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Abnormal numerical and structural chromosome content is frequently found in human cancer. To test the role of
aneuploidy in tumor initiation and progression, we generatedmicewith random aneuploidies by transient induction
of polo-like kinase 4 (Plk4), a master regulator of centrosome number. Short-term chromosome instability (CIN)
from transient Plk4 induction resulted in formation of aggressive T-cell lymphomas in mice with heterozygous
inactivation of one p53 allele and accelerated tumor development in the absence of p53. TransientCIN increased the
frequency of lymphoma-initiating cells with a specific karyotype profile, including trisomy of chromosomes 4, 5, 14,
and 15 occurring early in tumorigenesis. Tumor development in mice with chronic CIN induced by an independent
mechanism (through inactivation of the spindle assembly checkpoint) gradually trended toward a similar karyotypic
profile, as determined by single-cell whole-genomeDNA sequencing. Overall, we showhow transient CIN generates
cells with random aneuploidies from which ones that acquire a karyotype with specific chromosome gains are
sufficient to drive cancer formation, and that distinct CIN mechanisms can lead to similar karyotypic cancer-
causing outcomes.
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More than a century ago, chromosome instability (CIN)
leading to aneuploidy was first recognized as a major hall-
mark in cancer (Hansemann 1890; for review, see Hana-
han and Weinberg 2011). Aneuploidy is frequently found
in multiple types of cancer (Taylor et al. 2018) and is cor-
related with poor prognosis (Stopsack et al. 2019). Al-
though linkage of aneuploidy and tumorigenesis was
proposed by Boveri in 1902 (Boveri 1902), the role of aneu-
ploidy in cancer formation remains controversial. It has
been proposed that increased CIN leading to aneuploid ge-
notypes serves as a risk factor for carcinogenesis (Gordon
et al. 2012; Naylor and van Deursen 2016). Indeed, re-
duced levels of the kinesin family motor protein CENP-

E drives CIN from missegregation of individual whole
chromosomes, and this generates spontaneous lympho-
mas and lung cancers (Weaver et al. 2007). Similarly,
chronic CIN from weakening of the spindle assembly
checkpoint (e.g., through reduction or mutation in
BubR1 [Baker et al. 2009], reduction inMps1 kinase activ-
ity [Foijer et al. 2014; Hoevenaar et al. 2020], or from dele-
tion or overexpression of Mad2 [Sotillo et al. 2007; Foijer
et al. 2017]) drives tumors in mice through loss of tumor
suppressor genes. Alternatively, genome doubling yield-
ing tetraploid cells can serve as an intermediate step to-
ward aneuploidy and cancer (Storchova and Pellman
2004), although tetraploidy can also protect against cell
transformation (Shoshani et al. 2012). Specific aneuploid
backgrounds have been reported to suppress cell viability,
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even under oncogenic induction, thereby preventing
transformation, but in cancer, aneuploidy is frequently
linked to more aggressive phenotypes (Santaguida and
Amon 2015; Sheltzer et al. 2017). Chronic CIN at a high
level can also act as a tumor suppressor (Silk et al. 2013;
Rowald et al. 2016). Together, these findings suggest
that chronic CIN can influence tumorigenesis in both di-
rections, depending on the severity of the CIN phenotype
(Silk et al. 2013; Rowald et al. 2016; Hoevenaar et al.
2020). However, it is unclear whether transient CIN can
lead to aneuploidy that persists in healthy cells to drive
transformation leading to cancer.

Centriole duplication is controlled by Polo-like kinase 4
(Plk4) (Bettencourt-Dias et al. 2005; Habedanck et al.
2005), a self-regulatory kinase (Holland et al. 2010). Over-
expression of Plk4 leads to centrosome amplification,
which can persist under p53 deficiency (Holland et al.
2010), and drives CIN through merotelic attachment of
chromosomes (Ganem et al. 2009). Indeed, centrosome
amplification can be detected in premalignant cells in Bar-
rett’s esophagus and persists through malignant transfor-
mation (Lopes et al. 2018). The first direct evidence for a
role of centrosome amplification in tumor formation
came from flies in which increased SAK/Plk4 expression
enabled tumorigenic growth of larval brain cells (Basto
et al. 2008). Chronic induction of high levels of Plk4 in
mice did not increase spontaneous tumor formation
even in a p53-deficient background (Vitre et al. 2015),
probably due to an excessive rate of continuous CIN.
However, CIN from milder, chronic Plk4 overexpression
has been reported to promote spontaneous tumorigenesis
in wild-type (Levine et al. 2017) and p53-deficient mice
(Coelho et al. 2015), while Plk4-dependent CIN during
embryonic development in p53-deficient epidermis en-
hances skin cancer in adult mice (Serçin et al. 2016).

By transiently inducing Plk4 overexpression in adult
mice and the use of multiple sequencing approaches, we
now demonstrate that transient CIN enhances tumor for-
mation by increasing the frequency of tumor-initiating
cells and by accelerating the acquisition of a specific
aneuploidy profile. This profile includes the gain of chro-
mosomes 4, 5, 14, and 15, a tumor karyotype we demon-
strate to develop early during tumorigenesis under
transientCIN, and in end-stage tumors developed in an in-
dependent model with chronic CIN provoked by in-
activation of the spindle assembly checkpoint (SAC).
Transcriptomic analysis revealed that this aneuploidy pro-
file drives a gene expressionprogramthat is also frequently
observed in multiple human cancers and correlates with
increased c-Myc expression. We conclude that transient
CIN is a powerful tumor promoting mechanism driving
acquisition of a specific aneuploid karyotype.

Results

Transient Plk4 overexpression leads to transient
chromosome instability and aneuploidy

To determine how transient chromosome instability af-
fects tumorigenesis, we generated a mouse model with

an inducible Plk4 gene in the background of different
p53 genotypes. This was achieved by two rounds of breed-
ing (Fig. 1A) to generate mice (to be referred to as PRG5
mice) in a congenic background that carried (1) a doxycy-
cline-regulated Plk4-EYFP gene (Levine et al. 2017), (2) a
gene encoding the reverse tetracycline transactivator
(rtTA) whose expression permitted doxycycline-inducible
expression of Plk4 (Supplemental Fig. S1A), (3) a gene en-
coding centrin-GFP (Hirai et al. 2016), and (4) in which
neither (PRG5+/+), one (PRG5+/−), or both (PRG5−/−) p53
alleles were inactivated (Jacks et al. 1994).

Doxycycline-dependent Plk4 induction was deter-
mined to be comparable in mouse embryonic fibroblasts
(MEFs) derived from PRG5 mice independent of p53 sta-
tus. Plk4 RNA levels were increased fourfold within 2 d
of Plk4 induction, decreasing back to basal levels within
2 d following doxycycline withdrawal (Supplemental
Fig. S1B). Transient increase in Plk4 expression induced
significant centrosome amplification, which upon doxy-
cycline removal returned to basal levels within 1 wk in
p53+/+ MEFs and trended toward basal levels in p53+/−

and p53−/− PRG5-derived MEFs (Supplemental Fig. S1C).
Live-cell imagingrevealed thatcentrosomeamplification

initiatedwithin 6 h after Plk4 induction (Supplemental Fig.
S1D), producing >50% abnormal mitoses with anaphase
bridges or lagging chromosomes (Supplemental Fig. S1E).
PRG5 mice fed for 2 wk with doxycycline-containing food
(Fig. 1B) had increased Plk4 RNA levels in the thymus
(threefold), spleen (2.5-fold), liver (twofold), colon (20-fold),
and skin (20-fold), but not in the lung or kidney (Fig. 1C;
Supplemental Fig. S1F). Plk4 induction was transient, as
Plk4 RNA levels returned to basal levels within 1 mo after
discontinuingdoxycycline (Fig. 1C; Supplemental Fig. S1F).

Increased Plk4RNAyielded transient centrosome ampli-
fication (Fig. 1D;SupplementalFig. S1G)andCIN, leading to
aneuploidy just after doxycycline removal with both gain
and loss of chromosome 11 copy numbers in thymocytes
(threefold increase in aneuploidy) (Fig. 1E) as determined us-
ing interphaseDNAfluorescent insituhybridization (FISH),
but not in splenocytes (in which Plk4 RNA induction was
only mild) (Supplemental Fig. S1H). Aneuploidy levels, de-
termined using single-cell whole-genome sequencing
(scWGS) of thymic cells fromPRG5+/−mice, revealed a tran-
sient increase in aneuploidy from near zero (0%–4% before
Plk4 induction) to 24%–40%after transient CIN from2-wk
Plk4 induction,which returned to near-zerowithin 1mo af-
ter doxycycline withdrawal (Fig. 1F–K). Transient CIN pro-
duced heterogeneous aneuploidy without any apparent
bias for particular karyotypes (Fig. 1H). Importantly, loss of
p53 by itself did not promote CIN-induced aneuploidy, as
determined by scWGS of cells from three independent
PRG5−/− mice (Supplemental Fig. S1I).

Transient CIN accelerates thymic lymphoma formation

Survival and tumor formation in PRG5 mice were moni-
tored for 2 yr following a 2-wk CIN induction beginning
at 4 wk of age (doxycycline administered during 30–45 d
of age) and in control PRG5 littermates without transient
doxycycline-induced centrosome amplification (Fig. 1B).
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Figure 1. Transient CIN in mice through induced Plk4 overexpression drives transient aneuploidy. (A) Breeding strategy used to obtain
doxycycline-inducible Plk4 mice with centrin-GFP and under different backgrounds of p53 (PRG5mice). P2 and R2 denote homozygosity
for Plk4 and rtTA genes, respectively. (B) Overview of the experimental design using PRG5 mice. (C–E) Plk4 mRNA levels (C ), measure-
ment of centrin-GFP foci (D), and percent aneuploidy for chromosome 11 using interphase DNA-FISH (E) in thymuses from PRG5 mice
before (control), immediately after (2 wk dox), and 1 mo after (4 wk later) doxycycline administration. Mean±SD of indicated mice per
group are presented. P-values determined using one-way ANOVA with Tukey’s multiple comparison test. (F,H,J) Heat maps showing
DNA copy number using single-cell whole-genome sequencing of cells collected from PRG5+/− mice before (F ), immediately after (H),
and 1 mo after (J) Plk4 induction. (G,I,K ) Analysis of copy number changes of the samples at the left (shown in F,H,J). See the Materials
andMethods for details about calculation of the CN (copy number) change score. Statistics below the dot plots indicate the total number
and percentage of cells with at least one whole chromosome gain or loss.
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Transient induction of CIN in PRG5+/+ mice did not affect
survival (median survival 837 d and805d in control and in-
duced mice, respectively) (Fig. 2A) or tumor formation (17
out of 42 and 13 out of 49 control and induced mice with
tumors, respectively) (Fig. 2B; Supplemental Fig. S2A)
compared with noninduced PRG5+/+ mice. The tumor
spectrumprofile in aged PRG5+/+mice (Fig. 2C)was not af-
fected by Plk4 induction either, with amajority of tumors
forming in spleen (∼40%), the digestive system (colorectal
and intestinal tumors ∼20%), and liver (∼17%). Without
Plk4 induction, PRG5+/− mice developed tumors earlier
than PRG5+/+ mice, resulting in decreased mean survival
from 837 to 537 d (Fig. 2A,D). Thymic tumors were rare
(3.2%) in PRG5+/− (Fig. 2E).

Two weeks of CIN induction at an early age (starting at
30 d) reduced survival of PRG5+/− mice further (median

survival 341 d) (Fig. 2D) and doubled tumor frequency
(from 45% to 82.9%) (Fig. 2E). Tumors in induced
PRG5+/− mice developed very early (starting at 100 d of
age) (Supplemental Fig. S2B), the majority (54.7%) of
which were thymic lymphomas (Fig. 2E,F). Reduced sur-
vival could be largely attributed to the increased frequency
of thymic lymphoma, as themedian survival of micewith
other tumors was unaltered (Supplemental Fig. S2C). A
shorter, 1-wk induction of CIN in PRG5+/− mice had a
milder effect, resulting in a much lower frequency (only
one in 10 mice) of thymic lymphoma and longer survival
(median survival 556 d) (Supplemental Fig. S2D).

Doubling the period of induced CIN to 4 wk resulted in
reduced survival (median survival 158 d) (Supplemental
Fig. S2D) but without affecting the frequency of thymic
lymphomas (54% and 54.7% in 4-wk- and 2-wk-induced

E F
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D

IG H

Figure 2. Transient CIN drives thymic lymphoma in p53-deficient mice. (A,D,G) Survival (Kaplan-Meier) plots of control (noninduced)
PRG5 mice and PRG5 mice treated with doxycycline for 2 wk at the age of 30 d (dox 2 wk) with wild-type p53 (A), heterozygous p53 (D),
and p53 knockout (G) backgrounds. Comparison of indicated number of mice done using log rank test. (B,E,H) Thymic and nonthymic
tumor frequencies of indicated number in PRG5mice treated with doxycycline for 2 wk at the age of 30 d with wild-type p53 (B), hetero-
zygous p53 (E), and p53 knockout (H) backgrounds. (C,F,I ) Distribution of tumor types from indicated number of tumors in PRG5 mice
treated with doxycycline for 2 wk at the age of 30 d with wild-type p53 (C ), heterozygous p53 (F ), and p53 knockout backgrounds (I ).
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mice, respectively). Reduced survival of PRG5+/− mice af-
ter longer (4-wk) CIN could be attributed to nonthymic
lymphoma tumors, with thymic lymphoma latency
(∼150 d) nearly identical between 2-wk and 4-wkCIN (Sup-
plemental Fig. S2E,F). Transient, 2-wk CIN induction in
older (100-d-old) mice yielded indistinguishable survival
and tumor formation frequencies compared with CIN in-
duced in 30-d-old mice (Supplemental Fig. S2G–I).
All PRG5−/− mice without Plk4-dependent CIN suc-

cumbed to tumors within the first year of life (median sur-
vival of 176 d, 68.3% of mice with detected tumors) (Fig.
2G,H), with a large proportion with thymic lymphomas
(44.9%) (Fig. 2H). Two weeks of doxycycline-induced CIN
in PRG5−/− mice significantly decreased survival (to only
138 d) (Fig. 2G) and increased overall tumor (to 91%) and
thymic lymphoma (80.4% of mice) (Fig. 2H) frequencies.
Decreased survival of PRG5−/− mice correlated with thy-
mic lymphomas developing at younger ages (with median
survivalwith orwithout transientCINof 134 and 154 d, re-
spectively) (Supplemental Fig. S2J–L).Tumor spectrumpro-
files were similar, with the exception of an increased
proportion of thymic tumors after transient CIN induction
(Fig. 2I). In all examinedcases, thymic tumorswere lympho-
mas,manyofwhich appeared invasive andmetastatic (Sup-
plemental Fig. S2M; Supplemental Table S1).

Transient CIN drives p53 loss and c-Myc overexpression

RNA expression profiles of tumors and normal thymuses
were determined to examine the mechanism(s) underlying
theconversionofnormal tissue intospontaneousordoxycy-
cline-induced thymic lymphomas.Ageneral profiledistinct
from control unaffected thymus samples was identified for
lymphomas (1325 differentially expressed genes; P<0.05)
(Supplemental Fig. S3A; Supplemental Table S2), with sig-
nificant alterations in cell cycle and metabolic pathways
(Supplemental Figs. S3B, S4). Lymphomas from transient
CIN in p53+/− PRG5mice had low expression of p53 target
genes, includingBcl2l1, andactivationofp19 (Supplemental
Fig. S5A), indicative of loss of the wild-type p53 allele. In-
deed, expression of p53 exons 2–6 (the region deleted in the
p53-null allele) was completely absent (Supplemental Fig.
S5B; Jacks et al. 1994). Whole-genome DNA sequencing
(15×coverage)confirmedthelossofp53geneexons2–6with-
out evidence of other numerical or structural alterations in
chromosome 11 (Supplemental Fig. S5C,D), consistent
with whole-chromosomemissegregation as the underlying
mechanism in lymphomas arising inPRG5+/−mice. Several
common features were identified in PRG5−/−mice (with or
without induced CIN) and PRG5+/− after CIN as hallmarks
of advanced thymic lymphomas, including increased cen-
trosome numbers (Supplemental Fig. S6A) and overexpres-
sion of c-Myc RNA (Supplemental Fig. S6B) and protein
(SupplementalFig.S6C),potentiallyduetoacquisitionofad-
ditional copies of chromosome 15 (Supplemental Fig. S6D).

Transient CIN increases tumor-initiating cell frequency

We hypothesized that acceleration of tumor formation
following transient CIN might occur due to CIN enhanc-

ing generation of tumor-initiating cells. To test this, we
collected small biopsies (∼2%–3% of the tumor) from
multiple tumors, as well as multifocal biopsies from addi-
tional tumors and sequenced the β chain of the T-cell re-
ceptors (TCRβ) expressed in the tumor T cells (Figure
3A,B). Single-biopsy analysis revealed that tumors
forming after 2 wk of induced CIN in PRG5 mice had in-
creased clone frequencies, with one out of five tumors in
p53+/− mice and six out of six tumors in p53−/− mice hav-
ing more than one dominant clone (>1% frequency). In
contrast, no tumors (zero out of six) from noninduced
PRG5−/− mice carried more than one dominant clone
(Fig. 3A; Supplemental Table S3). RNA sequencing con-
firmed the specifically increased expression of individual
variable TCRβ genes in tumors from PRG5 mice, further
confirming the presence ofmultiple clones (Supplemental
Fig. S7A).
We next addressed tumor clonality in PRG5 mice by

collecting multiregional biopsies representing different
spatial regions of a tumor. TCRβ sequencing of these biop-
sies revealed that three out of four of CIN-induced p53+/−

and three out of four of CIN-induced p53−/− -derived tu-
mors fromPRG5mice containedmore than one dominant
clone, whereas none of the tumors arising in p53−/− mice
without induced CIN contained more than one dominant
clone (zero out of three) (Fig. 3B; Supplemental Table S3).
We conclude that transient CIN increases the number of
tumor-initiating clones.

Transient CIN drives tumors with defined transcriptome
and aneuploidy profiles

Since CIN drives random genomic reshuffling and gener-
ates higher frequency of tumor-initiating cells (Fig. 3A,
B), transient CIN could be expected to generate tumors
with diverse gene expression profiles. However, this was
not the case: transcriptomes of independent tumors
formed in PRG5 (p53+/− or p53−/−) mice after transient
CIN shared a similar gene expression profile, whereas tu-
mors arising in PRG5−/− mice without induced CIN were
more heterogeneous (Fig. 3C; Supplemental Fig. S8).
Whole-genome sequencing of these tumors revealed that
transcriptome changes paralleled acquisition of a specific
DNA copy number profile that included recurrent gains of
copy numbers for chromosomes 4, 5, 14, and 15 (Fig. 4A;
Supplemental Fig. S9). RNA expression levels confirmed
the apparent changes in chromosome copy numbers (Sup-
plemental Fig. S9E).
The most significant chromosomal events in the differ-

ent tumor groups were determined by use of the genomic
identification of significant targets in cancer (GISTIC) al-
gorithm (Mermel et al. 2011), which allows the identifica-
tion of significant events in DNA copy number across
multiple samples. GISTIC analysis revealed that tumors
from noninduced PRG5−/− mice displayed significantly
increased copy numbers of chromosomes 4 and 15. How-
ever, tumors induced by transient CIN in PRG5−/− as well
as PRG5+/− mice showed a more complex karyotype, en-
compassing increased copy numbers of chromosomes 1,
4, 5, 14, and 15 (q-value = 0.01) (Fig. 4A).
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Independent CINmechanisms drive tumors with similar
aneuploidy profiles

We previously showed that Lck-Cre; Mad2f/f; p53f/f mice
succumb to thymic lymphomas within ∼4mowith recur-
rent aneusomies involving chromosomes 4, 5, 14, 15, and
17 (Foijer et al. 2017). The karyotype landscapes in these
lymphomas are remarkably similar to those observed in
induced PRG5 mice despite a different underlying CIN-
driving mechanism. In the Lck-Cre;Mad2f/f; p53f/f model,
CIN is chronic, suggesting thatmurine lymphomas exhib-
iting transient or chronic CIN select for (nearly) identical
karyotypes.

Since the type and driver of CIN between these models
are so different, we compared the dynamics of karyotype
evolution during tumor development driven by transient
CIN in PRG5 mice or chronic CIN in Lck-Cre Mad2f/f;
p53f/f mice. To quantify karyotype evolution at various

stages of tumorigenesis, we used scWGS (Supplemental
Fig. S10A). We first assessed the impact of Mad2 inactiva-
tion, which leads to spindle checkpoint inactivation and
thus CIN (Foijer et al. 2017) in the p53 wild-type mouse
thymus. scWGS analysis of twoMad2f/f; Lck-Cre thymus-
es from 8-wk-old mice revealed that 48% and 46% of the
cells (n= 46 from each mouse) displayed aneuploidy for
one or multiple chromosomes without selection for spe-
cific chromosome copy number changes (Supplemental
Fig. S10B). Thus, Mad2 loss drives a random CIN pheno-
type in nontransformed thymocytes, similar to what is
seen after Plk4 overexpression (Fig. 1H).

Tumors from Lck-Cre; Mad2f/f; p53f/f mice, which de-
veloped with an average latency of 16 wk in Foijer et al.
(2017), were harvested between 8 and 16 wk and repre-
sented a spectrum of tumor development from early
(100–500 mg) to advanced (>500 mg) thymic lymphomas
(Supplemental Fig. S10A,C,D). scWGS revealed that

BA

C

Figure 3. Tumors formed following transient CIN have increased tumor-initiating cell burden but share a similar transcription profile.
(A,B) Results from T-cell receptor sequencing showing the top 10 T-cell receptor sequences (indicative of T-cell clones) identified in thy-
mic T-cell lymphomas from PRG5mice in single biopsies (A) and multiregional biopsies (B) as determined using T-cell receptor sequenc-
ing. T-cell receptor sequencing allowed the identification of T-cell lymphoma-initiating cells by using the T-cell receptor as an
endogenous barcode. A control thymic sample (mouse #624) is presented inA, showing the expected low frequency of each T-cell receptor
sequence, indicating there was no selection for a specific T-cell clone. (C ) Heat maps showing pairwise Pearson correlation coefficients
among samples (tumor single biopsies) using transcript permillion (TPM) values as determined using RNA sequencing of the PRG5mice.
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developing (Supplemental Fig. S10C) or advanced (Supple-
mental Fig. S10D) thymic lymphomas in these mice had
frequent whole-chromosome changes, with an over-
whelming majority of tumor cells presenting chromo-
some gains accompanied by few or no losses. Gains of
chromosomes 4, 5, 14, 15, and 17 (Supplemental Fig.
S10E) were frequent in advanced tumors, indicating pro-
gressive karyotype evolution with increasing tumor size
(Supplemental Fig. S10F,G). Lck-Cre; Mad2f/f; p53f/f tu-
mors displayed a chronic CIN phenotype, as (1) cultured
primary Lck-Cre; Mad2f/f; p53f/f lymphoma cells were
spindle assembly checkpoint-deficient, as evidenced by
their lack of mitotic arrest when exposed to the spindle
poison nocodazole (Supplemental Fig. S11A); (2) these
lymphoma cells displayed frequentmissegregation events
(seen with time-lapse microscopy) (Supplemental Fig.
S11B); and (3) cells from primary lymphomas showed sig-
nificant cell-to-cell karyotype heterogeneity (as quanti-
fied by scWGS) (Supplemental Fig. S10C,D).
Furthermore, analysis of copy number (CN) and karyo-

type heterogeneity revealed an increase in CN changes
but not heterogeneity in progressing lymphomas (see the
Materials and Methods for detailed definitions; Supple-
mental Fig. S11C,D), indicating that, with constant CIN,
karyotypes became more complex during tumor progres-

sion. Some of the early lymphomas, most notably M503,
M522, and M559, showed aneuploidy landscapes closer
to Lck-Cre; Mad2f/f untransformed thymocytes (Supple-
mental Fig. S10, cf. B and C), with similar CN scores, het-
erogeneity, and percentage of aneuploid cells
(Supplemental Fig. S11C,D), indicating that, in these early
malignancies, selection for chromosome aberrations had
not (yet) occurred. In contrast, other early lymphomas
showed clear signs of aneuploidy karyotype selection bi-
ased toward the recurrent clonal chromosome copy num-
ber changes that became more apparent in endpoint
lymphomas (Supplemental Fig. S10F,G). The most ad-
vanced lymphomas also displayed an increase in copy
number state transitionswithin chromosomes, indicating
that structural chromosomal damage occurred in lympho-
mas with chronic CIN, but only at advanced stages
(Supplemental Fig. S10D). Finally, RNA sequencing of
Lck-Cre; Mad2f/f; p53f/f lymphomas revealed that chronic
CIN induced by SAC inactivation also increased the clon-
al frequency (quantified by the number of T-cell receptor
variants present in a single tumor) (Supplemental Fig.
S7B), similar to tumors arising from transient CIN in-
duced by Plk4 overexpression.
Systematic comparison with GISTIC 2.0 of karyotype

makeup of end-point tumors confirmed that the most

B

A Figure 4. CIN accelerates the selection for a specific an-
euploidy profile. (A,B) Heatmaps showing averaged chro-
mosomeDNAcopynumber changes in late tumors (>500
mg) from noninduced p53−/− PRG5 mice (black), 2-wk
doxycycline-treated (at the age of 30 d) p53−/− PRG5
mice (dark gray) and p53+/− PRG5 mice (light gray) (A),
and from Lck-Cre+; Mad2f/f; p53f/f mice (brown) (B).
Copynumberchangesof PRG5miceweredeterminedus-
ing whole-genome sequencing. Averaged copy number
from single-cell whole-genome sequencing (as shown in
Fig. 1D) is shown for tumors fromMad2 mice. Genomic
identification of significant targets in cancer (GISTIC
2.0) analysis showing significant (q = 0.01) aneuploidies
for each cohort and across all cohorts are presented. The
similarity of individual tumors to the GISTIC 2.0 output
from across all cohorts is presented in the green heatmap
(see Supplemental Table S4 for similarity values). Scaled
tumor weights are presented. (ND) Not determined.
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significant chromosomal events in tumors frommice with
chronic CIN were increases in chromosomes 4, 5, 12, 14,
and 15 (q-value=0.01). A similarity test (see the Materials
and Methods) of individual tumors to the overall GISTIC
profile (calculated from all cohorts in Fig. 4) revealed that
tumors forming following transient CIN had a higher sim-
ilarity value to the GISTIC profile than the tumors sponta-
neously occurring in noninduced PRG5−/− mice (P=0.065,
two-tailed t-test) (Fig. 4; Supplemental Table S4). While all
chronic CIN tumors displayed key aspects of the GISTIC
profile, they typically displayed additional chromosome
copy number changes, which varied between individual
tumors.

Aneuploidy profile selection occurs early in lymphoma
development driven by transient CIN

Weused scWGS to determine the karyotypes of individual
tumor cells in lymphomas developing in PRG5 mice.
Comparing single-cell karyotypes of early tumors (<500
mg, with mice lacking any clinical signs such as weight

loss or dyspnea) with late tumors (Fig. 5A; Supplemental
Fig. S12) revealed that gains of chromosomes 4, 5, 14,
and 15 were already present in almost every cell in early
tumors from induced p53+/− and p53−/− PRG5 mice. In-
deed, both early and late tumors with these genotypes dis-
played karyotypes that had near-identity to the GISTIC
profile, consistent with early formation of tumor-initiat-
ing cells under transient CIN. The most striking differ-
ence in the aneuploidy landscapes of tumors developed
under chronic versus transient CIN was that the latter
had more efficiently acquired extra copies of chromo-
somes 4, 5, 14, and 15 early in tumor development.

Compared with early chronic CIN-driven tumors, early
tumors formed as a result of transient CIN showed
increased aneuploidy but with lower copy number vari-
ability (i.e., cell-to-cell karyotype heterogeneity) (Supple-
mental Fig. S13). In contrast, early tumors from PRG5−/−

mice without CIN yielded a different result: One tumor
(PRG5-693) showed high similarity to the GISTIC profile;
a second tumor (PRG5-926) underwent genome doubling
(gaining chromosomes 4, 5, 14, and 15 in the process),

B

A Figure 5. Transient CIN selects for a spe-
cific aneuploidy profile early during tumor
development. (A) Heat map showing aver-
agedDNAcopy number changes in early tu-
mors (<500 mg) from noninduced p53−/−

PRG5mice (black), 2-wk doxycycline-treat-
ed (at the age of 30 d) p53−/− PRG5 mice
(dark gray) and p53+/− PRG5 mice (light
gray), and Lck-Cre+; Mad2f/f; p53f/f mice
(brown) as determined using single-cell
whole-genome sequencing. Single-cell data
of tumors from PRG5 mice are in Supple-
mental Figure S12, and of Mad2 mice in
Supplemental Figure S10. Genomic identi-
fication of significant targets in cancer (GIS-
TIC) 2.0 analysis showing significant
aneuploidies across all tumors is shown at
the bottom. The similarity of individual tu-
mors to the GISTIC 2.0 output is presented
in the green heat map. (B, left) Uniform
manifold approximation and projection
(UMAP) analysis of DNA copy number
changes in control (gray shades), p53−/−

noninduced PRG5 tumors (red shades), dox-
ycycline-induced PRG5 tumors (blue
shades), and Mad2 tumors (green shades).
(Right) Embedding of the GISTIC 2.0 simi-
larity score for each sample shown in the
UMAP plot at the left. Control samples
were not used for the GISTIC 2.0 analysis
and appear in gray shades.
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an event observed also in two out of three late tumors
(PRG5-98 and PRG5-120); and a third tumor did not ac-
quire any similarity to theGISTIC profile (Fig. 5A; Supple-
mental Fig. S12).
To determine how different individual tumor cells of all

cohorts (early and late tumors from all genotypes) varied
based on their genomic profiles, we performed a uniform
manifold approximation and projection (UMAP) analysis
(Fig. 5B). UMAP separated cell populations according to
their tumor of origin (sample cell types were not given
as an input), indicating that cells within a single tumor
had highest similarity to cells from the same tumor. Cells
from tumors formed under chronic CIN, aswell as sponta-
neous tumors from PRG5−/− mice without CIN, were not
localized to a specific cluster (Fig 5B, left panel). In con-
trast, cells from both early and terminal tumors of mice
experiencing transient CIN at an early age were localized
in a region opposite to euploid noncancer cells, with most
cells from other tumors (e.g., spontaneous tumors from
p53−/− PRG5 mice and tumors forming under chronic
CIN) spread in between. In agreement with this, when la-
beling the individual cells according to their respective
GISTIC similarity score (Fig. 5B, right panel), UMAP suc-
cessfully separated single cells according to their similar-
ity to the GISTIC score, with a visible gradient from
euploid cells to a cluster of cells with high similarity
where cells from both early and terminal induced PRG5
tumors localized. Thus, a very specific selection for partic-
ular karyotypes occurs already in early tumors following
transient CIN, which is counteracted in tumors experi-
encing chronic CIN. We therefore conclude that ongoing
CIN delays the evolutionary path toward an optimal
GISTIC karyotype.

Aneuploidy selection generates a gene expression profile
found in human cancers

To assess the relevance of the CIN-driven lymphomas to
human cancer, we first determined which RNA expres-
sion signature correlated best with the genomic GISTIC
score that defined the optimal karyotype as determined
above. To determine this GISTIC-correlated transcrip-
tome signature, we used the similarity indices of individ-
ual tumors as continuous covariates in the RNA
sequencing analysis to identify genes whose expression
(RNA) significantly correlated with the similarity index
(similarity to theDNAcopy number profile as determined
byGISTIC). This analysis revealed significant enrichment
of genes related to cell cycle progression and pathways al-
lowing cells to overcome oncogene-induced senescence
and replication stress (Fig. 6A; Supplemental Fig. S14;
Supplemental Table S5). This outcome raised the possibil-
ity that aneuploidy selection might provide higher toler-
ance to oncogene stress due to overexpression of c-Myc,
for example.
We next examined the relevance of this gene expression

signature to RNA expression signatures in human cancers
in the TCGA database (Fig. 6B,C). This revealed that 11
out of 24 of the TGCA cancer types in this cohort acquired
a gene expression profile highly similar to that occurring

in tumors from transient and chronic CIN (Fig. 6A). This
gene profile was highly correlated with increased c-Myc
expression in 13 out of 34 of the TCGA cancers (Fig. 6C)
and was highly significant in tumor types with known in-
volvement of c-MYCdysregulation such as diffuse large B-
cell lymphoma (DLBC), uterine corpus endometrial carci-
noma (UCEC), prostate adenocarcinoma (PRAD), and
lung adenocarcinoma (LUAD) (Koh et al. 2010; Iwakawa
et al. 2011; The Cancer Genome Atlas Research 2013;
Nguyen et al. 2017). We conclude that transient and
chronic CIN drive cancer cell evolution in our lymphoma
models to acquire karyotypes producing a transcriptome
signature that includes up-regulated c-Myc expression,
and that is common in many human cancers.

Discussion

In his propheticmonograph, Boveri (1914) laid the founda-
tions for cancer research in years to come. In the present
study, we investigated Boveri’s (1914) hypothesis and test-
ed whether a transient period of CIN is sufficient to drive
cancer. We indeed found that a very short time frame of
CIN is sufficient to trigger tumor initiation and accelera-
tion in p53 heterozygous and null mice, respectively. The
fact that tumor latency in p53 heterozygous mice experi-
encing transient CIN is near-identical to tumor latency in
p53null mice suggests that malignant transformation in
p53null mice occurs within the same time frame in which
we induced transient CIN in p53 heterozygous mice.
Since p53 heterozygous mice that do not experience
CIN rarely develop malignancies in their first year (Fig.
2D), we conclude that transient CIN is a powerful driver
of cancer in a genetically predisposed setting (i.e., p53
heterozygosity).
We found that all lymphomas arising in induced p53+/−

PRG5 mice have completely lost p53. This is consistent
with whole-chromosome missegregation as the underly-
ingmechanism for the early loss of thewild-type p53-con-
taining chromosome (and acquisition of a second copy of
chromosome 11 with the mutant p53 allele), although
gene conversion cannot be excluded. Therefore, transient
CIN drives tumorigenesis, at least partly, by facilitating
loss of the p53 wild-type allele in this model, in line
with our own earlier findings and those of others (Baker
et al. 2009; Foijer et al. 2014). We also found that CIN in-
creases the cancer-initiating clonal burden, as we found
more tumor clones in PRG5 mice with CIN compared
with the number of clones we observed in lymphomas
arising in mice without CIN. While it has been reported
that thymic lymphomas in p53−/− mice can also form
from more than one tumor-initiating cell (Dudgeon
et al. 2014), our study shows that transient or chronic
CIN drives this further.
Tumors from both p53+/− and p53−/− mice experiencing

transient CIN at an early age show similar genomic land-
scapes in which chromosomes 4, 5, 14, and 15 are gained.
This genomic profile shows close similarities with previ-
ous reports in which thymic lymphomas in mice were
provoked by chronic CIN induced through completely
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B

A

C

Figure 6. Acquisition of the aneuploidy-specific profile reshapes gene expression and correlates with increasing c-Myc expression in hu-
man cancers. (A) Heat map showing genes from the indicated chromosomes whose expression (RNA) significantly correlated with the
similarity index (similarity to the DNA copy number profile as determined by GISTIC from Fig. 4) of terminal tumors from the indicated
PRG5 and Mad2 mice. Gene names are color-coded according to chromosome numbers and are sorted from top left to bottom right. See
Supplemental Table S5 for a list of genes. (B) Enrichment of the CIN-induced gene expression profile (as shown in A and in Supplemental
Table S5) in TCGA tumor cohorts gene lists of significantly up-regulated genes relative to their nontumor controls. (C ) Enrichment of the
CIN-induced gene expression profile (as shown inA and in Supplemental Table S5) in TCGA cohorts in correlationwithMYCexpression.
A Spearman correlation coefficient between the gene’s expression andMYC expression (among all samples) and the posterior probability
that the gene is correlated with MYC was calculated. The ranked gene lists were then tested for enrichment with Bioconductor fgsea on
the CIN-induced gene expression profile (Supplemental Table S5).
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different mechanisms (Foijer et al. 2014, 2017). However,
our DNA and RNA analyses of themultifocal tumor biop-
sies suggest that, in lymphomas arising following tran-
sient CIN, single cells that acquired the optimal
genomic landscape are selected for and originate very ear-
ly during tumor formation, as different regions in the tu-
mor contain almost identical genome landscapes.
Single-cell DNA sequencing of early and late tumors

provides further evidence for early, major aneuploidy-gen-
erating events involving missegregation of multiple chro-
mosomes occurring during the 2-wk induction of CIN,
consistent with the idea of the “Big Bang”model proposed
for human breast and colon cancers (Sottoriva et al. 2015;
Gao et al. 2016). We propose that within this time frame
multiple optimal and suboptimal tumorigenic cells
form, with optimal clones acquiring the genomic land-
scape that is also detected in advanced tumors. The
same aneuploidy events emerge in Lck-Cre; Mad2f/f;
p53f/f tumors, although these take much longer to reach
the optimal karyotype. This is well in line with the “Big
Bang” model, as both in case of chronic CIN and as well
as transient CIN optimal and suboptimal clones form,
but in case of chronic CIN, cells will frequently lose a re-
cently-acquired more optimal karyotype, due to ongoing
chromosome missegregation events, thus slowing down
overall tumor growth. Overall, transient CIN generates
rapid genomic chaos that provides an increased opportuni-
ty for formation of a tumor initiating cell in a short time
frame, as seen also in catastrophic chromosome structural
events such as chromothripsis (Stephens et al. 2011;
Shoshani et al. 2021).
While we found that when CIN is chronic, thymocytes

accumulate random aneuploidies, we also found that
whenwe removeCIN (in ourmodel for transient CIN), an-
euploid cells rapidly disappear, indicating that aneuploid
cells are selected against in vivo in agreement with earlier
evidence that aneuploidy is not well-tolerated in normal
cells (Santaguida and Amon 2015; Sheltzer et al. 2017).
Further work is required to better understand the impact
of aneuploidy on thymocytes in a chronic CIN back-
ground. Importantly, the two CIN models used in this
work are unrelated (nonisogenic), therefore making it dif-
ficult to draw conclusions from a direct comparison be-
yond the analysis of karyotypic outcomes as we
performed. Futurework should address this by performing
comparisons in isogenic models in which different levels
and periods of CIN are induced.
Our data further show that p53 inactivation alone does

not lead to aCINphenotype (Supplemental Fig. S1I). How-
ever, once additional perturbations occur (such as c-Myc
overexpression), p53−/− tumors acquire an aneuploid kar-
yotype that frequently involves genome doubling. Further
work is required to identify the drivers of CIN in the
PRG5−/− lymphomas without Plk4 induction.
Altogether, we present evidence for a tissue-specific an-

euploidy profile that optimizesmalignant transformation.
We propose that such optimal genomic landscapes exist
for each tissue and cell type, with evidence for this already
seen through our knowledge of recurrent chromosome ab-
normalities and of the involvement of chromosome insta-

bility (Foijer et al. 2017; Sansregret and Swanton 2017;
Ben-David and Amon 2020). Interestingly, thymic lym-
phomas forming in developmentally arrested RAG2-defi-
cient cells present a completely different genomic
landscape lacking gains of chromosomes 1/4/5/14/15
but containing a unique rearrangement of chromosome
9qA4-5.3 (Bianchi et al. 2019), suggesting that evenwithin
the same cell type, cancer genome evolution is dependent
on the initial genetic changes. Ourwork shows that clonal
evolution underlies the development of thymic lympho-
ma and is accelerated both under transient and chronic
CIN, with transient CIN being a more efficient driver of
optimal karyotypes. Future work is now needed to reveal
how tumors displaying transient and chronic CIN com-
pare in their ability to adapt to new circumstances, such
as exposure to anticancer drugs.

Materials and methods

Cell culture

Mouse embryonic fibroblasts (MEFs) were derived as previously
described (Putkey et al. 2002). Briefly, E13.5 embryos were
washed with PBS, and head, liver, and tail were removed. Embry-
os were minced in 0.05% trypsin (Gibco) and incubated for 15
min at 37°C. Dissociated cells were plated in DMEM media
(Gibco) supplemented with 15% fetal bovine serum (Omega Sci-
entific), 50 µg/mL penicillin and streptomycin (Gibco), 2 mM L-
glutamine (Gibco), 1 µM 2-mercaptoethanol (Sigma), 1 mM
sodium pyruvate (Gibco), and 0.1 mM nonessential amino acids
(Gibco). Cells were maintained at 37°C, 5% CO2, and 3% O2.
Doxycycline (Sigma) was dissolved in water and used at a final
concentration of 1 μg/mL. Thymic lymphoma cells were derived
as previously described (Jinadasa et al. 2011). Briefly, dissected tu-
morswere dissociated using bent needles, and cells were plated in
RPMI 1640 with 25 mM HEPES and 200 mM L-glutamine
(Lonza), and supplemented with 10% fetal bovine serum
(Hyclone), 1%penicillin and streptomycin (Gibco), 1%nonessen-
tial amino acids (Gibco), and 55 mM 2-mercaptoethanol (Sigma).

Mice

Generation of doxycycline-inducible Plk4 mouse with the tetra-
cycline-responsive Plk4-YFP gene inserted downstream from
the Col1a1 locus and the M2-rtTA gene inserted into the ROSA
locus was previously described (Levine et al. 2017). To generate
the PRG5 mice, Plk4-inducible mice were crossed with centrin-
GFP mice (Hirai et al. 2016) and with mice carrying a knockout
allele of p53 (Jacks et al. 1994). Mice homozygous for the Plk4
transgene and for the M2-rtTA gene and heterozygous for p53
were crossed with mice homozygous for centrin-GFP and hetero-
zygous for p53 to generate cohort mice heterozygous for Plk4,
M2-rtTA, and centrin-GFP, and homozygous or heterozygous
for p53. Doxycycline was administered for indicated times
through mouse diet containing 0.625 g/kg doxycycline hyclate
(Envigo, TD.08541). Genotyping performed on tail DNA was
done using the following primers: Plk4-YFP (CACAGGAAC
AGGCGTCTCTTCAAGTC and GTGCAGATGAACTTCAGG
GTCAGCTTG), rtTA (AGGAGCATCAAGTAGCAAAAGAG
and AAGAGCGTCAGCAGGCAGCA), centrin-GFP (GACAAG
CAGAAGAACGGCATCAAGGTG and CTTGCTTCTGATCC
TCAGTGAGCTC), p53 (ACAGCGTGGTGGTACCTTAT, TA
TACTCAGAGCCGGCCT, and TCCTCGTGCTTTACGGTA
TC), Rosa (AAAGTCGCTGAGTTGTTAT, GCGAAGAGTTTG
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TCCTCAACC, and GGAGCGGGAGAAATGGATATG), and
Col1a1 (CCAGCTTCACCAGTTCAATCATCC and CAGTCCC
TGTTTCTGCTGCTTGAATC). Mice were housed and cared for
in an Association for the Assessment and Accreditation of Labo-
ratory Animal Care-accredited facility, and all animal ex-
periments were conducted in accordance with Institutional
Animal Care and Use Committee-approved protocols. Lck-Cre;
Mad2f/f; p53f/f mice were previously described (Foijer et al.
2017). Genotyping of Lck-Cre;Mad2f/f; p53f/fmicewas performed
as described previously (Foijer et al. 2017). Mice were housed and
experiments were conducted according to Dutch law and ap-
proved by the Central Committee of Animal Experiments
(CCD, permit AVD105002016465). Tissue sections from forma-
lin-fixed paraffin embedded (FFPE) tissues and from cryopre-
served tissues were collected as previously described (Vitre
et al. 2015).

Centrosome enumeration

Centrosomes were visualized by the centrin-GFP marker in
PRG5-derived mouse embryonic fibroblasts grown in chamber
slides (ibidi) and were imaged (1 µM, 10×, 40×/1.35 NA) using
theDeltaVision elite system (Applied Precision). Centrosomes vi-
sualized by the centrin-GFP marker in tissue cryosections were
imaged (at 0.2-μm Z-sections with a Nikon 100× APO TIRF
1.49 NA objective) using the Nikon A1 scanning confocal micro-
scope operated with NIS-Elements (Nikon). Additional quantifi-
cation was done using an Olympus bx43 microscope equipped
with a X-Cite series 120Q fluorescence lamp (60× magnification)
and using Thermo Scientific Menzel-Gläser Deckgläser Cover-
slips ø12 mm #1.

Live-cell imaging

PRG5-derived mouse embryonic fibroblasts were seeded in
CELLSTAR μClear 96-well plates (Greiner bio-one). Cells were
stained with DNA SiR (Spirochrome) and 3 h later were imaged
using a CQ1 spinning disk confocal system (Yokogawa Electric
Corporation) with a 40× magnification at 37°C and 5% CO2. To
induce Plk4 overexpression, doxycycline (Sigma, 1 µg/mL) was
added 1 h prior to imaging. Live imaging of 8 × 3-µm z-sections
was conducted for 24 h. Image acquisition and data analysis
were performed using CQ1 software and ImageJ, respectively.
For time-lapse imaging of Lck-Cre Mad2f/f p53f/f T-ALL cells, pri-
mary T-ALL-derived cell lines were transduced with H2B-Cherry
using retroviral transduction as described previously (Foijer et al.
2005), cultured in LabTek imaging chambers (Nunc), and imaged
on a DeltaVision Elite microscope (Applied Precision). Mitotic
abnormalities were quantified by manual inspection of the
movies.

Quantitative real-time PCR

RNA from PRG5-derived mouse embryonic fibroblasts was ex-
tracted using the Nucleospin RNA kit (Macherey Nagel). Mouse
tissues were homogenized using amechanical tissue homogeniz-
er in Trizol reagent (Invitrogen), and RNA was extracted accord-
ing to the manufacturer’s guidelines. cDNA was prepared from
1 μg of total RNA using the high-capacity reverse transcription
kit (ABI) according to the manufacturer’s instructions. Quantita-
tive real-time PCR was done in triplicate, using iTaq Universal
SYBR green (Bio-Rad) and a CFX384 real-time PCR machine.
For detection of Plk4, the following primers were used: GGAG
AGGATCGAGGACTTTAAGG and CCAGTGTGTATGGACT
CAGCT. The following primers were used as housekeeping con-

trol genes: Rsp9 (GACCAGGAGCTAAAGTTGATTGGA and
GCGTCAACAGCTCCCGGGC) and Actg1 (TGGATCAGCAA
GCAGGAGTATG and CCTGCTCAGTCCATCTAGAAGCA).

Protein analysis

Total protein from PRG5 mouse tissues (10-mg biopsies) was ex-
tracted in 500 µL of 2× Laemmli sample buffer, and 10 µL from
each sample was loaded into a 10% acrylamide gel for SDS/
PAGE separation. Proteins were transferred to a nitrocellulose
membrane, blocked with 5% milk in Tris-buffered saline and
0.1% Tween-20 (TBS-T), and incubated overnight with the fol-
lowing primary antibodies: anti-GAPDH (1:10,000; Cell Signaling
2118), Myc (1:1000; Abcam ab32072). Immunoblots werewashed
with TBS-T and incubated with HRP-conjugated secondary anti-
bodies (1:5,000; GE Healthcare) for 1 h at room temperature be-
fore development on films. For quantification of mitotic cells,
cultured T-ALL cells were exposed to nocodazole (Sigma) or
DMSO (Sigma) for 6 h, fixated in 70% ethanol, washed with
PBS, and blocked in blocking buffer (0.05% Tween [Sigma]/2%
BSA [Sigma] in PBS) and stainedwith FITC-conjugatedMPM2 an-
tibody (Upstate) for 2 h. Cells were washed in PBS and resuspend-
ed in staining buffer to label DNA,whichwas stained using FACS
staining buffer (20 μg/mL propidium iodide [Sigma], 0.2 mg/mL
RNaseA [Sigma] in PBS). Cells were analyzed on a FACSCanto an-
alyzer (BD) and quantified using FlowJo software (BD).

Single-cell whole-genome DNA sequencing

Single cells from mouse thymuses and thymic tumors were iso-
lated using flow cytometry sorting and prepared for sequencing
as previously described (Foijer et al. 2017). Sequencing was per-
formed using a NextSeq 500 machine (Illumina), up to 51,
77, or 84 cycles; single end. The generated datawere subsequently
demultiplexed using sample-specific barcodes and changed
into fastq files using bcl2fastq (Illumina; version 1.8.4). Reads
were afterward aligned to the mouse reference genome
(GRCm38/mm10) using Bowtie2 (version 2.2.4) (Langmead and
Salzberg 2012). Duplicate reads were marked with BamUtil (ver-
sion 1.0.3) (Jun et al. 2015). The aligned read data (bam files) were
analyzed with AneuFinder (Version 1.14.0) (Bakker et al. 2016).
Following GC correction and blacklisting of artifact-prone re-
gions (extreme low or high coverage in control samples), libraries
were analyzed using the dnacopy and edivisive copy number call-
ing algorithms with variable width bins (binsize: 1 Mb; stepsize:
500 kb) and breakpoint refinement (R =20, confint = 0.95; other
settings as default). Results were afterward curated by requiring
a minimum concordance of 95% between the results of the two
algorithms. Libraries with less than five reads per bin per chromo-
some copy (∼ 25,000 reads for a diploid genome) were discarded.
AneuFinder gave unexpected results for sample P309. About
half of the libraries showed an average copy number of 1.5 and
the other half an average copy number of 3 (twice as high). Exam-
ination of the model results showed poor fits for the first group of
libraries. Sample P309 was therefore reanalyzed with the devel-
oper version of AneuFinder (version 1.7.4; from GitHub) using a
minimumground ploidy of 2.5 (min.groun.plody =2.5) and amax-
imum ground ploidy of 3.5 (max.ground.ploidy = 3.5). Results
were subsequently curated as described above. As a final step,
breakpoints that were located within 5 Mb of each other (across
libraries) were grouped and centered using custom made R func-
tions (R version 3.6.3, https://www.R-project.org) to prevent the
heterogeneity scores from reaching unlikely high values just
because breakpoints are off by a few bins.
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Genome-wide karyotype measures

Copy number change score (CN change score) For each cell, the CN
change scorewas calculated as the average absolute difference be-
tween the observed copy number of each bin and the expected
copy number of each bin (euploid genome). Bins had variable
width and therefore a weighted average was used. The score of
the sample was calculated as the average score of all cells.

Heterogeneity score For each bin, the heterogeneity score was cal-
culated as the proportion of all pairwise comparisons (cell 1 vs.
cell 2, cell 1 vs. cell 3, etc.; total number =n× [n− 1]/2) that
showed differences in copy number. The score of the sample
was calculated as the average score of all bins.

Mean number of transitions per megabase (structural score) For each
cell, the mean number of transitions per megabase (structural
score) was calculated as the total number of transitions (or break-
points) divided by the total genome length (sum of bin widths).
The score of the sample was calculated as the average score of
all cells.

Uniform manifold approximation and projection (UMAP)

The UMAP function of the R package umap (McInnes et al. 2020)
was used to compute the manifold approximation and projection
of all single-cell DNA sequencing samples described here (argu-
ments: random_state = 1, n_neighbors = 50, min_dist = 0.9999)
(Fig. 1F,H,J; Supplemental Figs. S10B–D; S12). A matrix contain-
ing the copy number calls of the 1-Mb bins of the autosomes of
all samples was used as input. Chromosome X was excluded
due to differences in gender.

DNA fluorescent in situ hybridization (FISH)

Dissociated splenic and thymic cells were fixed using methanol/
acetic acid (3:1), washed with fixative three times, and kept
in fixative at −20°C until use. To make custom Trp53 BAC
probes, the following BACs were ordered from bacpac (https://
bacpacresources.org): RP24-285L20 and RP23-243M15. BACs
were isolated from 50-mL bacterial cultures using the BACMAX
Bac extraction kit (Epicentre). Isolated BACs were sonicated (10
cycles of 15 sec “on” 45 sec “off” at constant intensity with pow-
er set to “3”; Branson Sonifier 450) and labeled with TM-rhoda-
mine Label-IT (Mirus). Labeled BAC probes were suspended in
commercial chromosome paint probe for chromosome 11 (Meta-
systems). DNA-FISH was performed by applying probes onto
samples and covering with a glass coverslip. Genomic DNA
and probes were codenatured for 2 min at 75°C by placing the
slide on a preheated metal plate. Samples were hybridized over-
night at 37°C in a dark humidified chamber. Slides were subse-
quently washed with 0.4× SSC for 2 min at 72°C and rinsed in
2× SSC, 0.05% Tween-20 for 30 sec at room temperature. Slides
were then rinsed in PBS, counterstainedwithDAPI, andmounted
using Prolong Gold (Invitrogen). FISH images were acquired on a
DeltaVision elite system (Applied Precision) at 40×magnification
(10 × 0.5-μm z-sections). Maximum intensity projections were
generated using the softWoRx program.

Preparation of DNA/RNA from tissue biopsies for sequencing

Tissueswere snap-frozen in liquid nitrogen and kept at−80°C. Bi-
opsies were taken from frozen tissues placed on a −80°C chilled
metallic stage. Stage and toolswere cleaned between different tis-
sues and biopsies to minimize cross-contamination of DNA and

RNA. Biopsieswere homogenized using aQIAshresdder (Qiagen),
andDNA/RNAwere prepared using theAllPrepDNA/RNAmini
kit (Qiagen) according to the manufacturer’s guidelines.

TCR sequencing

TCR libraries were prepared using an immunoSEQ kit mmTCRB
according to the user manual (Adaptive Biotechnologies). TCR li-
braries were sequenced using illumina Nextseq 500 (DNA Link
Facility), and TCR sequences were analyzed using the immuno-
SEQAnalyzer platform (AdaptiveBiotechnologies).Rare sequenc-
es (foundat<1%)with100%identity todominant sequenceswere
filtered and are marked in Supplemental Table S3.

Whole-genome DNA sequencing (WGS)

Library preparation: 450 ng of genomic DNA from each sample
was fragmented by adaptive focused acoustics (E220 Focused
Ultrasonicator, Covaris) to produce an average fragment size of
350 bp. Fragmented DNAwas purified using Agencourt AMPure
XP beads (Beckman Coulter), and sequencing libraries were gen-
erating using theKAPAHyper preparation kit (KAPABiosystems)
following the manufacturer’s instructions using four cycles of
amplification. The quality of the library was assessed using a
High Sensitivity D1000 kit on a 2200 TapeStation instrument
(Agilent Technologies). Sequencing was performed using the
NovaSeq 6000 sequencing system (Illumina), generating 150-bp
paired-end reads to obtain 10× coverage.

RNA sequencing

cDNA libraries were prepared using the TruSeq stranded mRNA
sample preparation kit (Illumina) according to themanufacturer’s
guidelines. Then, cDNA libraries were sequenced on an Illumina
HiSeq 4000 using single-read, 50-cycle runs. FASTQ files were
processed to assess quality by determining general sequencing
bias, clonality, and adapter sequence contamination. RNA se-
quencing reads were aligned to the mm10 mouse reference ge-
nome using STAR (Dobin et al. 2013). Gene expression levels
TPM and raw counts were calculated by using RSEM (Li and
Dewey 2011). The log2(TPM) values of selected TRBV transcripts
were shown in a heat map where the blue color stands for low ex-
pression and red for high expression. The heat mapwas generated
by the “pheatmap” package for the R program (https://www.R-
project.org).

GISTIC 2.0 similarity index

ACNVkit was used to determine DNA copy number from tumor
WGS.We executedGISTIC 2.0 broad-level analysis (Mermel et al.
2011) using CNVkit segment files as input. Amplifications and
deletions with q <0.01 were kept, leaving chromosomes 4, 5,
12, 14, and 15 as significant amps. Segments were binned into
100,000-bp bins, each keeping their respective segment mean.
Bin value z-scores were applied to the data set, followed by an
ecdf function. The resulting measure was then subtracted from
1 to create a “similarity index,” indicating a similarity to the “op-
timal clone,” which is described by significantly amplified
regions.

CNV heat maps

R Bioconductor package ComplexHeatmap was used to plot the
broad-level gistic results from the file “broad_values_by_
arm.txt.”
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RNA-seq vs. normal thymus

The R Bioconductor packages edgeR and limmawere used to im-
plement the limma-voom method for differential expression
analysis. Lowly expressed genes were removed, and then a
trimmed mean of M-values (TMM) normalization was applied.
The experimental design was modeled upon the experimental
treatment of tumors (∼0+ treatment). TheVoommethodwas em-
ployed to model the mean-variance relationship in the log cpm
values, after which lmFit was used to fit per-gene linear models
and empirical Bayes moderation was applied with the eBayes
function.

RNA-seq using GISTIC 2.0 index as covariate

Samples’ similarity indices were used as continuous covariates in
the RNA-seq gene expression analysis using the limma-voom
method to determine genes whose expression significantly corre-
lates with the similarity index. The experimental design was
modeled upon the gistic index and batch (∼gistic + batch).

Data availability

RNA sequencing has been deposited in the Gene ExpressionOm-
nibus (GEO) database, accession number GSE161728. Whole-ge-
nome DNA sequencing has been deposited in the Sequence
Read Archive (SRA) database, accession number PRJNA678822.
Single-cell whole-genome sequencing has been deposited in the
European Nucleotide Archive (ENA) under accession number
PRJEB41176.
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