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Alterations in genes encoding epigenetic regulators are common in myeloid malignancies, 

and several recent studies have demonstrated that these mutations are present at high 

frequencies within peripheral blood cells in approximately 10% of individuals over 60 years 

of age. Although the presence of these mutations carries an increased risk of subsequent 

hematologic malignancies, the vast majority of individuals do not progress clinically and the 

natural history of clonal hematopoiesis is unclear.1-3 Thus, the term Clonal Hematopoiesis of 

Indeterminate Potential (CHIP) was proposed.4

Allogeneic bone marrow transplantation (alloBMT) remains the only curative therapy for 

many patients with hematologic malignancies. Over the past decade, advances in alloBMT 

have permitted older patients to successfully undergo the procedure. Accordingly, older 

matched sibling donors are being utilized. Moreover, the development of safe and effective 

haploidentical BMT allows parents to serve as related donors for their children.5 We 

hypothesized that clinically silent “premalignant” clones (which do not result in overt 

malignancy under homeostatic conditions within the donor) may be subjected to substantial 

proliferative and self-renewal stress during the engraftment process and could undergo 
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transformation. We report 2 cases of donor cell leukemia (DCL) arising from CHIP marked 

by somatic mutations in leukemia-related genes in donors over age 60.

The study was approved by the Institutional Review Board at the Johns Hopkins University. 

Clonality was detected by a custom leukemia DNA sequencing panel covering 637 genes 

important in oncogenesis (Supplementary Methods).

From 2011-2014, we used 61 bone marrow donors >60 years-of-age at our institution 

(Supplementary Table 1). Median and maximum follow-up were 389 and 1481 days, 

respectively. Two recipients developed DCL for a cumulative incidence of 6.3% (95% CI: 

0.94%, 19.6%). Donors and recipients characteristics are in Supplementary Tables 1 and 2. 

Patient 1 was diagnosed with therapy-related AML and received two rounds of induction 

chemotherapy followed by myeloablative, haploidentical allo-BMT from his 68-year-old 

mother. The patient's course was complicated by primary graft failure and he subsequently 

underwent salvage nonmyeloablative haploidentical peripheral blood stem cell 

transplantation from the same donor. The bone marrow biopsy at 2.5 years showed focal 

erythroid dysplasia and no increased blasts (Supplementary Figure 1a). His routine 3-year 

post-BMT marrow revealed erythroid dysplasia and a rare (1%) population of abnormal 

myeloblasts identified by flow cytometry (Supplementary Figure 1b). The bone marrow 

biopsy 1 month later revealed >30% myeloid blasts, a normal female karyotype 

(Supplementary Figure 1c) and full donor chimerism, consistent with DCL (Figure 1d).

Patient 2 was diagnosed with a stage IIIB B-cell lymphoma. The patient eventually achieved 

a complete remission and underwent a nonmyeloablative, haploidentical allo-BMT with 8 

cycles of post-BMT rituximab maintenance. Patient's 61-year-old mother was utilized as a 

donor. His post-transplant course was complicated by protracted late-onset neutropenia and 

thrombocytopenia. Bone marrow biopsy at 13 months was unremarkable (Supplementary 

Figure 1d). Cytopenias persisted; repeat bone marrow biopsy 18 months post-BMT showed 

significant erythroid dysplasia, monosomy 7 in one third of the cells (Supplementary Figure 

1e) and full donor chimerism consistent with myelodysplastic syndrome (MDS) of donor 

origin (Figure 1h).

To identify the presence of clonal hematopoiesis in donors, which may have contributed to 

DCL, we compared next-generation DNA sequencing (NGS) datasets from donors and 

paired DCL samples in order to detect variants that expanded >3 fold from donor to DCL. 

Using this approach we identified low frequency clones marked by somatic mutations in 

both older donors. In donor 1 two mutations affected DNMT3A were found: a missense 

mutation in exon 18, codon 710 (chr2:25463553C>G p.C710S, referred to as DNMT3Ae; 
variant allele frequency (VAF)=0.7%) and an intronic mutation (chr2:25464428T>C, 

referred to as DNMT3Ai) (VAF=1.7%). The location of the latter within the conserved 

splice donor site raises the possibility of aberrant splicing and altered protein function. The 

third mutation was found in ATM (chr11:108236198T>C, p.L3045P, VAF=1.4%). In donor 

2, three mutations were identified: a missense mutation in U2AF1 (chr21; 44514777T>G, 

p.Q157P; VAF=1.3%) and EP300 (chr22; 41537062A>G, p.Y630C; VAF= 1.3%), along 

with a mutation in the 3’ untranslated region of MYH9 (chr22; 36678355T>G; VAF=1.9%). 

In donor 1, clonal expansion was likely driven by alterations in the DNMT3A gene. The 
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further dominance of one of the clones was likely facilitated by the acquisition of a 

cooperating ATM mutation. In donor 2, similar frequencies of the mutations suggest a close 

temporal acquisition of all 3 mutations (Figure 1e-g and Supplementary Table 3). Despite 

the retrospective identification of CHIP, donors 1 and 2 have not developed any clinically 

evident hematological diseases during nearly 5 years and 2 years of follow up, respectively.

Patient 1 was diagnosed with DCL 3.5 years post-alloBMT. NGS analysis of DCL identified 

18 somatic mutations in 17 genes including 3 mutations present in donor pre-alloBMT 

(Supplementary Table 3). Although both donor clones significantly expanded in the 

recipient, the VAF of the clone carrying DNMT3Ai and ATM mutations increased more than 

10 fold (VAF=17% and 16% respectively) compared to 7 fold for the minor clone with 

DNMT3e mutation (VAF=5%) (Figure 1a-b and Figure 2a). Moreover, the leukemic blast 

percentage of about 30% was consistent with the AML arising from the premalignant clone 

with heterozygous mutations in DNMT3Ai (VAF=17%) and ATM (VAF=16%). The blasts 

appeared to have acquired an additional mutation in CBFB (VAF=36%). Further clonal 

evolution was marked by acquisition of cooperating mutations involving CSF3R, S1PR2, 

and SETBP1 among others (Figure 2b). The VAF of the CBFB mutation was nearly double 

the VAF of the DNMT3Ai/ATM clone suggesting either deletion of the wild-type CBFB or 

biallelic mutation. Metaphase karyotyping revealed a normal female karytope both in the 

donor cells prior to alloBMT and at DCL diagnosis. Single nucleotide polymorphism array 

(SNP-A) revealed acquired copy-neutral loss of heterozygosity (CN-LOH) spanning 

chromosome 16q, the location of CBFB (Supplementary Figure 2). This explains the 

biallelic CBFB mutation and suggests it is in the same clone as the antecedent DNMT3Ai 
and ATM mutations.

Patient's 2 post-alloBMT course was complicated by protracted pancytopenia and bone 

marrow at 18 months showed significant erythroid dysplasia and monosomy 7. NGS 

analysis revealed 7 somatic mutations including 3 mutations present in donor pre-alloBMT 

(Supplementary Table 3). Three mutations identified in the donor expanded more than 25 

fold (Figure 1e-g and Figure 2c). The evolution of DCL was also associated with the 

acquisition of cooperating mutations in GUCY1A2, CSMD3, MPL and SETBP1. Our data 

suggest that premalignant donor-derived clones expanded within the recipient, and acquired 

additional mutations causing malignant transformation (Figure 2d). The donor origin of 

leukemia was confirmed by STR polymorphism analysis (Figure 1d and 1h).

DCL was first described in 1971, and for years was considered rare.6 The pathogenesis of 

DCL has been unclear; some cases may have unrecognized clonal disorders in the bone 

marrow donors7, 8 or inherited defects when cord blood is used.9 The frequency of DCL 

appears to be steadily increasing, perhaps in part a result of routine and sensitive post-BMT 

chimerism testing.10 However, the utilization of older donors who are more likely to carry 

clonal hematopoiesis may also account for the increase. Our study describes the molecular 

evolution of CHIP within the donors into DCL. Somatic mutations in MDS-associated genes 

like U2AF1 and DNMT3A along with ATM, MYH9 and EP300 resulted in their clonal 

expansion. Previous studies suggest that alterations in DNMT3A and U2AF1 are the first 

genetic events to arise within clonal hematopoiesis and likely represent true drivers/

predisposing mutations in the oncogenic process.11 Animal studies have shown that the loss 
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of DNMT3A impaired differentiation and up-regulation of multipotency genes in 

hematopoietic stem and progenitor cells (HSPC).12 Similarly, mutated U2AF1 resulted in 

cytopenias and the expansion of HSPC in mice.13 Although necessary for initial clonal 

expansion, these changes were insufficient for oncogenic transformation as the donors 

remain hematologically normal nearly 5 and 2 years since transplantation. In the recipients, 

the change from homeostatic to regenerative hematopoiesis after alloBMT may have driven 

further clonal expansion and eventually oncogenic transformation. The use of alkylating 

agents like post-transplant cyclophosphamide (PTCy) as GvHD prophylaxis may have 

contributed to genotoxic stress and acquisition of additional mutations and structural 

chromosomal changes like deletion 7 or CN-LOH of 16q. However, we do not believe PTCy 

is necessary for development of DCL since Patient 1 did not receive it after his 2nd 

transplant, and because the incidence of DCL is similar in our cohort who received PTCy to 

those who did not.5 The transformation appeared to be associated with acquisition of 

cooperating mutations followed by a series of subclonal events such as SETBP1 mutations 

that are late progression events in myeloid malignancies.14

The acquisition of genetic abnormalities leading to clonal dominance has been demonstrated 

in the transformation of MDS to secondary AML.15 Our study tracks changes from 

subclinical clonal hematopoiesis to malignancy and confirms the propensity of specific 

mutated clones to evolve to MDS and leukemia. Similar to other premalignant conditions the 

latency period may span years or even decades, such that the majority of patients are 

unlikely to develop overt disease. This time frame may radically shorten under cell-extrinsic 

stress uniformly associated with the post-BMT reconstitution of donor-derived 

hematopoiesis. Thus, meticulous assessment of older donors beyond routine hemograms, 

bone marrow morphology and traditional cytogenetics should be considered. Moreover, 

formal studies in alloBMT patients and their donors are needed to further understand the 

incidence of clonal donor hematopoiesis leading to DCL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Somatic mutations in donor cells prior to alloBMT and in DCL detected by targeted 

sequencing. (a) Patient/donor 1; the mutation in DNMT3A chr2:25464428T>C (DNMT3Ai) 
was present in donor cells pre-transplant and at a 10 fold higher frequency in the DCL 

sample. (b) An ATM L3045P (ATM) mutation was also detected in donor cells and the DCL 

at a similar frequency to DNMT3Ai. (c) Another mutation in DNMT3A C710S 

(DNMT3Ae) was found in both samples at a frequency lower than the previous 2 mutations 

suggesting the presence of a second, lower frequency clone. (d) Short tandem repeat (STR) 

analysis of donor and patient DNA prior to transplant along with DNA extracted from the 

DCL confirmed that leukemia originated from the donor. STR markers used are shown. (e-g) 

Patient/donor 2; somatic mutations in MYH9, U2AF1 and EP300 identified at low 

frequencies in donor's peripheral blood and at 25 fold higher frequencies in the recipient at 

the time of DCL diagnosis. (h) STR analysis confirmed the donor origin of leukemia. 

Representative images from Integrative Genomics Viewer (Broad Institute) as well as a 

description of mutations and the clone frequencies are shown.
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Figure 2. 
Evolution of premalignant clones identified in the donors. (a) Patient/donor 1; VAFs of the 

mutations found in donor's peripheral blood and the DCL The star indicates biallelic 

mutation in CBFB gene due to CN-LOH of chromosome 16q. The scale was adjusted to 

better visualize the difference in VAF in donor cells pre-alloBMT (left). (b) Two clones were 

present in the donor pre-alloBMT. One clone carried ATM and DNMT3Ai while the other, 

lower frequency clone, harbored a sole DNMT3Ae mutation. Cell extrinsic stress related to 

BMT and hematopoietic reconstitution resulted in the expansion of both clones. Further 
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malignant transformation of the clones carrying DNMT3Ai and ATM mutations via 

acquisition of CBFB mutation followed by cooperating mutations resulted in DCL. (c) 

Patient/donor 2; VAFs of the mutated genes in donor's blood and the recipient's bone marrow 

at the time of DCL. (d) Low-frequency clone marked by MYH9, EP300 and U2AF1 
mutations, present in donor's bone marrow, acquired additional, cooperating somatic 

changes allowing for its expansion that manifested clinically as DCL.
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