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Summary
Some patients with therapy- related myeloid neoplasms (t- MN) may have unsus-
pected inherited cancer predisposition syndrome (CPS). We propose a set of clinical 
criteria to identify t- MN patients with high risk of CPS (HR- CPS). Among 225 t- MN 
patients with an antecedent non- myeloid malignancy, our clinical criteria identified 
52 (23%) HR- CPS patients. Germline whole- exome sequencing identified pathogenic 
or likely pathogenic variants in 10 of 27 HR- CPS patients compared to 0 of 9 low- 
risk CPS patients (37% vs. 0%, p = 0.04). These simple clinical criteria identify t- MN 
 patients most likely to benefit from genetic testing for inherited CPS.
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I N TRODUC TION

Therapy- related acute myeloid leukaemia (AML) and therapy- 
related myelodysplastic syndrome [MDS; collectively re-
ferred to as therapy- related myeloid neoplasms (t- MN)] are 
frequently fatal conditions resulting from prior exposure to 

chemotherapy, radiation therapy, and/or immunosuppressive 
agents. The incidence of t- MN is influenced by a number of 
factors, but is most affected by the agent(s) to which a patient 
is exposed, and the dosage and schedule of treatment.1 Two 
mechanisms have been proposed for the aetiology of t- MN: (1) 
direct damage to DNA in normal haematopoietic stem cells 
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by mutagenic agents; and (2) selection and expansion of pre- 
existing mutant haematopoietic clones.

As many t- MN patients have had more than one primary 
cancer, some may have an unsuspected cancer predisposi-
tion syndrome (CPS). Indeed, one of the very first successes 
of whole- genome sequencing identified a deleterious germ-
line TP53 deletion in a patient with t- MN.2 Furthermore, 
germline mutations in CPS genes such as BRCA1, BRCA2, 
and BARD1, as well as TP53, have been reported in t- MN 
patients.3,4

To investigate the occurrence of CPS in t- MN patients, 
we analysed an unselected series of 226 patients who devel-
oped t- MN following exposure to chemotherapy and/or ra-
diation for an antecedent non- myeloid malignancy (Table 1; 
see Appendix S1 for details on the analysis). The most com-
mon primary malignancies were: breast cancer (n = 72; 32%), 
non- Hodgkin- lymphoma (NHL; n = 38; 17%), Hodgkin lym-
phoma (HL; n = 26; 12%), and acute and chronic lymphoid 
leukaemias (n = 17; 8%).

Because family history data were missing or incomplete 
for almost all t- MN patients, we employed criteria used 
routinely by clinical cancer geneticists to identify high- risk 
CPS (HR- CPS) patients5: (1) the diagnosis of breast or colon 
cancer under age 50; (2) the diagnosis of sarcoma under age 
46 (meeting revised Chompret criteria for Li– Fraumeni syn-
drome6); and (3) the diagnosis of two or more primary can-
cers other than non- melanoma skin cancer in addition to the 
diagnosis of a t- MN. Because of the known biology of t- MN, 
we also included the following two criteria: (4) latency to 
t- MN of more than 15 years following initial exposure to cy-
totoxic therapy— since most t- MN cases occur with a latency 
of 10 years or less,7 long- latency t- MN may in fact represent a 
second primary cancer; and (5) a latency to t- MN diagnosis 
of no more than one year following exposure to cytotoxic 
therapy and a t- MN karyotype with either abnormalities 
of chromosome 5 and/or 7 or a complex tumour karyotype 
(≥3 unrelated cytogenetic abnormalities), since this subset 
of t- MN very rarely occurs with a latency of less than three 

T A B L E  1  Demographic and clinical characteristics of all 226 t- MN patients stratified as high- risk or low- risk cancer predisposition syndromes 
(HR- CPS or LR- CPS), and of the 27 HR- CPS patients and nine LR- CPS patients analysed via whole- exome sequencing (WES). For individual- level data 
on these patients, see Table S3. Note that some HR- CPS patients met multiple HR- CPS criteria

All patients Patients whole exome sequenced

Clinical characteristics
HR- CPS 
patients

LR- CPS 
patients All t- MN patients p- value

HR- CPS 
patients

LR- CPS 
patients p- value

Patients (%) 52 (23.0) 174 (77.0) 226 27 9

Males (%) 12 (23.1) 85 (48.6) 97 (42.9) 0.001 7 (25.9) 4 (44.4) 0.409

Median age at primary cancer diagnosis 
(range)

43 (12– 80) 53 (13– 83) 51 (12– 83) 0.003 45 (16– 80) 40 (18– 69) 0.497

Median age at therapy- related myeloid 
neoplasm diagnosis (range)

50 (17– 85) 59 (18– 87) 58 (17– 87) 0.039 51 (17– 85) 43 (18– 73) 0.257

Primary malignancy (%)

Breast cancer 31 (59.6) 41 (23.6) 72 (31.8) 0.000 13 (48.1) 3 (33.3) 0.700

NHL 4 (7.7) 34 (19.5) 38 (16.8) 0.056 2 (7.41) 0 (0) 1.000

HL 4 (7.7) 22 (12.6) 26 (11.5) 0.459 2 (7.41) 2 (22.2) 0.255

Leukaemia 3 (5.8) 14 (8.0) 17 (7.5) 0.768 1 (3.76) 1 (11.1) 0.443

Other 12 (23.1) 63 (36.2) 75 (33.2) 0.094 10 (37.0) 3 (33.3) 1.000

Cytogenetics (%)

Abnormalities of chr 5 and/or 7 5 (9.6) 31 (17.8) 36 (15.9) 0.197 4 (14.8) 4 (44.4) 0.086

Complex 21 (40.3) 56 (32.2) 77 (34.1) 0.318 10 (37.0) 4( 44.4) 0.712

Translocation 10 (19.2) 26 (14.9) 36 (15.9) 0.517 4 (14.8) 0 (0) 0.553

Inversion 4 (7.7) 6 (3.4) 10 (4.4) 0.244 4 (14.8) 0 (0) 0.553

Normal 6 (11.5) 26 (14.9) 32 (14.2) 0.654 3 (11.1) 0 (0) 0.558

Other 1 (1.9) 8 (4.6) 9 (4.0) 0.688 0 (0) 1 (11.1) 0.250

Unknown 5 (9.6) 21 (12.1) 26 (11.5) 0.806 2 (7.4) 0 (0) 1.000

HR- CPS criteria

Breast cancer <50 yrs 25 9

Multiple primaries 11 8

Latency >15 yr 8 5

Latency >1 yr and abnormalities of chr 
5/7 or complex karyotype

7 4

Sarcoma 3 3
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years.7 All other patients were considered low- risk for CPS 
(LR- CPS).

We identified 52/226 patients (23%) meeting one or more 
HR- CPS criteria, suggesting that an unexpectedly high pro-
portion of t- MN patients may have an undiagnosed CPS 
(Table 1). Of these, 25 were diagnosed with breast cancer at 
less than 50 years of age; 11 had multiple primary cancers; 
eight had latencies longer than 15 years; seven had cytoge-
netic abnormalities of chromosomes 5/7 or complex karyo-
types with latencies of no more than one year; and three 
had sarcomas. Two patients met more than one criterion. 
HR- CPS patients had an earlier median age of diagnosis for 
both their primary malignancy and t- MN as compared to 
LR- CPS patients [43 versus 53.2 years of age for primary ma-
lignancy (p = 3.4 × 10−5), and 49.5 versus 59 years of age for 
t- MN (p = 0.011)].

We performed whole- exome sequencing (WES) on all 
HR- CPS patients with available germline DNA (27/52), as 
well as nine LR- CPS patients with available germline DNA 
(see Table 1 and Table S1). Following WES and quality con-
trol, the average exome coverage at 10× for the HR- CPS and 
LR- CPS patients was 95% and 85% respectively, with an av-
erage read depth of 70× and 101× respectively (Table  S2). 
After filtering out non- coding variants and those leading 
to synonymous amino acid changes, an average of 8767 rare 
germline variants [minor allele frequency (MAF) < 0.01] 
were identified in each sample.

To identify high/moderate penetrance CPS variants in 
t- MN patients, we searched Ambry Genetics' (Aliso Viejo, 
CA, USA) clinical database for variants in the 52 genes asso-
ciated with hereditary cancer on the CancerNext- Expanded 
hereditary cancer gene panel (Table S3). Ambry Genetics is 
a genetic testing laboratory, and the clinical validity of all 
gene– disease associations are thoroughly assessed using 

a weighted scoring system guided by ClinGen gene cura-
tion criteria (https://clini calge nome.org/curat ion- activ ities/ 
gene- disea se- valid ity/).

We identified eight t- MN patients with a germline patho-
genic variant or likely pathogenic variant (VLP) in two tu-
mour suppressor genes: TP53 (n = 6), and CHEK2 (n = 2). 
We also identified one t- MN patient (2A) with a variant of 
uncertain significance (VUS) in TP53 who also had a co- 
occurring pathogenic TP53 variant (Table  2). All variants 
were heterozygous with allele fractions of approximately 
50%. One identical TP53 pathogenic variant was identified 
in patients 2A and 15A. Variants were confirmed by Sanger 
sequencing, based on DNA availability (Table S4). See sup-
porting evidence for each variant in the Appendix S1.

Because criteria for clinically actionable CPS variants are 
very stringent, we hypothesized that there may be other pa-
tients in our series with CPS variants not identified by our 
clinical pipeline. Consequently, we performed an in- silico 
bioinformatics analysis to identify rare potentially delete-
rious variants in the CPS genes identified by our clinical 
analysis, TP53 and CHEK2. Variants meeting the following 
criteria were characterized as bioinformatically defined CPS 
variants: (1) MAF less than 0.01 in both the 1000 Genomes 
Project8 and the NHLBI Exome Sequencing Project9; (2) 
CADD Phred10 scores of 20 or higher or GERP RS11 scores 
of 4 or higher, both of which are highly sensitive for identi-
fying pathogenic variants in the ClinVar database12; and (3) 
not classified as benign or very likely benign by Ambry. We 
successfully rediscovered 8/9 variants in HR- CPS patients 
(Table 2); only patient 104A (TP53 pathogenic variant) was 
not identified because his variant did not meet CADD Phred 
or GERP RS score thresholds (16.5/3.5). Additionally, we 
identified two patients with variants predicted to be delete-
rious, both of whom are HR- CPS patients, and both of whom 

T A B L E  2  All patients with putative cancer predisposition syndrome (CPS) variants identified by either the clinical or bioinformatics analysis. No 
variants were identified in the low- risk (LR)- CPS patient set. High- risk (HR)- CPS patient 104A was identified only by the clinical analysis, whereas 
patients 5A and 163A were identified only by the bioinformatics analysis. Patient 21A was diagnosed with t- MN at age 45, and so meets HR- CPS criteria 
by virtue of the diagnosis of breast cancer under age 50. For individual- level data, see Table S3

Patient 
ID Sex

Primary 
malignancy

Age at primary 
cancer 
diagnosis (yrs)

Latency 
to t- MN 
(yrs) Gene Variant

Variant 
classification

Discovered 
by clinical 
analysis

Discovered by 
bioinformatics 
analysis

HR- CPS 2A F Breast 35 11 TP53 p.V143M; 
p.Y205N

V134M –  Pathogenic 
Y205N -  VUS

+ (2) + (2)

15A F Breast 56 20 TP53 p.V143M Pathogenic + +

19A F Breast 66 16 TP53 p.K132R Pathogenic + +

21A F Breast Unk Unk TP53 p.C277Y VLP + +

191A F Cervical 
Ovarian

66 2 TP53 p.H179Y Pathogenic + +

104A M NHL 50 20 TP53 p.Y234C Pathogenic + −

189A F Thyroid 27 32 CHEK2 p.R117G VLP + +

267A M Mel Sarc 
Prostate

50 2 CHEK2 p.I157T Pathogenic + +

5A F Breast 42 3 CHEK2 p.L338V − − +

163A M HL 35 0 CHEK2 p.F310S − − +

 13652141, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bjh.18543 by U

niversity O
f C

hicago L
ibrary, W

iley O
nline L

ibrary on [14/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://clinicalgenome.org/curation-activities/gene-disease-validity/
https://clinicalgenome.org/curation-activities/gene-disease-validity/


4 |   GENETIC CANCER SYNDROMES ARE COMMON IN T-MN

have variants in CHEK2. This in- silico analysis replicates 
and potentially extends the results of our clinical analysis, 
though the pathogenicity of these bioinformatically pre-
dicted deleterious variants should be validated in additional 
studies. Combining our clinical and bioinformatic analyses, 
all individuals with pathogenic variants, VLPs, or VUS were 
HR- CPS patients (10/27, 37%), versus 0/9 LR- CPS patients 
(Fisher's exact p = 0.04).

In conclusion, whereas only 5%– 10% of all cancers are 
caused by deleterious germline mutations in CPS genes,13,14 
we found evidence for CPS mutations in a large proportion 
of t- MN patients, all of whom met HR- CPS criteria. Based 
upon the combined results of our clinical and bioinformat-
ics analysis, we identified putative CPS variants in 10/27 
HR- CPS patients, and 0/9 LR- CPS patients, with all vari-
ants identified in either TP53 or CHEK2. However, given the 
small sample size here, the HR- CPS criteria should be tested 
in a larger cohort to determine their sensitivity and spec-
ificity for identifying patients with CPS. Another possible 
limitation of our results is that the CancerNext- Expanded 
gene panel does not include genes associated with predispo-
sition to ‘pure’ haematological malignancy syndromes such 
as RUNX1 or CEBPA.

Wong and colleagues demonstrated that haematopoi-
etic stem cell clones with somatic TP53 mutations can be 
selected for by exposure to chemotherapy and outcompete 
clones with wild- type TP53, thereby giving rise to t- MN.15 
Our results complement these observations by suggesting 
that individuals with germline TP53 mutations are similarly 
at increased risk for t- MN.

Moreover, our results align with work by Singhal and col-
leagues suggesting that CPS are likely to be more common 
among t- MN patients and that clinical criteria are needed to 
guide CPS screening in t- MN patients.4 The simple HR- CPS 
criteria we employed, which do not require a family history, 
may provide a simple and effective means of identifying t- MN 
patients for CPS screening and should be studied further.

Currently, the vast majority of patients who could benefit 
from genetic testing for inherited CPS are not being offered 
genetic testing. Our findings provide both a powerful ratio-
nale for the importance of genetic testing in t- MN patients 
as well as a simple clinical algorithm to identify those t- MN 
patients who are most likely to benefit. These results may 
have significant diagnostic and clinical implications for both 
these patients and their family members.
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