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Interplay between chromosomal alterations and
gene mutations shapes the evolutionary trajectory
of clonal hematopoiesis
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Stably acquired mutations in hematopoietic cells represent substrates of selection that may
lead to clonal hematopoiesis (CH), a common state in cancer patients that is associated with
a heightened risk of leukemia development. Owing to technical and sample size limitations,
most CH studies have characterized gene mutations or mosaic chromosomal alterations
(mCAs) individually. Here we leverage peripheral blood sequencing data from 32,442 cancer
patients to jointly characterize gene mutations (n=14,789) and mCAs (n=383) in CH.
Recurrent composite genotypes resembling known genetic interactions in leukemia genomes
underlie 23% of all detected autosomal alterations, indicating that these selection mechan-
isms are operative early in clonal evolution. CH with composite genotypes defines a patient
group at high risk of leukemia progression (3-year cumulative incidence 14.6%, Cl: 7-22%).
Multivariable analysis identifies mCA as an independent risk factor for leukemia development
(HR =14, 95% Cl: 6-33, P<0.001). Our results suggest that mCA should be considered in
conjunction with gene mutations in the surveillance of patients at risk of hematologic
neoplasms.

A full list of author affiliations appears at the end of the paper.
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ARTICLE

enome instability is a hallmark of aging and cancer!.

Recent studies show that stably acquired somatic muta-

tions occur across human tissues throughout life, in an
age-dependent manner. A subset of these mutations drive the
establishment of “benign” macroscopic clones®>™* and some may
lead to overt neoplastic disease. This phenomenon has been best
studied in the context of clonal hematopoiesis (CH)> due to the
relative ease of blood sampling from healthy individuals. Large-
scale population-based studies have established a detailed
understanding of CH prevalence and mutation characteristics, as
well as the incidence of clinical sequelae such as hematologic
neoplasms”~12,

Most CH studies focused on gene mutations including single
nucleotide substitutions and indels. CH defined by mosaic
chromosomal alterations (mCAs), such as amplifications, dele-
tions, and copy-neutral loss of heterozygosity (CNLOH), has also
been reported, albeit at a much lower prevalence!3-18, In both
definitions, CH exhibits a strong age-related incidence and shares
similar mutational characteristics with hematological cancers.
While gene mutations that target established genes in leukemia
pathogenesis are postulated to confer an increased fitness of
hematopoietic stem and progenitor cells, the mechanisms of
selection driving most mCA events are less well understood.
Recent studies show that a proportion of mCAs gain selective
advantage through interactions with germline alleles!317:18 and
allude to a similar mechanism for pre-existing somatic mutations.
However, the relationship between acquired gene mutations and
mCAs in CH has not been systematically investigated. Progress in
this regard has been limited by the lack of statistically powered
studies that simultaneously map chromosomal alterations and
gene mutations in the same sample”-%13-17:19 (Supplementary
Table 1).

CH is linked to an increased risk of subsequent hematologic
disease suggesting that it likely represents an early step in leu-
kemic transformation. However, most CH cases do not progress
to overt disease. Putative driver (PD) status, mutation burden and
clone size as estimated by variant allele fraction (VAF) of
acquired gene mutations are established predictors of disease
progression in CH!®!L, Such criteria are increasingly being con-
sidered clinically to evaluate individuals at risk of leukemic
transformation?0-23,  Small-scale retrospective studies have
demonstrated that mCAs can either be simultaneously detected
with gene mutations or represent the sole detectable abnormal-
ities years before leukemia development!%24. However, the clin-
ical significance of mCAs in the context of co-occurring gene
mutations has not been investigated.

Recent studies showed that solid tumor cancer patients have
high rates of CH and are at an increased risk of secondary leu-
kemias2>~27, Here we seek to understand the relationship between
mCAs, acquired gene mutations, and the incidence of hemato-
logical neoplasms in patients with cancer. We develop a method
to reliably detect mCAs in data from established prospective
sequencing assays used in routine clinical practice. We apply this
method in a cohort of 32,442 cancer patients and characterize in
detail the incidence and presentation of mCAs in the context of
concurrent gene mutations. We provide evidence of direct posi-
tive selection mediated by synergistic effects between gene
mutations and chromosomal alterations. We show that mCAs are
independent predictors of progression to hematological neo-
plasms and demonstrate the value of incorporating mCAs in the
reporting and interpretation of CH in cancer patients?223,

Results
Patient cohort and samples. The study population included
32,442 solid tumor patients (median age: 61, range 20-99,

Supplementary Table 2) with non-hematologic cancers that
underwent matched tumor and blood sequencing at MSKCC
using the MSK-IMPACT panel?® on an institutional prospective
sequencing protocol (ClinicalTrials.gov number, NCT01775072)
before February 1, 2020 (Supplementary Fig. 1). The majority of
our samples were sequenced by the most recent version of the
panel, IMPACT6, which captures the exonic regions of 468
recurrent cancer genes and includes probes against 1042 common
single nucleotide polymorphisms (SNPs). This effectively mimics
a low-density SNP tiling array with markers evenly distributed
across the genome. Clinical annotations including age, gender,
race, primary cancer diagnosis, length of follow-up, serial blood
counts, and smoking history were available for most patients in
the study. For 10,375 patients complete treatment data was pre-
viously collected?6. The patients in this study had no record of
hematologic malignancies within 3 months following sequencing
(Methods).

Landscape of mCAs in prospective sequencing of cancer
patients. To study the prevalence of mCAs in patients who have
undergone MSK-IMPACT testing, we developed a method,
FACETS-CH (a modification of FACETS??) that is optimized for
detecting chromosomal alterations at low cell fractions from deep
targeted sequencing data. The precision of this approach was
validated in 919 technical replicates (Methods, Supplementary
Figs. 2 and 3). We applied this method to map chromosomal
alterations in the matched blood of 32,442 solid tumor patients in
our study. We detected 383 mCA events (335 autosomal) in 346
individuals. The incidence of mCA increases with age, from
under 1% among individuals under 50 to more than 3% among
subjects who were above 80 (Fig. 1a). We used the magnitude of
deviations in logR and logOR (Methods) to estimate the aberrant
cell fraction and classify events based on copy number states
(Fig. 1b); 156 (47%) autosomal events were classified as deletions,
123 (37%) as CNLOH, and 56 (17%) as gains. Among mCA
individuals, 317 (92%) harbored one event, whereas 29 (8%) had
multiple (range 1-4) events (Fig. 1c). The smallest clone that we
detected had an estimated cell fraction of 10% (Fig. 1d), a limit of
detection comparable to prior studies based on high-density SNP-
arrays without haplotype phasing (Supplementary Fig, 4)14-16,
The genomic distribution and patterns of the mCAs we detected
using a targeted sequencing platform with sparse genome-wide
coverage were broadly consistent with findings from high-density
SNP array studies, confirming the specificity of our approach!3-16
(Fig. le and Supplementary Figs. 5-8). Overall, patients with
mCA showed a similar blood count distribution and cytopenia
incidence as ones without mCA (Supplementary Fig. 9).

Among different cancer types in our study, mCA was prevalent
in soft tissue sarcoma, thyroid, and lung cancer patients and
underrepresented in prostate and bladder cancer patients (Fig. 1f).
In a multivariable regression model, mCA was significantly
associated with age (OR = 1.8, P <0.001), male gender (OR = 1.3,
P=0.012), and white race (OR=1.5, P=0.033), but not
smoking (OR = 1.2, P = 0.18), which was consistent with findings
from prior studies'® (Supplementary Fig. 10). For a subset of
10,375 patients whose complete clinical treatment history had
been previously collected?®, we explored the association of mCA
with receipt of oncologic therapy. We found that mCA was
positively associated with external beam radiation therapy (OR =
1.7, P=0.022) but not cytotoxic chemotherapy (OR=10.9, P=
0.56) (Supplementary Fig. 10). It is likely that differences in
exposures to oncologic therapies may partially account for the
distinct mCA representation in different tumor types. However,
the association between therapies and mCAs is likely to be
heterogeneous?®. Larger datasets with more complete treatment
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Fig. 1 Landscape of mCA in the MSK-IMPACT cohort. a Proportion of subjects with detected mCA increases with age. b Classification of events by copy
number states. logR: log, ratio of the coverage depth between analyzed sample and normal comparison. logOR: log allelic ratio between major and minor
alleles in heterozygous SNP loci. Events are colored by inferred alteration type. € Number of subjects with 1, 2, or 3+ mCAs. d Cell fraction of detected
aberrant clones stratified by alteration type. Numbers below the violins indicate the minimum. e Genome-wide distributions of detected mCAs. f Proportion
of subjects with mCA among major cancer types. Squares: observed incidence. Blue circles: expected incidence. 95% Cl are shown in black. Number of
patients are displayed in the middle. Source data are provided as a Source Data file.

annotation are needed to fully assess the association between
specific subclasses of therapy and specific types of mCAs.

Global characteristics of mCAs in relation to gene mutations.
To evaluate the relationship between mCAs and acquired gene
mutations, we characterized gene mutations in our patient cohort
using an established variant calling procedure from our previous
studies?>2%. A total of 14,789 mutations were detected in 9854
(30%) individuals across 457 genes captured in our clinical
sequencing assay?® (Supplementary Fig. 11a, b). The incidence of
gene mutations increased from 5% among patients in their 20s to
more than 60% in elderly patients aged above 80 (Supplementary
Fig. 12b). Among the mutation-positive patients, 6919 (70%)
patients harbored a single mutation while 2935 (30%) harbored 2
or more (Supplementary Fig. 11c). The estimated clone sizes
(median 9%) of these mutations were lower than mCAs detected
in this study, which reflects our higher detection sensitivity
(VAF 2 2%) for gene mutations as compared to mCAs at low cell
fractions (Supplementary Fig. 12a). The estimates of mutation
prevalence are dependent on the detection sensitivity and
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genomic coverage specific to the sequencing assay used in this
study as well as characteristics of the MSK-IMPACT patient
cohort.

Considering both variant classes, 217 (63%) CH cases
with mCAs co-occurred with at least one gene mutation captured
by our panel, while 129 (37%) did not (Fig. 2a; Fisher’s exact test,
OR =3.9, P<0.001). mCA was especially enriched in CH cases
with high mutation number and VAF (Fig. 2b, ¢). The age
distributions for the two types of CH when found in isolation
were comparable while the acquisition of both shifted towards
older age (Fig. 2d). However, the high degree of overlap between
subjects with mCA and gene mutation could not be simply
explained by a shared age-related incidence (P < 0.001, regression
adjusted for age). Taken together, the high degree of co-
occurrence of chromosomal aberrations and gene mutations
points towards a potential synergistic relationship. This would be
consistent with a multi-hit process of carcinogenesis, where the
first hit provides a fertile ground for the acquisition of subsequent
hits that leads to further selection and expansion of mutant
clones.
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data are provided as a Source Data file.

Patterns of co-occurrence between mCAs and gene mutations
reveal diverse mechanisms of selection. Population-based stu-
dies of leukemia genomes have delivered a detailed understanding
of recurrent genetic interactions in overt neoplastic disease3%-31.
Such studies show that chromosomal alterations can be found in
cis of existing mutations (i.e., overlapping the mutated locus),
thereby contributing to an increase in mutant allele dosage, e.g.,
9pCNLOH and JAK2 in myeloproliferative neoplasms (MPN) or
bi-allelic inactivation of tumor suppressors, e.g., TP53 and
17pLOH*2. Additionally, significant co-occurrences have been
reported between specific chromosomal alterations and gene
mutations in trans (i.e., not overlapping the mutated locus) which
suggest functional co-operativity3133-37.  Furthermore, the
emergence of chromosomal alterations can result from global
genomic instability induced by loss of gatekeeper function such as
genes (e.g, TP53) in the DNA damage response (DDR)
pathway31-32.36, The enrichment of composite genotypes observed
in this study suggests that these genetic interactions may already
be in play at the initial stage of somatic evolution in the absence
of overt disease.

CH subjects with mCA had a distinct spectrum of gene
mutations as compared to the remaining cohort (Fig. 2e, f).
Notably, a large proportion of the genes enriched in patients with
mCA (DNMT3A, TET2, TP53, ATM, JAK2, EZH2, RUNX1, MPL)
are also frequently affected by loss of heterozygosity in
hematopoietic neoplasms®2-38, We therefore asked whether the
presence of gene mutations is associated with chromosomal
alterations in cis. Overall, 2% non-coding variants that co-
occurred with an mCA event localized in cis with the mCA
(permutation P = 0.78), whereas it is 15% for the coding variants
(permutation P < 0.001; Supplementary Fig. 13). This enrichment

can be accounted for by mutations in seven genes that recurrently
co-localized with an mCA (Fig. 3a, b). Of six events of CNLOH
on chr7q, all six co-localized with an EZH2 (7q36.1) mutation (q
<0.001). The high VAFs and the absence of 7CNLOH events
without a concurrent EZH2 mutation suggest that 7qCNLOH is a
highly directed event targeting a previously acquired mutation of
EZH2 in CH (Fig. 3b and Supplementary Fig. 14a). Of 12 cases
with 9pCNLOH, 11 (92%, g <0.001) co-localized with a JAK2
V617F mutation, while 4 out of 9 (44%, q <0.001) 1pCNLOH
events co-localized with a MPL (1p34.2) mutation. These events
mirror cis dosage adjustment effects identified in studies of MPN,
here identified in patients without active disease. Additionally, we
identified recurrent bi-allelic targeting of TET2 mutations by
CNLOH events as well as focal deletions (Fig. 3b). The same is
true of chromosomal alterations spanning DNMT3A (deletions),
ATM, and TP53 (deletions and CNLOH) (Fig. 3b). The cellular
fractions of these cis multi-hit events generally supported
homozygosity of the mutant allele and shared clonal origin
(Supplementary Fig. 14a).

We next evaluated co-mutations of mCA and gene mutation in
trans, which could reflect synergistic effects in cell proliferation or
loss of gateway effects promoting global genomic
instability313%36. We scanned for pairwise associations of specific
chromosomal alterations with genes recurrently mutated in
patients with mCA (Fig. 3c). These analyses revealed highly
specific co-mutational patterns reflective of known genetic
interactions in a wide range of blood malignancies30-32:37:39,
SRSF2/TET2 are commonly co-mutated in myelodysplastic
syndromes (MDS) characterized by myelodysplasia and mono-
cytosis?0. In our data, 2 out of 7 (29%) CNLOH and 3 out of 14
(21%) deletions targeting 4q24 co-occurred with mutations in
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SRSF2. Similarly, 3 out of 6 (50%) CNLOH on chr7q co-occurred
with a mutation in ASXLI1, while deletions on chr7 also
recurrently co-mutated with PPM1D. Mutations in U2AFI, albeit
rare, co-occurred with 3 out of 44 (7%) cases of 20q deletions
(Fig. 3c). These combinations have been previously reported as
significantly recurrent in myeloid disease suggesting that they are
intrinsically implicated in myeloid pathogenesis?>#!. Similarly,
we also observe co-mutations characteristic of chronic lympho-
cytic leukemia (CLL); 6 out of 16 (37.5%) cases of trisomy 12 co-
occurred with a mutation in NOTCHI, MYD88, or FBXW7; 2 out
of 9 (22%) deletions on chrl3q co-occurred with a ATM
mutation®®. Last, a key part of the DNA damage response
pathway, TP53 acts as a gatekeeper for genomic instability in a
wide range of cancers. We found that CH mutations in TP53 were
associated with numerous chromosomal alterations (deletions in
chr5, chr7, and trisomy chr3) (Fig. 3¢). In addition, we observe a
significant association of TP53 mutations with the presence
of multiple concomitant mCAs in CH patients (Fisher’s exact test,
P =0.0015, Supplementary Fig. 15).

Taken together, acquired gene mutations in cis formed putative
“double hits” with 26% of all CNLOH events and 8% of deletions
in the study. Recurrent co-mutations in trans and loss of
gatekeeper function (i.e., TP53) underlied an additional 13% of
deletions and 20% of amplifications. In total, 23% of all autosomal
mCA events mapped in this study are subject to these recurrent
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co-mutations. Interestingly, most of the subjects with recurrent
CH co-mutations did not exhibit significant blood abnormalities
at the time of blood draw (Supplementary Fig. 16). It is also of
note that certain mCAs (e.g., chr20-, X-) frequently occurred in
isolation without any clear co-mutations, indicating that these
events can also drive clonal expansions alone (Fig. 3a). While the
mechanisms driving CH are becoming increasingly understood
for each respective class of mutations, here by integrating
chromosomal alterations with gene mutations we unravel
previously under-characterized patterns of mutation acquisition
reflective of diverse mechanisms of selection operating in CH.

Evolution to hematologic malignancies. The discovery of
composite genotypes characteristic of hematologic neoplasms in
patients without an active disease raises the possibility that they
represent markers of incipient leukemic transformation. We
reviewed hospital billing records and tumor registry data and
identified 96 patients with a confirmed hematological neoplasm
diagnosis dated more than 3 months after blood collection
(Methods, Supplementary Fig. 17). Of these patients (median
time to diagnosis 17 months, range 3-62 months) 26 were
diagnosed with MDS, 11 with acute myeloid leukemia (AML), 7
with MPN, 4 with chronic myeloid leukemia (CML), 12 with
CLL, 27 with B-cell non-Hodgkin’s lymphoma (B-NHL), 2 with
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Fig. 4 mCA and evolution to hematologic malignancies. a CH mutations detected at initial blood draw in patients who had a subsequent hematological
cancer diagnosis. Patients in each disease category (top bar) were arranged by increasing time to diagnosis. Events are colored by mutation types (=,
CNLOH; —, deletion; 4, amplification). b Exemplar cases of genomic evolution from CH with detectable mCA to myeloid neoplasms. Gene mutations at the
time points of blood draw and diagnosis are shown in the middle, while regions of chromosomal alterations are shown on the left and right, respectively.
Solid lines indicate signal median. Aberrant regions are colored in red. BAF, B-allele frequency. Serial blood count indices are shown below, where the

shaded areas in blue indicate the period between initial blood collection and MN diagnosis. € Cumulative incidence of leukemia among patients who had
detectable mCA only, gene mutation putative driver (PD) only, both, or neither; 95% Cls are shown in shaded ribbons. d Association of CH features with
subsequent leukemia diagnosis. Hazard ratios (HR; solid dots), 95% Cls (horizontal bars), and unadjusted P values (above horizontal bars) are derived
from a multivariable cause-specific Cox regression model with a 9 month landmark. The HR for 10% increment in gene mutation PD VAF was shown. mCA

status was included as a binary indicator. Source data are provided as a Source Data file.

T-cell non-Hodgkin’s lymphoma (T-NHL), and 7 with multiple
myeloma (MM) (Fig. 4a and Supplementary Fig. 18).

Among the 96 patients who received a diagnosis, 40 (42%) had
evidence of only gene mutation at the time of blood profiling, 17
(18%) had both gene mutation and mCA, whereas 1 (1%) had
mCA only (Fig. 4a). Overall, the mutation patterns observed at
blood draw were characteristic of the respective disease types for
patients who subsequently developed MDS and MPN, but less so
for the remaining disease subsets that are frequently characterized
by genomic rearrangements (MM, B-NHL, T-NHL). Among the
patients who subsequently developed MDS, those with mCA
appeared to have a shorter time to diagnosis (median time to
transformation 9.7 months, range: 4.2-38.7) as compared to
patients without mCA (median time 23.2 months, range 9-61.8).
Likewise, of the 7 patients who developed MPN, the first 5 to be
diagnosed (within 22 months) had concomitant JAK2/9pCNLOH
or MPL/1pCNLOH events. This is consistent with studies linking
JAK2 homozygosity to increased disease severity in MPN42. In
some cases of lymphoma and MM, gene mutations in DNMT3A
or TET2 were the only detected events (Fig. 4a). It is unclear
whether these mutations were related to the subsequent diagnosis
and we therefore restricted our subsequent analysis on the risk of
leukemias.

To ascertain the relationship between the mCA clone at initial
blood draw and the clone at leukemic transformation, we
analyzed leukemia samples from 16 patients that we also
sequenced at the time of diagnosis by a comparable targeted
panel (Methods). Among the 5 patients with detectable mCA,
both gene mutations and mCAs coincided in the same clone that
seeded the corresponding hematologic neoplasms (Fig. 4b and
Supplementary Fig. 19). In all the cases these clones acquired
additional alterations prior to disease transformation.

Aberrant blood counts are a common early symptom of
hematologic neoplasms. However, cytopenias are frequent in
cancer patients undergoing therapy. Formal hematological
evaluations are typically delayed until cytopenias have proven
to be persistent after therapy cessation. Serial blood counts in 4 of
the cases that subsequently developed MDS (Fig. 4b and
Supplementary Fig. 19) showed that composite CH genotypes
characteristic of leukemic transformation can be detected
9-39 months prior to diagnosis and before the onset of clinical-
grade cytopenia3.

Implications for risk stratification. CH mutational features
obtained by NGS assays are increasingly being interpreted in the
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clinic to evaluate a patient’s risk of leukemic transformation20-21,
Established criteria are mainly based on gene mutations and
involve PD status, variant allele frequency, and number of
mutations!%11:22.23.26 Although it has been shown that certain
mCA events pose an increased risk of subsequent blood cancers,
it is unclear whether mCA status adds independent value to the
stratification of patients at risk of disease progression when
considered together with gene mutations!317:18,

During patient follow-up, the 3-year cumulative incidence of
leukemias (MDS, MPN, AML, CML, CLL) was significantly higher
in patients with composite CH genotypes (14.6%, CI: 7-22%) as
compared to patients with either mCA, gene mutation PD only, or
neither, of which all had a 3-year cumulative incidence of less than
1% (Fig. 4c). We performed a multivariable cause-specific Cox
regression analysis and showed that mCA was independently
predictive of subsequent (>9 months post-sequencing) leukemia
diagnosis (HR = 14, 95% CI: 6-33, P = 1.2¢-09) after adjusting for
number of mutations and VAF in PDs (Fig. 4d). Importantly, this
effect is not restricted to the subset of patients that rapidly progress
to overt disease. mCA remains a statistically significant predictor
among solid tumor patients who survived and did not yet
experience leukemic progression in the course of their clinical care
at the time of different landmarks (3, 6, 9, and 12 months post-
sequencing; Supplementary Fig. 20). In addition, we obtain similar
risk estimates for gene mutations and mCA after restricting the
analysis to patients with no blood abnormalities at the time of CH
assessment (Supplementary Fig. 21). This demonstrates that
incorporating features of chromosomal alterations into the clinical
evaluation of CH has the potential to deliver better risk stratification
as well as improve the diagnostic workup of patients with suspected
hematologic disease.

Discussion
Recent characterizations of somatic mutations in cancer as well as
normal tissues suggest that the multi-step process of tumor-
igenesis is often an interplay between gene mutations and chro-
mosomal alterations®>#4, Studies of CH provide an opportunity
to elucidate the mechanisms of mutation acquisition, clonal
selection, and malignant transformation. Owing to limitations in
genotyping platforms and sample size, most CH studies have
largely been restricted to either gene mutations or mCAs (Sup-
plementary Table 1)7:%13-17.19_ Consequently, such studies do not
permit full characterization of the dynamic processes underlying
the early steps of clonal evolution. Here, we present a large-scale
integrative analysis of mCAs and gene mutations in CH. We
leveraged data from a prospective sequencing cohort of 32,442
cancer patients profiled by high-depth targeted capture sequen-
cing of 468 cancer genes and genome-wide copy number probes
(MSK-IMPACT) to profile the landscape of mCAs in conjunction
with gene mutations. Since our methodology is biased towards
the detection of mCAs in relatively large clones (=10%), it is likely
that mCAs that are preferentially present in low cell fractions or
in regions not optimally tiled by our panel may have been missed
(Supplementary Figs. 5 and 6). Nonetheless, we were able to
detect events with comparable sensitivity to prior studies based
on unphased high-density SNP-arrays and recapitulate the
genomic distribution, age-related incidence, and established
demographical associations of mCAs!4-1¢. In addition, our more
sensitive approach to detect gene mutations (>2% VAF) in the
same sample relative to prior studies’->»18:19 enables more com-
prehensive characterization of the co-mutational landscape of
mCAs that we detect.

Although the selection forces driving the clonal expansion of
somatic gene mutations are relatively well understood, the
mechanisms underpinning the expansion of most mCAs remain

unclear!3184> Recent studies have shown that at least 18% of
CNLOH events can be attributed to germline alleles!317:18,
However, it is likely that the selection mechanisms of mCAs are
multifactorial. Here we aim to uncover factors affecting the
acquisition of mCAs in the context of demographic variables,
environmental exposures, as well as CH gene mutations. We
recapitulate known associations of mCA with age (OR=1.8, P<
0.001), male gender (OR = 1.3, P = 0.012), and white race (OR =
1.5, P=10.033)14-16. We find that mCAs are significantly asso-
ciated with external beam radiation (OR =1.7, P =0.022), but
not cytotoxic chemotherapy (OR = 0.9, P = 0.56). This result is in
line with the highly heterogeneous effects of cancer therapy on
CH shown in recent studies*>2%. It is possible that associations
may exist between specific types of mCAs and specific classes of
cytotoxic therapy, but delineation of such effects will require
larger datasets with more detailed treatment annotations.

In the present study, we analyze mCA presentation in the
context of CH gene mutations and provide evidence that mCAs
gain selective advantage through complex patterns of co-
mutations. Approximately two-thirds of mCA cases had a con-
current gene mutation in one of the cancer-related genes in our
panel. Out of the 57 coding gene mutations that co-localized with
a deletion or CNLOH event in cis, 49 (86%) mapped in one of the
7 genes (DNMT3A, TET2, JAK2, MPL, EZH2, TP53, and ATM).
This implies a gain of fitness that is mediated by bi-allelic
alterations, resulting in either oncogene mutant dosage adjust-
ment or inactivation of tumor suppressors. Certain mCA events,
such as 7qCNLOH, 4/4qCNLOH, 9pCNLOH, and 1pCNLOH,
were highly directed events acting on previously acquired gene
mutations in the corresponding loci (EZH2, TET2, JAK2, and
MPL). Together, these recurrent cis co-mutations underlied 26%
of CNLOH events and 13% of all mCA events in this study. In
addition, we observe recurrent composite genotypes indicative of
co-operating or epistatic interactions as well as loss of gatekeeper
function (i.e, TP53) presenting with multiple chromosomal
aneuploidies. These co-mutations in trans underlied at least an
additional 9.6% of mCA events. Taken together, our results reveal
a previously under-characterized layer of complexity in the evo-
lutionary dynamics of CH that converges towards characteristic
genotypes associated with distinct leukemia subtypes. Analysis of
paired samples at the time of transformation further demon-
strated the co-presence of composite genotypes within the same
precursor clone that further evolved to seed the subsequent leu-
kemia. This puts mCAs in the context of the continuous evolu-
tionary process of oncogenesis that can often span years and
sheds lights on its patterns of acquisition and progression. Future
developments of technology platforms that can reliably map gene
mutations and chromosomal aberrations jointly at a single-cell
resolution are warranted to fully resolve their clonal relationships.

Screening of CH mutations by NGS assays has been increas-
ingly recognized as a potential strategy to identify individuals at
risk of hematological neoplasms. This is particularly relevant for
cancer patients, who are at a heightened risk of secondary leu-
kemia. Existing screening approaches center around the gene-
mutation features of CH including PD status, mutation number,
and VAF. By multivariable analysis we show that mCA is an
independent risk factor of leukemia in cancer patients. The mCA
events that we characterize in this study are present in a relatively
large cell fraction (=10%), which means that they have already
undergone substantial clonal expansion. It is likely that the
selection forces and co-mutational patterns shaping the spectrum
of smaller mCA clones are different. Similarly, interpretation of
the clinical relevance of smaller mCA clones and their co-
mutations will require more sensitive detection methods for
subclonal alterations. It is also of note that due to the relatively
short follow-up, we are limited in our capacity in assessing the
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long-term effects of mCAs on leukemia risk, which would be a
goal for future studies. Nonetheless, our study demonstrates that
the integration of chromosomal aberrations provides additional
resolution to risk stratification as well as interpretation of clinical
phenotypes that are often confounded by oncologic therapy (i.e.,
cytopenias), and that mCAs should be screened in conjunction
with gene mutations. Beyond individuals at risk, our data support
that there is an opportunity to also identify individuals with
suspected hematologic disease that are difficult to capture with
current clinical surveillance. To this end, we deliver a computa-
tional framework that enables the simultaneous characterization
of mCA and gene mutation from a single assay. Fortuitously,
solid tumor patients increasingly undergo routine sequencing of
not only tumor biopsies, but also matched blood samples as
germline controls?$4° thus enabling comprehensive CH surveil-
lance programs to be readily integrated in routine cancer care.

Methods

MSK-IMPACT cohort. The study population included patients with non-
hematologic cancers at MSKCC that underwent matched tumor and blood
sequencing using the MSK-IMPACT panel on an institutional prospective tumor
sequencing protocol ClinicalTrials.gov number, NCT01775072 before February 1,
2020 (Supplementary Fig. 1); all patients enrolled on this protocol provided
informed consent in written form. The analysis plan, sample collection, and data
usage were approved by the Institutional Review Board (IRB) of Memorial Sloan
Kettering Cancer Center. A subset of patients that underwent tumor-genomic
profiling as standard of care were not directly consented, in which case an IRB
waiver was obtained to allow for inclusion into this study. We extracted data on
race, smoking, date of birth, and cancer history through the MSK cancer registry
and Darwin Digital Portal (DDP). Subjects who had a billing code related to
hematologic malignancy prior to, or less than 3 months after the time of blood
draw were excluded (Supplementary Fig. 17). Subjects aged less than 20 years were
excluded since we included these samples in the unmatched pool of normal. When
unavailable through the cancer registry, we extracted data on race and smoking
through structured fields in clinician medical notes if available. Blood indices were
taken from clinical labs closest to the date of blood collection for MSK-IMPACT,
within 15 months before or after blood collection (median = 0 month). Subjects for
which age or gender was not available were excluded.

Targeted capture-based sequencing. Subjects had a tumor and blood sample (as
a matched normal) sequenced using MSK-IMPACT, a FDA-authorized hybridi-
zation capture-based next-generation sequencing assay encompassing all protein-
coding exons of 341, 410, or 468 cancer-associated genes. MSK-IMPACT is vali-
dated and approved for clinical use by the New York State Department of Health
Clinical Laboratory Evaluation Program and is used to sequence cancer patients at
Memorial Sloan Kettering. Genomic DNA is extracted from deparaffinized
formalin-fixed paraffin-embedded (FFPE) tumor tissue and patient-matched blood
samples, sheared and DNA fragments were captured using custom probes. All
sequencing samples were checked for inter-individual contamination through
genotyping of 1042 common SNPs targeted by the sequencing panel.

Paired leukemia samples. We sequenced the paired leukemia sample of 16
patients who subsequently developed a myeloid neoplasm (12 MDS, 4 AML) on a
comparable gene panel (14 IWG, 1 MSK-HEMEPACT, 1 IMPACT).

Technical replicate and serial samples. We had access to a second sequencing
sample for 1200 patients, among which 919 are technical replicates (same blood
sample sequenced on separate sequencing runs) and 281 are serial samples (dif-
ferent blood samples collected at different dates sequenced on separate
sequencing runs).

Panel of normal samples. Normal blood sequences of 291, 141, and 22 patients
aged <20 years were used as panel of normals for samples sequenced by IMPACTS,
IMPACTS5, IMPACTS3, respectively.

mCA detection using FACETS-CH. We modified the FACETS algorithm to detect
deeply subclonal chromosomal alterations?®. We will refer to this algorithm as
FACETS-CH. Let logR denote the log, ratio of the coverage depth between ana-
lyzed sample and normal comparison, which reflects deviations in total copy
number from diploid state, while logOR denote the log allelic ratio between major
and minor alleles in heterozygous SNP loci, which reflects allelic imbalance.
Because no matched normal reference is available, we inferred SNP loci with a B-
allele frequency (BAF) between 0.1 and 0.9 to be heterozygous (for this reason, we
did not detect clonal deletions or CNLOH). We will refer to the vector of logR as X

and the vector of logOR as Y. Given a sample, FACETS-CH generates a logR
profile compared to each normal i in the PON and selects the logR profile that
minimizes noise, which is defined as the square sum of logR of each marker j.

N

i) =Y X0 8
=

i = 'fxerlg.m?n e(i) @)

here N is the total number of markers and m the total number of PON samples. We
pre-selected stable markers (SNPs positions from DBSNP 138.b37) that show the
expected distribution of logR in the PON for each respective sequencing platform.
We also profiled the allelic mapping bias for each SNP marker based on the logOR
distribution in the PON beforehand. A corrected logOR profile can be generated by
subtracting the allelic bias r in the PON from the raw logOR value computed by

FACETS.
a.
Y; = log <yj) — log (1}) (3)

Segments are generated by the FACETS CBS segmentation algorithm. We derive a
bivariate Wald test statistic for each segment to assign it a probability of being
“aberrant” as below. For each segment s, we generate all possible contiguous
samples of the same number of markers 7, and calculate standard error of the mean
in logR and logOR.
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In practice, we find an alternate estimation of SEy to be more reliable:
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We then normalize the deviations in logR and logOR signals into Z scores.
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Assuming that Zy and Zy are approximately independent, the sum of the two
squared Z scores gives the desired chi-squared statistic with 2 degrees of freedom.
A P value can then be calculated from the statistic using a one-tailed test.

T=Z+2, %7 ©)
FACETS-CH initializes by assuming no aberrant segment is present in the copy
number profile and iterates between two states: (1) profiling noise in normal
regions and (2) calling aberrant regions. At the end of each iteration, the aberrant
states (denoted by vector a) are updated. The stop condition is met if no new
segment is assigned as aberrant at the end of the current iteration. Pseudocode of
this procedure is shown below.

procedure CALLABERRANT(a, X,Y)
a’ < UPDATEA(a,X,Y) © Make calls based on noise in normal regions
if |a’| = |a| then > Stop if no new aberration is called
return a
else > Otherwise continue using the new aberrant profile
return CALLABERRANT(a/, X,Y)

Assignment of mCA event types. Following mCA detection, we classify candi-
date events as deletion, gain, or CNLOH based on the magnitude of deviations in
logR and logOR. Each event type can be defined by the paternal copy number p and
maternal copy number m: p =1, m = 0 for deletion, p = 2, m =1 for amplification,
and p = 2, m = 0 for CNLOH. Each genotype g, defined by a tuple (p, m), gives rise
to an expected logR and logOR deviation for a given cell fraction:

X(g.pm) = logy (2= L)) (10)
Vigpm) = oy 2112 0)] )

We can then calculate the expected logR and logOR for the three event types given
any cell fraction from 0 to 1. For each aberrant segment s, we define an error score
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¢ as the squared Euclidean distance of the observed and expected logR and logOR
given a cell fraction and genotype. We find the optimal genotype and cell fraction
by minimizing this error score over all possible cell fractions from 0 to 1 and all
possible genotypes.

c(g,9) = (X($,g) = X)" +(Y($,g) — ¥.)’ (12)

(g% ¢ ):ar%nne( +$) (13)

Validation of mCA calling method. To assess the reproducibility of the method,
we applied the same calling procedure to 919 paired replicate samples. Out of 10
total variants that were called, all were reproduced in a separate sequencing run
(Supplementary Figs. 2 and 3). We also compared the clonal representation,
genomic distribution, and population prevalence of specific mCA events with prior
studies (Supplementary Figs. 5-8), which were broadly concordant. The differences
in the relative abundance of specific events can be explained by the varying density
of available SNPs between genomic regions in a targeted sequencing panel, dif-
ference in genotyping platforms, and variant calling sensitivity.

Gene mutation detection. Variant calling for each blood sample was performed
unmatched, using a pooled control sample of DNA from 10 unrelated individuals
as a comparator. Single nucleotide variants (SNVs) were called using Mutect and
VarDict. Insertions and deletions were called using Somatic Indel Detector (SID)
and VarDict. Variants that were called by two callers were retained. Dinucleotide
substitution variants (DNVs) were detected by VarDict and retained if any base
overlapped a SNV called by Mutect. All called mutations were genotyped in the
patient-matched tumor sample. Variant calls that were present in the blood with a
VAF of at least twice that in the tumor or 1.5 times the VAF if the tumor biopsy
site was a lymph node were considered somatic. We applied additional post-
processing filters in order to eliminate false positive calls (Supplementary Meth-
ods). We did not report silent or intronic mutations.

Gene mutation annotation. Mutations were annotated with VEP (version 86) and
OncoKb. All variants were annotated for their functional relevance as putative

drivers in cancer (CH-PD) or specifically to myeloid neoplasms (CH-Myeloid-PD).
We annotated variants as CH-Myeloid-PD if they met any of the following criteria:

1. Truncating variants in NFI, DNMT3A, TET2, IKZF1, RAD21, WTI,
KMT2D, SH2B3, TP53, CEBPA, ASXL1, RUNXI, BCOR, KDM6A, STAG2,
PHF6, KMT2C, PPM1D, ATM, ARIDIA, ARID2, ASXL2, CHEK2, CREBBP,
ETV6, EZH2, FBXW7, MGA, MPL, RBI, SETD2, SUZ12, ZRSR2, or in
CALR exon9.

. Translation start site mutations in SH2B3.

TERT promoter mutations and FLT3-ITDs.

. In-frame indels in CALR, CEBPA, CHEK2, ETV6, EZH2.

. Any variant occurring in the COSMIC “haematopoietic and lymphoid”
category greater than or equal to 10 times.

6. Any variant noted as potentially oncogenic in an in-house dataset of 7000

individuals with myeloid neoplasm greater than or equal to 5 times.

(SRR

We annotated variants as CH-PD if they met any of the following criteria:

1. Any variant noted as oncogenic or likely oncogenic in OncoKB.

2. Any truncating mutations (nonsense, essential splice site, or frameshift
indel) in known tumor-suppressor genes as per the Cancer Gene Census or
OncoKB.

Any variant reported as somatic at least 20 times in COSMIC.

4. Any variant meeting criteria for CH-Myeloid-PD as above.

@

Hematological cancer diagnosis. We used medical coding data to identify
patients who received a hematological malignancy diagnosis (Supplementary
Figs. 1 and 17). This includes ICD-9/ICD-10 codes from episodic diagnosis coding
that were generated for each patient encounter at MSK, and ICD-O codes from
tumor registry coding based on a review of an entire patient chart 6 months after
initial diagnosis. A date cutoff is applied to identify patients who had an active
hematological diagnosis prior to or within 3 months of blood collection, whom we
excluded from all analyses. We used medical codes received more than 3 months
after initial blood collection to identify patients who subsequently developed a
hematological cancer during the follow-up period.

Expected mCA frequency among cancer types. We built a logistic regression
model using the full dataset, with the presence of autosomal mCA as the outcome
and age, gender, and race as covariates. The predicted probability of having an
mCA event for each individual was averaged to produce an expected frequency for
each cancer type.

Risk factors of mCA. We explored the associations of mCA with demographic
factors and tobacco smoking among 30,870 individuals with complete

demographical data. We performed a logistic regression with the presence of
autosomal mCA as the outcome against gender, race (white vs other), age in
decades, and smoking status (ever smoker) as covariates. We then explored the
association of mCA with oncologic therapy in 10,340 patients with complete
clinical treatment history and demographical data. Here we performed a second
logistic regression with the presence of autosomal mCA as the outcome against
ever receiving XRT and ever receiving cytotoxic chemotherapy by the time of blood
collection, adjusted for gender, race, age, and smoking status.

Rescue of high-VAF mutations in regions affected by LOH. We conducted a
systematic review of gene loci that overlapped a deletion or CNLOH event to
identify any homozygous mutations at high VAF (>35%) that would have other-
wise been missed by our current set of filters. In order to ascertain the somatic
origin of candidate mutations, we compared their VAF in the blood versus the
tumor, taking into consideration potential blood infiltration in the tumor sample.
We additionally checked for LOH overlapping the mutation locus in the tumor
sample to rule out heterozygous SNPs that are potentially lost in comparison.
Using this approach, we rescued 14 mutations in cis with a chromosomal altera-
tion, including 7 in TET2, 4 in EZH2, 1 in MPL, 1 in TP53, and 1 in JAK2.

Enrichment of gene mutations in subjects with mCA. To identify gene muta-
tions associated with mCA, we conducted a systematic scan of all commonly
mutated genes using a two-tailed Fisher’s exact test. We restricted our analysis to
138 genes mutated more than 30 times in CH subjects. To control false discovery
rate, a q value was calculated for each association using the Benjamini-Hochberg
procedure.

Enrichment of cis configuration. To estimate the expected proportion of cis versus
trans configurations among co-occurring gene mutations and chromosomal
alterations, we randomly shuffled original samples of gene mutations that co-
occurred with any autosomal mCA and recalculated the proportion of cis config-
uration after each shuffle. We performed 2000 permutations in total. The upper
and lower confidence interval of the expected cis portions were calculated by the
95th and 5th quantile of the empirical distribution. Similarly, a one-tailed P value
for the observed cis proportions was derived from the empirical distribution.

Genetic interactions in cis. To detect mCAs that target specific gene mutations,
we scanned for associations between chromosomal alterations overlapping a gene
locus (or within a window of 5MB) and gene mutations in that gene using a two-
tailed Fisher’s exact test. We restricted our analysis to CNLOH and deletions
overlapping the top 14 mutated genes among mCA subjects (DNMT3A, TET2,
ASXLI1, EZH2, TP53, ATM, CHEK2, PPM1D, SRSF2, SF3B1, U2AF1, MPL, JAK2,
TERT), yielding 2 * 14 = 28 total tests. To control false discovery rate, a q value was
calculated for each association using the Benjamini-Hochberg procedure. We only
reported event pairs that co-occurred at least 2 times.

Genetic interactions in trans. To identify gene mutations significantly co-mutated
with specific mCAs, we performed a pairwise two-tailed Fisher’s exact test between
commonly mutated genes and mCAs. We categorized mCA events by chromosome
and alteration type including “deletions”, “CNLOH”, “amplification”, or “any”. If
>70% of the events on a chromosome belong to a single alteration type (e.g.,
chr20), we excluded the “any” category for that chromosome. We restricted our
analysis to mCA events that had at least 4 carriers and the top 14 genes mutated
among mCA subjects, yielding 38 * 14 = 532 combinations. To control false dis-
covery rate, a q value was calculated for each pairwise association using the
Benjamini-Hochberg procedure. Since the tests for “any” category (n = 154) are
not independent of those for specific alteration types, we penalized those tests
separately from the rest (n = 378). We only reported event pairs that co-occurred
at least 2 times.

Risk of hematological malignancies. To evaluate the association between CH
features (including PD mutation VAF, PD mutation number, and presence of
mCA) and the risk of subsequent hematological malignancies, we performed cause-
specific Cox proportional hazards regression adjusted for age. Patients alive
without hematological malignancies were censored at the latest date of contact.
With each chosen landmark, all patients who either received a diagnosis or were
censored before the landmark were excluded from the analysis, and the start of
follow-up was reset at the landmark.

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

Data availability

mCA and gene mutation calls of 32,442 patients are available in Supplementary Data 1.
NIH SEER hemeDB can be accessed at https://seer.cancer.gov/seertools/hemelymph.
Raw sequencing data cannot be publicly deposited for legal and privacy reasons, as
sequencing was performed for clinical purposes. Mutation calls will also be available
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online on cBioPortal (https://www.cbioportal.org). Patient demographics and clinical
data are available on GitHub (https://github.com/papaemmelab/Gao_NC_CH). The
remaining data are available within the Article, Supplementary Information, or available
from the authors upon request. Source data are provided with this paper.

Code availability

All data analysis was conducted using R 3.6.1 (https://www.r-project.org/) and
JupyterLab 1.1.4 (https://jupyter.org/). A GitHub repository containing the code used in
the analysis and the FACETS-CH method is available (https://github.com/papaemmelab/
Gao_NC_CH).
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