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Realizing the goal of 

precision medicine in oncology

DEFINE:

Baseline genetics/epigenetics

[germline]

Acquired genetics/epigenetics in the HSC

[clonal hematopoiesis]

Acquired genetics/epigenetics in the tumor

[tumor profiling]

Microbiome/Immunotype

to devise an effective treatment strategy for a particular patient
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Germline predisposition to myeloid malignancies 

is now widely recognized

NCCN MDS guidelines urge testing for germline 

predisposition: J Natl Compr Canc Netw 20:106-117 (2022). 

European LeukemiaNet guidelines also include testing for 

predisposition mutations: Blood 140: 1345-1377 (2022). 

WHO classification includes germline 

predisposition to myeloid malignancies 

ICC classification includes germline 

predisposition: Blood 140: 1200-1228 (2022). 
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Germline hematopoietic malignancy risk genes
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ACD, ADH5/ALDH2, ALAS2, BRCA1/2, BRIP1, CECR1, 

CSF3R, CTC1, CXCR4, DCLRE1B, DDX41, DKC1, 
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Realizing the goal of 

precision medicine in oncology

DEFINE:

Baseline genetics/epigenetics

[germline]

Acquired genetics/epigenetics in the HSC

[clonal hematopoiesis]

Acquired genetics/epigenetics in the tumor

[tumor profiling]

Microbiome/Immunotype

to devise an effective treatment strategy for a particular patient
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Precision oncology from my perspective today

One of our oncology nurses was diagnosed with breast cancer…

2

52yo

breast ca

61yo

breast ca

57yo

breast ca

69yo

ovarian ca

Based on her personal and family history of cancer, 

she underwent germline genetic testing

The CHEK2 I200T (I157T) allele was identified
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The molecular impact of HR DNA repair pathway deficiencies 

on DNA integrity within hematopoietic cells
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Germline CHEK2 mutations and hematopoietic malignancies

representative pedigree

CHEK2I200T CHEK2I200T

CHEK2I200T

CHEK2I200T

breast ca
thyroid ca

Godley Lab Cohort
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Germline CHEK2 mutations and hematopoietic malignancies
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Germline CHEK2 mutations and hematopoietic malignancies
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Germline CHEK2 mutations and hematopoietic malignancies

mutational spectrum in myeloid malignancies
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The CHEK2 I200T variant predisposes to clonal hematopoiesis

rs17879961 CHEK2

CHEK2

Dimer

I200T

Protein

HSPC

expansion

DNA Damage

response

Bao, E. L. et al. (2020) Nature

Human Disease 

Colon, prostate, breast

Myeloid malignancies, CLL

Clonal Hematopoiesis

Smith, J., et al. (2010) Adv Cancer Res

Liu, C., et al. (2012) Asian Pac J Cancer Prev

Wang, Y., Dai, B. & Ye, D. (2015)  Int J Clin Exp Med

Filippini, S. E. & Vega, A. (2013). Front Biosci

Liu, C., et al. (2012). Asian Pac J Cancer Prev

Janiszewska, H., et al. (2018) Leuk Res

Bick, A. G., et al. (2020) Nature

Germline CHEK2 mutations and hematopoietic malignancies
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Germline CHEK2 mutations and hematopoietic malignancies
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Germline CHEK2 mutations and hematopoietic malignancies
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Do the knock-in Chek2I161T-mutant mice 

develop clonal hematopoiesis?
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Abdominal 

mass Liver

T-helper cell Leukemia (18 mo) Lymphoma (24 mo)

Germline CHEK2 mutations and hematopoietic malignancies
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The molecular impact of HR DNA repair pathway deficiencies 

on DNA integrity within hematopoietic cells
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Brca1 is a Fanconi gene (FANCS)

Brca1 +/+
Brca1 +/-
Brca1 -/-

Vasanthakumar, A et al.  Blood 127: 310-313 (2016) 
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Precision oncology from my perspective today

So what did we do for my colleague?

2

52yo

breast ca

61yo

breast ca

57yo

breast ca

69yo

ovarian ca

Assessed for clonal hematopoiesis

It was not there→

Surgical treatment for her breast cancer [she opted for bilateral mastectomy]

Cytotoxic chemotherapy
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Disease mechanisms–

What does age tell us?
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Germline mutations in young MDS/t-MDS/AA patients

Ma, Am J Med, 2012

Rationale

MDS is a disease of the elderly, 

with a median age of diagnosis of 76 years in 

the US
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Inclusion criteria

Confirmed diagnosis of

• MDS 

• Secondary AML (sAML) with

myelodysplasia

• Therapy-related MDS (t-MDS)

• Aplastic anemia (AA)

AND 

Age at diagnosis: 18-40yo

AND 

Sufficient germline DNA available

Irrespective of family history

Germline mutations in young MDS/t-MDS/AA patients

cohort sequenced:

n=121

MDS 75

t-MDS 9

AA 33

sAML 2

Cytopenia/BM dysplasia 2

Overall percentage of likely/known pathogenic 

variants:

in MDS- 19%

in AA- 15%

Simone Feurstein, Jane E. Churpek, Tom Walsh, Sioban Keel, Marja Hakkarainen, Thomas Schroeder, Ulrich Germing, Stefanie Geyh, Michael Heuser, Felicitas Thol, Christian 

Pohlkamp, Torsten Haferlach, Juehua Gao, Carolyn Owen, Gudrun Goehring, Brigitte Schlegelberger, Divij Verma, Daniela S. Krause, Guimin Gao, Tara Cronin, Suleyman 

Gulsuner, Ming Lee, Colin C. Pritchard, Hari Prasanna Subramanian, Daniela del Gaudio, Zejuan Li, Soma Das, Outi Kilpivaara, Ulla Wartiovaara-Kautto,  Eunice S. Wang, 

Elizabeth A. Griffiths, Konstanze Döhner, Hartmut Döhner, Mary-Claire King. Leukemia 35: 2439-2444 (2021)
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SAMD9/SAMD9L DNA repair and 

telomere biology
DDX41

[elderly]

Filling in 

the 

GAP

[18-40 yo][0-5 yo] [13-25 yo]

GATA2

Age of presentation (of MDS) is a surrogate 

for the biological pathway

Feurstein, S. et al. Leukemia 35: 2439-2444 (2021)



Private InformationFeurstein, S. et al. Blood 140: 2533-2548 (2022)

Determining the frequency of deleterious germline variants 

in MDS across the age spectrum (CIBMTR cohort)
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Frequency of deleterious germline variants 

in MDS across the age spectrum:

7% (>5% in all age deciles)

Feurstein, S. et al. Blood 140: 2533-2548 (2022)
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Frequency of deleterious germline variants 

in MDS across the age spectrum:

7% (>5% in all age deciles)

Feurstein, S. et al. Blood 140: 2533-2548 (2022)
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Somatic mutation spectrum = that of de novo MDS

Feurstein, S. et al. Blood 140: 2533-2548 (2022)
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SAMD9/SAMD9L DNA repair and 

telomere biology
DDX41

[elderly][18+ yo][0-5 yo] [13-25 yo]

GATA2

Age of presentation (of MDS) is a surrogate 

for the biological pathway

Feurstein, S. et al. Leukemia 35: 2439-2444 (2021)

Feurstein, S. et al. Blood 140: 2533-2548 (2022)
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Disease mechanisms–

DDX41 and its unique biology
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DDX41 on 5q35.3 encodes a DEAD/H-Box helicase

Makishima, H. et al. Blood epub (2022) 

PMID: 36322930
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Germline DDX41mut predispose to late-onset malignancies

No Disease

86%

[12/14]

7%
[1/14]

7%
[1/14]

Solid Tumor

Hematopoietic Malignancy

No Disease

Hematopoietic Malignancy
Solid Tumor

16%

[7/44]

59%

[26/44]

14%

[6/44]

Hematopoietic Malignancy 

and Solid Tumor

14%

[6/44]

88%
[14/16]

12%
[2/16]

14%
[7/49] 29%

[14/49]10%
[5/49]

47%
[23/49]

p<0.0001

No Disease

Hematopoietic Malignancy
Solid Tumor

16%

[7/44]

59%

[26/44]

14%

[6/44]

Hematopoietic Malignancy 

and Solid Tumor

14%

[6/44]

No Disease

Hematopoietic Malignancy
Solid Tumor

16%

[7/44]

59%

[26/44]

14%

[6/44]

Hematopoietic Malignancy 

and Solid Tumor

14%

[6/44]

No Disease

Hematopoietic Malignancy
Solid Tumor

16%

[7/44]

59%

[26/44]

14%

[6/44]

Hematopoietic Malignancy 

and Solid Tumor

14%

[6/44]

No Disease

Hematopoietic Malignancy
Solid Tumor

16%

[7/44]

59%

[26/44]

14%

[6/44]

Hematopoietic Malignancy 

and Solid Tumor

14%

[6/44]

No Disease

Hematopoietic Malignancy
Solid Tumor

16%

[7/44]

59%

[26/44]

14%

[6/44]

Hematopoietic Malignancy 

and Solid Tumor

14%

[6/44]

No Disease

Hematopoietic Malignancy
Solid Tumor

16%

[7/44]

59%

[26/44]

14%

[6/44]

Hematopoietic Malignancy 

and Solid Tumor

14%

[6/44]

<50 years ≥50 years
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Mechanistic model for DDX41mut-mediated tumorigenesis

inflammation?
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Mechanistic model for DDX41mut-mediated tumorigenesis

inflammation?
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Saygin, C. et al. Blood Advances epub (2022) PMID: 36001442

People with deleterious germline DDX41mut develop 

more GVHD post-transplant (with WT donors)
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People with deleterious germline DDX41mut develop 

more GVHD post-transplant (with WT donors)

Saygin, C. et al. Blood Advances epub (2022) PMID: 36001442
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The unique biology of deleterious germline DDX41 variants

- Some variants are more common in particular populations:

o Asian: A500fs

o Northern European: M1? and D140fs

- Clonal hematopoiesis does not exist decades before malignancy

- Malignancies develop LATER in life, on average = de novo

o Myeloid > Lymphoid

o Men > Women

- Severe GVHD develops after allogeneic HSCT unless post-transplant cytoxan 

is used→ suggesting inflammatory milieu?

- In families with solid tumors, second deleterious germline variants often exist→

suggesting permissive role of the DDX41 variant in solid tumor growth, through 

inflammatory milieu?
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Testing and Management Considerations
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Key features that signal patients/families who 

warrant PROPER germline predisposition testing

○ Multiple cancers within a single individual (t-MN versus ‘double cancers’)

○ Diagnosis of a hematopoietic malignancy at a much younger age than expected 
from the general population

BUT… people who present at an “average” age for a particular diagnosis are still 
potentially deserving of genetic predisposition testing 
(i.e., presentation at an average age does not preclude germline contribution and need for 
genetic testing).

○ Other hematopoietic malignancies or young onset (<50yo) solid tumors within 2 
generations

○ Other hematopoietic abnormalities within the family 
(e.g., macrocytosis, bleeding propensity, severe anemia, or anemia in men)

o Identification of a pathogenic DNA variant at a VAF consistent with germline status 
on tumor-based molecular profiling
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Key features that signal patients/families who 

warrant PROPER germline predisposition testing

○ Multiple cancers within a single individual (t-MN versus ‘double cancers’)

○ Diagnosis of a hematopoietic malignancy at a much younger age than expected 
from the general population

BUT… people who present at an “average” age for a particular diagnosis are still 
potentially deserving of genetic predisposition testing 
(i.e., presentation at an average age does not preclude germline contribution and need for 
genetic testing).

○ Other hematopoietic malignancies or young onset (<50yo) solid tumors within 2 
generations

○ Other hematopoietic abnormalities within the family 
(e.g., macrocytosis, bleeding propensity, severe anemia, or anemia in men)

o Identification of a pathogenic DNA variant at a VAF consistent with germline status 
on tumor-based molecular profiling

Soon… all patients diagnosed with a hematopoietic malignancy [and their donors]
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An algorithm for patient work-up

Patient acquired through 

strong personal/family 

history

Patient acquired through 

routine clinical testing of 

presenting leukemia

Family identified through 

evaluation of related 

allogeneic stem donor

Perform detailed personal 

bleeding/family history

bi-allelic CEBPA mutations

RUNX1/ETV6/GATA2/TP53 mutation

Perform skin biopsy→

grow skin fibroblasts→

isolate gDNA

Run augmented WES with 

bioinformatic analysis to 

detect SNVs and CNVs

if strong

if negative

Research-based 

whole exome/genome sequencing

Family-based genetic counseling and 

clinical site-specific testing

if positive

ANKRD26

ATM

B Marrow Failure

BRCA1/2

CEBPA

DDX41

ETV6

Fanconi anemia

GATA2

SAMD9

SAMD9L

SRP72

RUNX1

Telomere Biol

TP53
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We perform our molecular panel every time 

a patient with leukemia has a bone marrow biopsy

100%

50%

somatic

germline

Time

V
A

F
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Sometimes people with germline predisposition 

do not have strong personal/family histories

Careful interpretation of “somatic” testing can help identify such people

breast ca

52yo

lung ca

smoker

lung ca

smoker

AML

78yo Diagnosis Remission

DNMT3A 36% 3%

TP53 64% 45%
VAFs

This person has Li-Fraumeni 

Syndrome-- deleterious 

germline TP53 variant! 
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Detecting germline mutations 

from molecular profiling data over time

TP53 Allele Frequency BRCA2 Allele Frequency

*****
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Tumor-based versus germline predisposition testing
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Tumor-based versus germline predisposition testing
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Tumor-based versus germline predisposition testing
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Tumor-based versus germline predisposition testing
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Tumor-based versus germline predisposition testing
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Growing list of germline predisposition genes

Testing platforms/submitted samples are not standardized

gene on panel gene not on panel

Roloff, G.W. et al. Genet Med. 23: 211-214 (2021)
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Disease mechanisms–

Is clonal hematopoiesis a universal predictor of HHMs?

5

10

15

years

CH HHM
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Surveillance recommendations

Godley, L.A. and Shimamura, A. Blood 130: 424-432 (2017)

Recommend 

additional 

cancer and 

other organ 

surveillance 

strategies as 

appropriate
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Following CH over time

Time

V
A

F
 (

%
)

100

50

25

Does detection of this clone constitute molecular MDS?

Do we need dysplastic cells to call MDS?

How do we intervene to slow/stop malignant progression?

BCORmut

germline RUNX1mut
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Disease mechanisms–

Is clonal hematopoiesis a universal predictor of HHMs?

5

10

15

years

CH HHM
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We need to interpret carefully the molecular 

data we generate
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Allogeneic stem cell donors: 

they can have deleterious germline variants too!

Patient with 

leukemia



Private Information

Allogeneic stem cell donors: 

they can have deleterious germline variants too!

Molecular profiling 

of patient leukemia:

DDX41 D140fs (VAF 49%)

DDX41 R525H (VAF 9%)

Patient with 

leukemia
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Allogeneic stem cell donors: 

they can have deleterious germline variants too!

Molecular profiling 

of patient leukemia:

DDX41 D140fs (VAF 49%)

DDX41 R525H (VAF 9%)

THINK GERMLINE 

PREDISPOSITION!

Patient with 

leukemia
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Allogeneic stem cell donors: 

they can have deleterious germline variants too!

Molecular profiling 

of patient leukemia:

DDX41 D140fs (VAF 49%)

DDX41 R525H (VAF 9%)

THINK GERMLINE 

PREDISPOSITION!

Patient with 

leukemia

Patient in 

remission
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Allogeneic stem cell donors: 

they can have deleterious germline variants too!

Donor

Molecular profiling 

of patient leukemia:

DDX41 D140fs (VAF 49%)

DDX41 R525H (VAF 9%)

THINK GERMLINE 

PREDISPOSITION!

Patient with 

leukemia

Patient in 

remission
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Allogeneic stem cell donors: 

they can have deleterious germline variants too!

Donor Patient in 

remission

CD34+

Molecular profiling 

of patient leukemia:

DDX41 D140fs (VAF 49%)

DDX41 R525H (VAF 9%)

THINK GERMLINE 

PREDISPOSITION!

Patient with 

leukemia

Patient in 

remission
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Allogeneic stem cell donors: 

they can have deleterious germline variants too!

Donor Patient in 

remission

CD34+

Molecular profiling 

of patient leukemia:

DDX41 D140fs (VAF 49%)

DDX41 R525H (VAF 9%)

THINK GERMLINE 

PREDISPOSITION!

Patient with 

leukemia

Patient in 

remission

Engraftment analysis:

>95% donor
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Allogeneic stem cell donors: 

they can have deleterious germline variants too!

Donor Patient in 

remission

CD34+

Molecular profiling 

of patient leukemia:

DDX41 D140fs (VAF 49%)

DDX41 R525H (VAF 9%)

THINK GERMLINE 

PREDISPOSITION!

Patient with 

leukemia

Patient in 

remission

Molecular profiling 

of patient post-transplant:

CHEK2 I200T (VAF 51%)

Engraftment analysis:

>95% donor
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Allogeneic stem cell donors: 

they can have deleterious germline variants too!

Donor Patient in 

remission

CD34+

Molecular profiling 

of patient leukemia:

DDX41 D140fs (VAF 49%)

DDX41 R525H (VAF 9%)

THINK GERMLINE 

PREDISPOSITION!

Patient with 

leukemia

Patient in 

remission

Molecular profiling 

of patient post-transplant:

CHEK2 I200T (VAF 51%)

Engraftment analysis:

>95% donor

Allogeneic stem cell transplantation 

is ethically compromised–

especially when related donors are used

especially when you perform molecular 

testing post-transplant 

with 100% donor chimerism
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Inherited predisposition to hematopoietic malignancies:

What have we learned?
• Germline predisposition to all cancers is COMMON, and there is significant 

overlap between ‘solid’ and ‘liquid’ cancer syndromes. 

• Testing for risk to hematopoietic malignancies is complicated by high 

frequency of somatic reversion in hematopoietic tissues and inadequate 

testing platforms from many laboratories.

• Careful interpretation of tumor profiling data can prioritize patients with likely 

germline predisposition alleles.

• Post-transplant GVHD prophylaxis should include cytoxan for those with 

germline DDX41 mutations

Future: 

Standardization of germline testing for some/all patients with hematopoietic 

malignancies and their donors

Other treatment plans based on susceptibilities conferred by germline variants
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