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First report of multiple CEBPA mutations contributing to donor origin of leukemia
relapse after allogeneic hematopoietic stem cell transplantation

*Haowen Xiao,!? *Jimin Shi," Yi Luo," Yamin Tan, Jingsong He,' Wanzhuo Xie,' Lifei Zhang, Yingjia Wang, Lizhen Liu,’
Kangni Wu,' Xiaohong Yu,' Zhen Cai,! Maofang Lin," Xiujin Ye," and He Huang'

Bone Marrow Transplantation Center, The First Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, People’s Republic of China; and
2Department of Haematology, Guangzhou Liuhuagiao Hospital, Guangzhou, People’s Republic of China

Donor cell leukemia after allogeneic hema-
topoietic stem cell transplantation might
provide a unique human model for our
understanding of leukemogenesis in vivo.
We hypothesized that the “2-genetic-hits
model” may contribute to the “leukemiza-
tion” of donor cells and first evaluated
these genetic mutations that are impli-
cated in the development of acute my-
eloid leukemia in a donor cell leukemia

patient and donor. The patient and his
donor-sister both harbored a germline
mutation in CEBPA (584_589dup). Suscep-
tible donor hematopoietic cells evolved
to overt acute myeloid leukemia by devel-
oping 2 somatic CEBPA mutations
(247dupC and 914_916dup) in the pa-
tient’s microenvironment. These were
identical to the acquired mutations identi-
fied in leukemic cells that originated from

the patient during de novo acute myeloid
leukemia. Our results provide the first
report of multiple mutations of CEBPA
contributing to the transformation of do-
nor cells to the leukemic phenotype and
provide clues to support the multiple-
genetic-hits mechanism of donor cell leu-
kemia. (Blood. 2011;117(19):5257-5260)

Introduction

Leukemia relapse after allogeneic hematopoietic stem cell transplan-
tation (allo-HSCT) that arises in cells of donor origin in the
transplant recipient, so-called donor cell leukemia (DCL), is a rare
disease entity, and only 51 cases were reported since 1971.1* The
precise etiologic mechanisms of DCL remain unknown, and no com-
mon mechanism can be identified in most of the cases reported in the
literature. Careful analysis of the mechanisms with respect to the
oncogenic transformation of donor-derived cells might provide a unique
human model for our understanding of leukemogenesis in vivo.
According to the “2-genetic-hits model,” cooperation between 2
classes of genetic mutations contributes to leukemogenesis.” One
group (class 1) comprises mutations in the fms-related tyrosine
kinase 3 gene (FLT3) or the neuroblastoma RAS viral oncogene
homolog gene (NRAS), which increase the proliferation and/or
survival of hematopoietic stem/progenitor cells.®” The other comple-
mentation group (class 2) comprises mutations in CEBPA, the gene
that encodes the CCAAT enhancer-binding proteina (C/EBPa); the
myeloid-lymphoid or mixed-lineage leukemia gene (MLL); or the
nucleophosmin gene (NPM1), which cause impaired differentia-
tion.51© The most common mutations, which include internal
tandem duplications restricted to exons 14 and 15 and point
mutation of Asp 835 within the TK domain of FLT3, codon 12/13
in exon 1 and codon 61 in exon 2 of NRAS, the entire coding region
of CEBPA, partial tandem duplications that span exons 2-6 or
exons 2-8 of MLL, and mutations in exon 12 of NPM1, have been
described extensively in acute myeloid leukemia (AML).!-14 We
hypothesized that the 2-genetic-hits model may contribute to the
“leukemization” of donor cells in DCL. We screened these genetic

mutations implicated in the development of common forms of
AML in a DCL patient and donor.

Methods

The study was approved by the Zhejiang University ethics committee. The
patient and donor gave their written informed consent in accordance with
the Declaration of Helsinki.

Patient and donor

A more detailed case report is included in the supplemental Data (available
on the Blood Web site; see the Supplemental Materials link at the top of the
online article). In brief, a 36-year-old male was diagnosed with AML.
Cytogenetic evaluation demonstrated the patient had an abnormal clone
46,XY,del(9)(q11;q34) in 10 of 10 cells, which could still be observed
during his lasting complete remission (CR) before transplantation. He
underwent myeloablative allogeneic peripheral blood stem cell transplanta-
tion from an HLA-identical sister during his first CR. Cyclosporine was
discontinued 3 months after transplantation, with no evidence of acute
GVHD; however, the patient developed extensive chronic GVHD (liver)
8 months after transplantation. He received a combination of prednisolone,
tacrolimus, and mycophenolate mofetil, with excellent response. The
immunosuppressive treatment was eventually tapered to tacrolimus 1.5 mg/d.
Thirteen months after transplantation, the patient became thrombocytope-
nic, and bone marrow aspiration revealed leukemia relapse. PCR amplifica-
tion and detection of 14 short tandem repeat markers on chromosomes 2, 3,
4,5,7,8, 11,12, 13, 16, 18, and 21 and amelogenin gene showed complete donor
chimerism. The karyotype of the patient’s bone marrow cells remained
identical to that of the donor: 45,XX,der(15;22)(q10;q10) in 10 of 10 cells.
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Figure 1. Sequence analyses of the N- and C-terminal
CEBPA mutations in the patient and donor. (A) Leuke-
mic cells originating from the patient at diagnosis and
from the donor at DCL showed a cytosine residue
duplication in the N-terminal region of the CEBPA gene
(247dupC). (B) Bone marrow cells from the patient at
diagnosis, remission, and DCL and his buccal mucosal
specimen, as well as bone marrow cells and the buccal
mucosal specimen from the donor, harbored a 6-bp
germline duplication in the N-terminal region of the
CEBPA gene (584_589dup). (C) Leukemic cells originat-
ing from the patient at diagnosis and from the donor at
DCL showed a 3-bp duplication in the C-terminal region of
the CEBPA gene (914_916dup).
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Molecular evaluation suggested that the patient had developed DCL after
allogeneic peripheral blood stem cell transplantation from an HLA-
identical sibling.

Screening for genetic mutations

A series of stained archival slides of bone marrow from the patient were
available that included specimens taken at the time of original diagnosis, at
CR after induction chemotherapy, during lasting CR, before transplantation,
and 1,9, and 12 months after allo-HSCT, as well as samples of mononuclear-
cell-enriched bone marrow taken at the time of relapse and at CR after
relapse. A buccal mucosal swab specimen obtained from the patient during
remission was also available. A buccal mucosal swab specimen and samples
of mononuclear-cell-enriched peripheral blood and bone marrow were also
available from the donor. Mutations in the FLT3-TKD, NRAS, CEBPA, and
NPM 1 genes were bidirectionally sequenced directly by use of an ABI 3130
XL sequencer (Applied Biosystems). The FLT3 internal tandem duplication
was verified by agarose gel electrophoresis. The partial tandem duplication
of MLL was examined by extra-long PCR and agarose gel electrophoresis.
The primers for PCR amplification and sequencing reactions are listed in
supplemental Table 1.

Results and discussion

DNA obtained from the patient at the time of the original diagnosis of
AML demonstrated 3 different CEBPA gene mutations (GenBank
accession no. NC_000019). Mutation 1 was a duplication of a cytosine
residue at nt 247 (247dupC; Figure 1A). Mutation 2 was a 6-bp
duplication that included nt 584-589 (584_589dup; Figure 1B). Muta-
tion 3 was a 3-bp duplication that included nt 914-916 (914_916dup;
Figure 1C). The 584_589dup mutation was also found in DNA from all
patient specimens during the lasting remission before allo-HSCT and in
DNA from his buccal swab specimen (germline DNA), which indicates
that this mutation was a germline mutation. In contrast, the other
2 mutations were not found in the specimens taken during remission or
in the patient’s buccal swab specimen, which indicates that these were
somatically acquired mutations.

Intriguingly, the 584_589dup germline mutation was also found
in DNA from peripheral blood and bone marrow cells, as well as in

the buccal swab specimen from the donor. Donor-derived cells in
the patient during CR at 1, 9, and 12 months after allo-HSCT only
showed this single germline mutation. However, when the patient
relapsed with DCL, donor-derived leukemic cells harboring this
germline mutation were found to develop 2 additional somatic
CEBPA mutations in the patient’s microenvironment; these were
identical to those observed in the patient with de novo leukemia.
These 2 somatic mutations were not observed in donor-derived cells in
the patient after he achieved CR after relapse. No other mutations were
identified in the FLT3, NRAS, MLL, or NPM1 genes in the patient at
diagnosis, remission, or relapse or in the donor.

The most important finding of the present study is that this is the
first record of multiple CEBPA mutations that contributed to the
transformation of donor cells to the leukemic phenotype. C/EBPa
is a transcription factor that is strongly implicated in hematopoi-
esis, through control of the proliferation and differentiation of
myeloid progenitors. It consists of N-terminal transactivation
domains (TAD1 and TAD2) and a C-terminal basic and leucine
zipper region necessary for specific DNA-sequence binding and
homodimerization or heterodimerization, respectively (Figure 2A).
The patient and his donor-sister both harbored a germline CEBPA
mutation, 584_589dup, which results in an internal tandem duplica-
tion of amino acids 195-196 (His195_Pro196dup) in TAD2 of
C/EBPa (Figure 2C). In vitro studies have established that the
region that includes this duplication is responsible for the direct
inhibition of cyclin-dependent kinase 2 and cyclin-dependent
kinase 4 and causes cell proliferation arrest."> However, the fact
that the donor remained healthy indicates that this single mutation
is not sufficient for leukemogenesis. The patient developed AML
after acquiring 2 additional somatic mutations, 247dupC and
914_916dup. CEBPA can be translated from the ATG at ntl/aal,
which encodes the 42-kDa normal C/EBPa, and from ATG at
nt358/aal20, which encodes the 30-kDa form that lacks the TAD1
domain (Figure 2A). Evidence from knockout mouse models
showed that the 42-KDa C/EBPa was required for the control of
myeloid progenitor proliferation, and loss of the 42-KDa C/EBP«
and retention of the 30-KDa isoform resulted in the development of
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Figure 2. Schematic representation of C/EBP« functional domain and mutations resulting in C/EBP« dysregulation. (A) Two transactivation domains (TAD1 and TAD2
[pink]) and the basic region and leucine zipper (bZip [blue]) are indicated. The mRNA translated from the ATG at nt1/aa1 encodes the wild-type 42-kDa C/EBP«, whereas the
30-kDa form is translated from ATG at nt358/aa120. (B) The 247dupC mutation results in a truncated N-terminal product with an altered amino acid sequence (green). The
30-kDa product that is generated from the alternative start codon lacks TAD1. (C) The 584_589dup mutation results in amino acid sequence His195_Pro196dup (orange) in
TAD2. (D) The 914_916dup mutation results in amino acid sequence GIn305dup (orange) in bZip.

AML with complete penetrance.'® The N-terminal mutation,
247dupC, causes the premature termination of the 42-KDa protein
at codon 106 (GIn83fsX106) and overproduction of the 30-KDa
isoform, which causes loss of function of C/EBPa (Figure 2B). The
C-terminal mutation, 914_916dup, causes the duplication of aa305
(GIn305dup) in the basic and leucine zipper domain, which is
predicted to prevent dimerization of C/EBPa (Figure 2D).

The present case is also the first to provide laboratory data to
support the hypothesis about a multiple-genetic-hits mechanism in
DCL. The first genetic mutation involved in leukemogenesis takes
place in the donor, and those susceptible donor cells can acquire
second or third mutations in different genes, or recessive mutations
in a single gene, in the recipient’s particular microenvironment
after transplantation, thus leading to overt leukemic transforma-
tion.!” Data indicating that the donor is related to the recipient in
80% of DCL cases suggest that any genetic predisposition might be
shared by family members.* Furthermore, CEBPA is the only gene
known to be associated with familial AML. A germline CEBPA
mutation is present in a family in which multiple individuals have
AML."® Although current evidence suggests that donors are not
destined to develop leukemia, the present case raises an important
question regarding the need for donor selection, notification, and
tracking. The limitation of the present study is that we have no
direct evidence to evaluate the contribution of the patient’s
microenvironment. However, leukemic cells that originated from
the patient at de novo AML and from the donor at DCL after
allo-HSCT exhibited the same gene mutations. This supports the
theory that during DCL, the host environment in which the original
malignancy developed might trigger a similar oncogenic process in

donor cells, favored by the immunosuppressive status after
transplantation.'®
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