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Zejuan Li,2 Jeremy P. Segal,3 Jane E. Churpek,1 and Lucy A. Godley1,2

1Section of Hematology/Oncology, Department of Medicine, The University of Chicago Comprehensive Cancer Center, 2Department of Human Genetics, and 3Department of
Pathology, The University of Chicago, Chicago, IL; and 4Section of Hematology, Department of Internal Medicine, Clinica de Mérida, Mérida, Mexico

Key Points

•NGS-based prognostic
panels may identify
individuals at risk for
HHMs despite not
being designed for this
purpose.

• Variant allele frequency
.0.4 and gene of
interest may be
predictive of germ line
origin.

Next-generation sequencing (NGS)–based targeted gene capture panels are used to

profile hematopoietic malignancies to guide prognostication and treatment decisions.

Because these panels include genes associated with hereditary hematopoietic

malignancies (HHMs), we hypothesized that these panels could identify pathogenic germ

line variants in malignant cells, thereby identifying patients at risk for HHMs. In total,

pathogenic or likely pathogenic variants in ANKRD26, CEBPA, DDX41, ETV6, GATA2,

RUNX1, or TP53 were identified in 74 (21%) of 360 patients. Germ line tissue

was available for 24 patients with 25 pathogenic or likely pathogenic variants with

variant allele frequencies .0.4. Six (24%) of these 25 variants were of germ line origin.

Three DDX41 variants, 2 GATA2 variants, and a TP53 variant previously implicated in

Li-Fraumeni syndrome were of germ line origin. No likely pathogenic/pathogenic germ

line variants possessed variant allele frequencies ,0.4. This study demonstrates that

NGS-based prognostic panels may identify individuals at risk for HHMs despite not being

designed for this purpose. Furthermore, variants known to cause Li-Fraumeni syndrome

as well as known pathogenic variants in genes such as DDX41 and GATA2 are especially

likely to be of germ line origin. Thus, tumor-based panels may augment, but should not

replace, comprehensive germ line–based testing and counseling.

Introduction

Hereditary hematopoietic malignancies (HHMs) are caused by germ line mutations that increase an
individual’s risk for hematopoietic malignancies and are classically diagnosed based on personal or
family history or when a related stem cell donor presents with cytopenia or mobilizes hematopoietic
precursors poorly.1-3 HHMs may be misdiagnosed if physicians lack awareness of hereditary cancer
syndromes or the significance of variants identified during molecular profiling of tumors. Therefore, it is
important to identify additional means of diagnosing HHMs.

Tumor-based next-generation sequencing (NGS) panels identify acquired mutations that facilitate
diagnosis, guide prognostication, and influence treatment decisions.4,5 These panels may identify
variants in genes associated with HHMs,4,6 but tumor-only sequencing cannot differentiate
between acquired and germ line variants. We hypothesized that we could identify some patients
with HHMs using tumor-only NGS panels, and we determined the frequency at which this occurs.
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Methods

We reviewed NGS panels from April 2014 through July 2017 for
patients with hematopoietic malignancies on institutional review
board–approved research protocols at our institution. We identified
nonsynonymous variants in HHM-associated genes that were included
on NGS panels at our institution: ANKRD26, CEBPA, DDX41, ETV6,
GATA2, RUNX1, SRP72, TERT, and TP53. The NGS panels of our
institution evolved in size over time (supplemental Table 1) and provided
median sequencing depths of 785X (CEBPA, ETV6,GATA2, RUNX1,
TP53) and 360X (ANKRD26, DDX41).5 We classified pathogenicity
using American College of Medical Genetics and Genomics guide-
lines.7 We sequenced each variant in germ line tissue, including
cultured skin fibroblasts, cultured mesenchymal stromal cells, or
nonhematopoietic tissue biopsies from patients in complete remission.

Results

In total, 52 pathogenic or likely pathogenic (hereafter referred to as
pathogenic) variants in HHM-associated genes were identified in
tumors from 44 patients with germ line tissue available. Among
these 52 variants, 6 (12%) were germ line (Figure 1). We consider a
VAF threshold of 0.4 to be potentially indicative of a germ line
variant, so we then examined variants on the basis of VAF. Among
pathogenic variants with a VAF .0.4, 24% (6 of 25) were of germ
line origin. No pathogenic germ line variants possessed VAFs ,0.4
(Figure 1). All pathogenic germ line variants had Exome Aggrega-
tion Consortium frequencies ,0.01% (Table 1).8 The diagnostic
yield increased with the implementation of more comprehensive
molecular panels (supplemental Table 1).

Five (83%) of 6 patients with pathogenic germ line variants had
a family history of hematopoietic cancers but not solid tumors.
All patients were enrolled on research protocols investigating
the hereditability of hematopoietic diseases, a selection bias that
potentially enriched our study for HHMs. It is unknown if the
proportions of HHMs in this series are similar to those in broader
patient populations. No pathogenic germ line variants were
detected in ANKRD26, CEBPA, ETV6, RUNX1, SRP72, or TERT.

DDX41 had the highest diagnostic yield for pathogenic germ line
variants (100%; n 5 3; supplemental Figure 1C). Two individuals
with germ line DDX41 variants acquired second-hit DDX41
mutations (p.Glu345Asp or p.Arg525His).9

Two pathogenic germ lineGATA2 variants were identified (Table 1).
The first was a heterozygous exon 4 deletion in a 23-year-old
woman with MDS with monosomy 7. Her brother was diagnosed
with MDS with monosomy 7 at age 23 years. A second GATA2
mutation (p.Ala286Val) was identified in a 41-year-old woman with
chronic myelomonocytic leukemia whose sister was diagnosed with
MDS at age 45 years.10

TP53 variants (n 5 33; all VAFs) were the most common acquired
variants but had the lowest germ line diagnostic yield; 1 (7%) of
15 variants with a VAF .0.4 was germ line. However, this yield
doubled to 14% when TP53 variants previously found in patients
with Li-Fraumeni syndrome and VAFs.0.4 were considered (n5 7;
supplemental Figure 1).

Our experience with patient 17 (Table 1) demonstrates the utility of
NGS-based tumor-only sequencing for diagnosing HHMs unexpectedly.

360 patients with tumor-only sequencing

74 of 360 (21%) patients with 88
pathogenic or likely pathogenic variants

in HHM-associated genes

44 patients with 52 pathogenic or
likely pathogenic variants

30 patients with 36 pathogenic or
likely pathogenic variants

25 of 52 (48%) pathogenic or likely
pathogenic variants

27 of 52 (52%) pathogenic or likely
pathogenic variants

6 of 25 (24%) germ line variants

Germ line? Germ line?

0 of 27 germ line variants

Variants in HHM-associated genes?

Germ line Tissue Available?

Tumor variant allele frequency > 0.4?

VAF < 0.4VAF > 0.4

Germ line tissue not availableGerm line tissue available

Figure 1. Schematic summarizing the patient population,

tissue availability, and general sequencing results for

pathogenic/likely pathogenic variants only. VAF, variant

allele frequency.
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At age 70 years, she was diagnosed with stage IIA gastric cancer,
with normal blood counts, and received neoadjuvant cisplatin plus
5-fluorouracil, gastrectomy, and adjuvant 5- fluorouracil, oxaliplatin,
and leucovorin. She developed a therapy-related myeloid neoplasm
at age 72 years. She did not have a family history of hematopoietic
malignancies. Sequencing of the therapy-related myeloid neoplasm
demonstrated DDX41 p.Asp140Glyfs*2, a known pathogenic germ
line frameshift that has not been observed as a somatic mutation.11,12

Sequencing of DNA from cultured skin fibroblasts confirmed the
germ line origin of this variant. Individuals with pathogenic germ line
DDX41 mutations develop hematopoietic malignancies at an age
similar to the age at which individuals develop sporadic malignancies,
so tumor-only sequencingmay offer the initial evidence of an HHM for
individuals with germ line DDX41 mutations.9,11-13

Discussion

The retrospective nature of this study demonstrates the limitations
of performing tumor-only sequencing without matched normal
controls. Tumor-only sequencing cannot identify hereditary variants
without paired normal tissue.4,5,14 However, many patients in this
study were unable to provide germ line samples secondary to death,
travel constraints, or lack of follow-up. Therefore, an ideal diagnostic
workflow would include counseling and culturing of skin fibroblasts
at the time of initial bone marrow biopsy.1 This pipeline is feasible at
any center with laboratories capable of culturing skin fibroblasts.

HHM detection via tumor-only sequencing creates potential patient
counseling dilemmas. The American College of Medical Genetics
and Genomics has deemed universal counseling before genomic
tumor profiling impractical but emphasizes physicians must notify
patients of incidental findings.15 Patients with suspected HHMs
should be referred to a cancer risk specialist for comprehensive
hereditary testing.1,10,16 Tumor-only sequencing identified patho-
genic variants in HHM-associated genes in 74 (21%) of 360
patients in this study, a large number of patients for whom cancer
risk referral would not be feasible at many institutions.

The diagnostic resources spent on these evaluations may be
streamlined. First, prospective germ line tissue collection may expedite
cancer risk evaluations. Second, known Li-Fraumeni variants and
pathogenic variants in DDX41 and GATA2 were the genes in which
germ line variants were identified most frequently in our study.
Therefore, variants in these genes should be prioritized for germ line
evaluations if the variants are detected via tumor-only sequencing.

No pathogenic germ line variants in this study possessed tumor VAFs
,0.4. Therefore, variants with tumor VAFs,0.4 in tumor-only testing
are less likely to be of germ line origin; however, low VAFs should
not deter germ line testing. We caution against using VAF as an
exclusion criterion for additional germ line testing, because structural
aberrations, including uniparental disomy, loss of heterozygosity, or
variants in primer hybridization sites, may skew VAFs. We perform a
hereditary evaluation, including assays sensitive to structural
aberrations, for all patients at high risk for HHMs regardless of tumor
VAFs. This approach has been shown to be an important component
of an HHM evaluation.10 Of note, NGS-based assays in this study
detect insertions or deletions up to 52 base pairs in size, but they
are typically unable to detect larger structural aberrations without
specialized bioinformatic pipelines.5 Therefore, this study may have
excluded patients affected by larger structural aberrations and may
underestimate the proportion of patients affected by HHMs.T
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In conclusion, this study demonstrates that NGS-based tumor-only
sequencing may provide another method by which we can identify
patients at risk for HHMs. Overall, 25 pathogenic variants with VAFs
.0.4 were detected using tumor-only sequencing, and 6 (24%) of
these variants were of germ line origin. This yield is similar to that for
adult patients with concerning personal or family histories who are
referred for panel-based testing for hereditary MDS/acute leukemia
predisposition.10 In addition to personal history, family history, and
cytopenia or poor stem-cell mobilization in related donors, tumor
profiling via NGS panels represents an emerging method by which
patients with HHMs may be identified.
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