N50
is inversely correlated with both the HRDscore and the ge- 240

nomic instability index (GII) (Supplemental Figure S1). Re-
flecting previous research on CIN (29), we found that TMB
correlated negatively with CNV segment N50 in POG (spear-
man’s rho = −0.39, log-linear model p = 1.5 x 10−15), sug-
gesting that CIN is correlated with TMB (Figure 3A). Fur- 245

thermore, we noted tissue of origin specific variation in seg-
ment N50, with breast, stomach, and ovarian tumors as be-
ing the most chromosomally unstable (Figure 3B). Time to
treatment discontinuation (TTD) has been previously used
in analyses of POG data as a proxy for treatment outcome, 250

as therapies that elicit a positive response would naturally
be used for longer durations (17, 30). Since HRD causes
CIN and predicts platinum treatment response (31), we tested
whether segment N50 was a sufficiently sensitive metric to
detect a difference in TTD of platinum therapy. We dis- 255

cretized the segment N50 into CIN-extreme (1st quartile N50
cohort-wide) and CIN-low (2nd-4th quartile N50 cohort-
wide) groups and found that patients with CIN-extreme tu-
mors had significantly elevated TTD on platinum chemother-
apy (p = 0.019, Wilcoxon rank-sum test) (Figure 3C). This 260

association was not significant when using either HRDscore
or GII instead of segment n50 (Supplemental Figure S2).
CIN has been reported as having a suppressive impact on
the tumor immune microenvironment, possibly as a conse-
quence of negative selection by the cGAS-STING pathway 265

(32). We investigated the potential impact of CIN on the pres-
ence of immune cells, and in particular CD8+ T cells, in the
bulk tumour samples as measured using CIBERSORT (33).
Both T-cell infiltration and CD8+ T-cell scores were mod-
estly associated with segment N50 after correcting for tumor 270

purity (p = 9.82 x 10−3 and 8.92 x 10−3 respectively, mul-
tiple regression using segment N50 and tumor purity) (Fig-
ure 3D). Finally, we attempted to uncover genes with novel
relevance to CIN in metastatic cancer. Having established
the biological relevance of our CIN measure, we identified 275

212 genes whose somatic small mutation status could predict
the segment N50 through training support vector machines
(SVMs) using recursive feature elimination (RFE) (Supple-
mental Table S1). Six genes were significantly associated
with a change in segment N50 (FDR < 0.05, Wilcoxon rank- 280

sum test with Benjamini-Hochberg FDR correction) (Table
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2). Among the significant genes was TP53, mutations of
which have been recurrently implicated in CIN (6, 34). Also
present were AC074391.1, TTN, ROCK2, ZNF804B, and
DMBT1. We selected TP53, ROCK2 and AC074391.1 for285

further analysis. Given the highly recurrent nature of TP53
mutations in cancer, we further investigated the independent
association of ROCK2 and AC074391.1 with CIN. We found
that ROCK2 mutations led to a decrease in segment N50 in-
dependent of TP53 mutation status with a lack of additive im-290

pact in the double-mutant case (Figure 3E). AC074391.1 mu-
tated cases demonstrated a subtractive impact on the segment
N50 when TP53 was also mutated (Figure 3F). These re-
sults imply a potential functional association of ROCK2 and
AC074391.1 with CIN, and further investigation into mecha-295

nisms that may underlie this association are required.

Recurrent homozygous deletions in metastatic tu-
mors. We evaluated whether we could use Ploidetect to iden-
tify recurrent homozygously deleted regions in metastatic tu-
mor genomes. Using a permutation strategy similar to that300

reported by Cheng et al (3), we identified 131 recurrently
deleted regions (RDRs) in the POG cohort covering 282
genes (False discovery rate (FDR) (25) ≤ 0.01, # cases ≥ 5)
(Figure 4A). The mean size of the RDRs was 560.8Kb long,
with the smallest RDR being 5080bp and the longest being305

9.65Mb. Overall we identified 24.21Mb of the genome as
being recurrently deleted within the POG cohort. For each af-
fected gene, we profiled the proportion of exons which were
overlapped by each RDR (Figure 4B). The presence of known
tumor suppressor genes, such as TP53, PTEN, and CDKN2A310

as well as known fragile sites, including FHIT and WWOX in
our analysis demonstrates the effectiveness of this approach
for identifying recurrent deletions in tumours (Table 3) (Sup-
plemental Table S2).

MACROD2 RDR deletions promote CIN and confer315

resistance to chemotherapy. Analysis of frequently
deleted regions in our metastatic cohort revealed recurrent
deletion of the gene MACROD2 as having relevance rele-
vance to both CIN and treatment outcome. We identified
28 homozygous deletions within the RDR overlapping320

MACROD2 (Figure 5A). These deletions were found to
be proximal to an alternative promoter for MACROD2
(Supplemental Figure S3) (35). While the MACROD2
RDR did overlap at least one exon for each MACROD2
transcript, only 14% of the deletions overlapped an exon and325

perturbed the protein coding sequence (Supplemental Figure
S4). Because of the proximal alternate promoter and the
observation that this RDR only impacts a restricted region
of the gene rather than the entire gene, we investigated the
impact of MACROD2 RDR deletions on the expression330

of MACROD2’s transcripts. MACROD2 RNA expression
was significantly decreased in tumors with this deletion
(p<2x10−9, two-sided Wilcoxon rank-sum test), although
the balance of transcript isoforms was unaffected (Figure
5B & Figure 5C). Since MACROD2 is involved in PARP-335

mediated single stranded break (SSB) repair, we assessed
whether deletions of this locus would be associated with

CIN as well as TTD on therapeutic agents that induce SSBs
(36). Tumors with deletions in MACROD2 had a higher
degree of CIN; their genomes had significantly reduced 340

segment N50s as well as a significant increase in the number
of segments called overall (Figure 5D). . Deletions within
this MACROD2 segment were significantly associated with
a reduced TTD in patients treated with TOP2A inhibitors
or cyclophosphamide (Figure 5E), but not platinum-based 345

therapeutics, suggesting MACROD2 may play a role in
response to certain DNA damaging chemotherapies (Figure
5E). These trends were observed irrespective of tumor type
(Supplemental Figure S5).

350

Discussion
Copy number variation detection in cancer is a challenging
problem (37). Poor segmentation of CNVs leads to incorrect
assignment of CNV breakpoints. This results in a failure
to detect important CNVs, an inability to assess CIN due 355

to an increase in false positive breakpoints, or both. In the
present study, we have described a novel CNV detection
method which performed demonstrably better in these
regards compared to other CNV software. Due in large part
to our ability to obtain accurately CNV segmented tumor 360

genomes, we were able to effectively estimate CIN from
bulk CNV burden. We showed that our measure of CIN,
the segment N50 associated with TMB, tissue of origin,
platinum treatment response, and immune infiltration in our
cohort. We used our measures of CIN to identify genes with 365

potential impact on CIN, and functionally contrasted their
impact alongside TP53 deficiency-induced CIN. Ploidetect’s
unparalleled sensitivity for CNVs in our cohort allowed for
an in-depth analysis of recurrently deleted loci in advanced
cancers, including one within the fragile tumor suppres- 370

sor gene MACROD2 with implications on both CIN and
chemotherapy response.

By leveraging accurate segmentation of CNVs, we were able
to directly use genome contiguity to measure CIN. Our re- 375

sults agree with previous research on TMB and CIN (29),
and we find that different tumor types are differentially sus-
ceptible to CIN. Ovarian cancers in particular have been re-
ported to frequently exhibit CIN (6, 38), although stomach
and breast tumors have also been observed to have consis- 380

tently high CNV burden (39). Cancer type and site of ori-
gin are well known to affect patterns of both small mutations
(40, 41) and CNVs (1). We observed a broad increase in CIN
within different tumor types, consistent with hypotheses that
different tumor types enjoy different degrees of fitness im- 385

provement from CIN (42). More broadly, CIN appears to be
broadly connected with genomic instability in cancers (43).
Broader phenotypic features of cancer genomes, such as
HRD, manifest alongside and in combination with CIN.
HRD, measured through the HRDscore has been previously 390

used as a measure of CIN (44), and, when combined with five
other metrics into HRDetect, was found to predict platinum
treatment response (31). Compared to the HRDscore, the
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metric of segment N50 is comparatively simple and was as-
sociated with platinum TTD in our cohort. While this obser-395

vation in our study is encouraging, the observed impact was
substantively small. The incorporation of accurate segment
contiguity metrics into ensemble classifiers such as HRDe-
tect could further improve the predictive potential of these
classifiers and better refine the characterization of this phe-400

notype.

In addition to HRD, we investigated the relationship between
CIN and the tumor immune microenvironment. Although
activation of innate immunity by CIN through the cGAS-
STING pathway is known (45), paradoxical correlation of405

suppression of immune activation with CIN has been noted
in the literature (32, 46). Particularly, it has been shown
that the absence of CD8+ T-cells has a causal relationship
with CIN in mouse xenograft models of gliomas (47). Ac-
cordingly, we found that tumors with higher CIN had re-410

duced levels of both T-cell infiltration and CD8+ T-cells in
our study. Research investigating a possible connection be-
tween CIN and immunotherapy efficacy are as yet conflicted
on whether CIN alone can predict immunotherapy response
(29, 48).Taken together with the literature, our data suggest415

that the immune microenvironment exerts a selective pressure
on tumors to limit CIN during tumor development, and con-
sequently immunoediting becomes increasingly necessary to
overcome this pressure in tumors which depend on CIN. Loss
of specific chromosomal loci, such as the region harboring420

the interferon gene clusters on 9p, may partly be the cause
of this immuno-modulatory effect (32), although further re-
search will be needed to investigate this.

Numerous genes are involved in regulating the structural sta-
bility of genomes, and we have identified a number of genes425

that may also be involved. ROCK2 is a protein kinase that
has been reported with oncological relevance recurrently in
the literature (49, 50), including one study which identified
some functional impact on DNA repair, specifically demon-
strating an impact on radiotherapy resistance. (51). Unfortu-430

nately, we lack sufficient radiotherapy-treated patients in the
POG study to test this hypothesis. The association of ROCK2
mutations with CIN in our study appears to be independent
of TP53 mutations, since there was no evidence of any com-
binatorial impact of these mutations on CIN in our data. We435

also identified mutations in AC074391.1, a long non-coding
RNA gene as being significantly associated with an increase
in CIN. While long non-coding RNAs have been observed
to impact chromosome stability (52), we could find no spe-
cific mention of AC074391.1 in literature. Unlike ROCK2,440

AC074391.1 demonstrated an additive or epistatic interaction
with TP53 mutation status on CIN, suggesting that any mech-
anism by which AC074391.1 mutations confer CIN is distinct
from mechanisms impacted by TP53 variants. While we did
also identify TTN in our analysis, we consider this likely to445

be noise due to TTN having a large coding region and our
observed correlation between TMB and CIN. We also identi-
fied ZNF804B and DBMT1 mutations as being significantly
associated with CIN. Specific genetic and biochemical study
will be required to better understand ROCK2, AC074391.1,450

and the other identified genes’ potential mechanistic interac-
tions with TP53 and CIN.
Ploidetect enabled a pan-cancer analysis of frequently ho-
mozygously deleted tumor genome loci. We identified nearly
300 significantly deleted genes within the POG cohort. Al- 455

though many of these observations are likely to be passenger
mutations on segments with tumor suppressors, such as the
57 genes found within the segment containing CDKN2A, we
identified numerous tumor suppressor genes and fragile loci
recurrently found in cancer (3). Many of these well-known 460

tumor suppressor genes such as CDKN2A, PTEN and TP53
were found to be recurrently deleted without preference for
any specific exonic or intronic regions, indicating that all po-
sitions of each gene are equally fragile. We identified a num-
ber of genes which overlapped RDRs at only a few or even 465

none of their exons. Many of these genes have been previ-
ously annotated as fragile tumor suppressors, such as FHIT
(53), WWOX (54), and RBFOX1 (55). We have further de-
lineated the fragile loci within each gene at exonic resolu-
tion. Due to their high prevalence within our cohort, we de- 470

cided to investigate MACROD2 RDR deletions further. We
observed MACROD2 RDR deletions to be primarily intronic
and upstream of an alternate promoter site. Consequently,
RDR deletion-induced loss of MACROD2 function proba-
bly stems from a splicing impairment or a hypothetical cis- 475

acting regulatory site which has not been described. While
MACROD2 deletions have previously been reported to cause
CIN in colorectal tumors (36), we identified them in numer-
ous other cancer types and report their impact, both on CIN
and on treatment resistance. MACROD2 is necessary for 480

PARP1 function through the removal of mono-ADP ribose
from PARP1 (36). Cyclophosphamide and TOP2A inhibitors
induce cytotoxicity through PARP1 hyperactivation and con-
sequential depletion of NAD+ stores (56, 57). MACROD2
RDR deletions may dampen PARP1 hyperactivation, pre- 485

serving cellular NAD+, thereby preventing cytotoxicity and
allowing tumor cells to survive. While we identified numer-
ous other promising deletions with lower incidence, hetero-
geneity of cancer type, demographics, and treatment strate-
gies preclude deeper investigation into their impacts on treat- 490

ment status and genomic phenotype. Larger datasets will be
required to properly interrogate the lower frequency deletions
we have identified to identify potential implications for treat-
ment response and patient outcome.
While we have identified a number of enticing observations 495

in our data, there are a number of factors to consider in their
interpretation. Our use of the segment N50 metric as a mea-
sure of CIN was based in part on the intuitive concept that
genomes broken at multiple positions would be considered
chromosomally unstable. The use of CNVs for CIN research 500

is likely to be enabled by continued improvement in CNV
segmentation methods, as we have described here. Ploide-
tect’s contribution to the accurate detection of CNVs has
demonstrably provided a practical benefit to CNV research
by providing improved segmentation performance relative to 505

other methods. The cohort that we have chosen to study is a
unique cohort of pre-treated, advanced tumors with a diverse
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range of patient backgrounds, tumor types, and lines of prior
therapy. While many previous large-scale studies focus on
primary, treatment-naive tumors, here we examine metastatic510

lesions where CIN serves as a source of genetic variation for
further tumor evolution, including the development of treat-
ment resistance (45, 58, 59). Because of the advanced nature
of our cohort, survivorship bias (referring here to tumor sur-
vival) may also impact our results by selecting for patients515

whose tumors lack features that would confer sensitivity to
common therapies.
Emerging technologies for assessing patterns of CNV in
whole genomes enable comprehensive examination of the in-
terplay between this class of mutation and cancer. Iterative520

improvement in our ability to determine accurately the suite
of CNVs within sequenced tumors will provide the oppor-
tunity to ask nuanced questions of CNV data with greater
power and without the confounding effects of persistent false
positives. To enable the most effective research, the goal of525

the field must be to eventually approach the level of perfor-
mance routinely achieved by small variant callers, a process
for which we have herein provided our contribution. Inter-
play between CIN and and the many genomic and phenotypic
features of cancer, including HRD and immune escape are530

beginning to be understood. The further elucidation of these
patterns are likely to give rise to a greater understanding of
the intricacies of this disease as well as potential means to
combat it.
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Gene ID Expected CNV
TP53 Homozygous Deletion
CDKN2A Homozygous Deletion
CDKN2B Homozygous Deletion
PTEN Homozygous Deletion
NF1 Homozygous Deletion
RB1 Homozygous Deletion
ARID1A Homozygous Deletion
RAD51B Homozygous Deletion
SMAD4 Homozygous Deletion
STK11 Homozygous Deletion
BRCA1 Homozygous Deletion
BRCA2 Homozygous Deletion
FANCD2 Homozygous Deletion
FAT1 Homozygous Deletion
SMARCB1 Homozygous Deletion
MYC Amplification
AURKA Amplification
ERBB2 Amplification
CCND1 Amplification
EGFR Amplification
FGFR1 Amplification
CDK6 Amplification

Table 1. Known commonly deleted and commonly amplified genes. CNV results from Ploidetect, BIC-seq2, Sequenza, and PURPLE in the POG cohort were examined for
the frequency of the indicated mutations in the listed genes.
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Gene ID log2(fold change) Alternative Hypothesis P value FDR
TP53 -0.516191547388182 greater 4.24589052523666e-16 9.00128791350172e-14
AC074391.1 -0.38844586709978 greater 2.66268315220876e-10 2.82244414134128e-08
TTN -0.36287482231269 greater 1.93173893254297e-07 1.36509551233036e-05
ROCK2 -1.18705337317961 greater 4.23855363982281e-05 0.00224643342910609
ZNF804B -0.991509216655021 greater 9.36865772155271e-05 0.00397231087393835
DMBT1 0.495820509150211 less 0.00123655861800198 0.0436917378360699

Table 2. Genes with mutation status associated with CIN. Gene IDs, log2(fold change) of segment N50, alternative hypothesis (for significance testing), nominal p-value and
false discovery rate are shown. All significant (FDR < 0.05) genes are shown.
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Table 3. RDRs labeled in Figure 45. Genomic coordinates of RDRs overlapping each gene, nominal P-value, FDR, RDR number (segment), count of exons covered by
RDRs, total exon count per gene, percentage of exons affected by the deletions, and number of cases affected by the RDRs are listed. Decimal values are rounded to 4
decimal places.
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Fig. 1. Ploidetect accurately determines tumor purity from whole-genome sequence data. For all plots, Pearson’s r is shown. A. Tumor purity detected automatically by
Ploidetect is compared with estimates obtained by manual review of CNV data by an expert bioinformatician. Estimates found to be incorrect by manual review of Ploidetect
outputs are labeled in red. B. Alternate models for explaining tumor purity were considered for Ploidetect results, and if one was available, the better-fitting model was chosen.
Estimates which changed after review are labeled in red. C. Reads from a COLO829 cell line library were mixed with matched normal at known proportions to obtain in-silico
dilutions with known tumor purities. Ploidetect estimates are plotted against the true values.
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Fig. 2. Ploidetect enables detection of CNVs with greater sensitivity and specificity than other methods. A. Segment N50 and crCNVs within POG were quantified for each
tool. For each case, the proportion of crCNVs called by each tool was compared to the union of crCNVs called by all tools. Bars indicate the IQR. B. Results of manual review
of crCNVs. Each panel denotes results from a single CNV caller. White area indicates crCNV calls identified as correct whereas black area indicates calls found by manual
review to be incorrect. Numbers in bars indicate observed precision of calls. AMP = amplification, HD = homozygous deletion.
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Fig. 3. CIN is implicated in multiple facets of cancer biology. A. Correlation of log-scaled SNV and indel mutations per megabase with CNV segment N50. Spearman
correlation r and linear model p-value are shown. B. Boxplots of segment N50 in OncoTree tissue types. Tissue types represented in at least 20 samples are shown. Sample
sizes for each tumor type are indicated within brackets. C. Total TTD on platinum chemotherapy for samples in the 1st quartile of segment N50 compared to all other samples.
D. Multiple regression was used to assess the impact of immune infiltration on segment n50, accounting for tumor purity. Standardized regression coefficients were calculated
by dividing the coefficients and standard deviations for each feature by their standard deviations. Error bars corresponding to the standard deviation are shown. E. Segment
N50s of each combination of wild type TP53 (TP53-WT), wild type ROCK2 (ROCK2-WT), mutant TP53 (TP53-Mut), mutant ROCK2 (ROCK2-Mut) are compared. F. Segment
N50s of each combination of wild type TP53 (TP53-WT), wild type AC074391.1 (AC074391.1-WT), mutant TP53 (TP53-Mut), mutant AC074391.1 (AC074391.1-Mut) are
compared. P-values for all panels are from two-sided Wilcoxon rank-sum tests.
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Fig. 4. Recurrent homozygous deletions in the metastatic cancer genome. A. Positions of RDRs are indicated on each chromosome with a circle. Colors indicate the number
of cases with deletions contributing to that RDR. B. For each gene within an RDR, the number of cases with a deletion in the gene were calculated. These values are plotted
against the proportion of exons for that gene which were affected by any RDR. Selected genes with previously described oncological properties are labeled.
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Fig. 5. MACROD2 RDR deletions lead to reduced expression, increased CIN and worsened single-strand break drug response A. MACROD2 location on chromosome 20
indicated. Ideogram of MACROD2 with the MACROD2 RDR highlighted. Vertical lines on ideogram indicate annotated exons. Individual deletions contributing to the RDR
are shown. Cumulative coverage plot of the individual deletions on bottom. B. Comparison of MACROD2 expression in MACROD2-RDR-intact and MACROD2-RDR-intact
cases. C. Differential splicing comparison in MACROD2-RDR-intact and MACROD2-RDR-deleted cases. Relative TPMs were obtained by dividing each case’s transcript
TPM values by the total transcript TPMs per case. The three most expressed MACROD2 transcripts are shown. D. Comparison of CIN metrics (segment n50, segment
count) in MACROD2-RDR-intact cases and MACROD2-RDR-deleted cases. E. Comparison of TTDs in MACROD2-RDR-intact cases and MACROD2-RDR-Deleted cases
for TOP2A inhibitors (Doxorubicin, Epirubicin), Cyclophosphamide, or Platinum (Cisplatin, Carboplatin, Oxaliplatin). Two-sided Wilcoxon rank-sum tests were used for all
comparisons.
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