A novel classification of hematologic conditions in
patients with Fanconi anemia

Patients with the inherited bone marrow failure (BMF)
syndrome Fanconi anemia (FA) have an increased risk of
myelodysplastic syndrome (MDS) and acute myeloid
leukemia (AML)."” The bone marrow (BM) in FA patients
is typically hypocellular and it can mimic that of other
conditions such as acquired refractory cytopenia of child-
hood.? In patients with FA, the diagnosis of MDS cannot
be made based on the presence of cytopenia and
myelodysplastic features alone (with the exception of
distinct subtypes such as cases with a rapid rise in cellu-
larity in which MDS needs to be considered), but requires
an elevated blast count and/or other definite signs of
transformation, such as duplication of chromosome 3q
(3q+), deletion 7q (7q-), or monosomy 7 (-7),*¢ aberra-
tions known to be associated with a poor prognosis in FA
patients.>”® In contrast, in the absence of an elevated
blast percentage, not every clonal aberration warrants
the diagnosis of MDS because not all aberrations, such as
duplication of chromosome 1q (1q+), deletion 20q
(20q-), or deletion 6p (6p-), are associated with transfor-
mation.>**!! It is increasingly recognized that FA patients
display clonal mosaicism generally correlated with a
more common occurrence of hematologic neoplasia and
poorer prognosis.'!

An internationally agreed classification for the diagno-
sis of hematologic conditions in patients with FA is lack-
ing, but a classification system is important for the clini-
cal care and treatment of patients with this rare disease.
Here, we propose an algorithm for the diagnosis of
benign and malignant hematologic conditions in FA that
is based on blast percentage and cytogenetics (Figure 1).
Within this classification, we propose the term “aberra-
tion of indeterminate potential in patients with FA” (FA-
AIP), to classify patients with clonal aberrations, such as
duplication of 1q, which remain stable over a prolonged
period without transformation. The classification
includes: (i) FA-BMF, defined by normal blast percentage
and normal cytogenetics in a patient with cytopenia; (ii)
FA-AIP, defined by normal blast percentage and AIP; (iii)
FA-MDS-without excess blasts or FA-MDS-non-EB,
defined by normal blast percentage and clonal aberra-
tions unambiguously associated with transformation; (iv)
FA-MDS with excess blasts or FA-MDS-EB, defined by
increased blast percentage in BM =5% to <20% or in
peripheral blood (PB) 22% to <20%, (but BM and PB
<20% blasts); and (v) FA-AML, defined by increased blast
percentage in BM or PB 220%. One main intention of BM
surveillance is to identify patients with FA-MDS-non EB
prior to transformation with elevated blast count (FA-
MDS-EB or FA-AML) in order to increase overall survival
following early hematopoietic stem cell transplantation.

We used this diagnostic algorithm to analyze data from
86 patients enrolled in the German FA registry (FAR01)/
Cancer Predisposition Registry (DRKS00017382). FA-
MDS-non EB and FA-MDS-EB patients were also
enrolled in the registry of the European Working Group
of Myelodysplastic Syndrome in Childhood (EWOG-
MDS). The study was approved by the ethical review
boards of Hannover Medical School and Freiburg
University. Patients were analyzed cytogenetically as part
of their clinically indicated cancer and BMF surveillance
program. Cytogenetic analyses were performed in our
reference laboratory on BM aspirates by karyotyping and
fluorescence in situ hybridization. In 62 of the 86 patients,
serial cytogenetic analyses were performed (mean, 4.9
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analyses per patient). The fluorescence i situ hybridiza-
tion analyses were employed to identify 3q+, 7q-, -7, or
(cryptic) RUNX1 (AML1) aberrations. BM cytology and
pathology were reviewed centrally.

Clinical characteristics as well as all cytogenetic follow-
up examinations of the 86 FA patients are shown in Table
1 and Online Supplementary Tables S1-S3. Out of the 86
FA patients, 60 (70%) had a normal blast percentage and
a normal karyotype at every time point. All of these
patients were classified as having FA-BMF. There were no
patients with an elevated blast percentage in PB and/or
BM who had a normal karyotype. Twenty-six patients
showed acquired clonal chromosomal aberrations (30%)
(Table 1). The most frequent chromosomal aberration

Table 1. Clinical characteristics of patients with Fanconi anemia
(n=86).

Age at FA diagnosis® 8 years
median (range) (1 month - 25 years)
Age at last follow up 13 years
median (range) (2 - 43 years)
Death® 7 (8%)
Age at death median (range)
14 years (3 - 43 years)
HSCT* 39 (45%)
Age at HSCT 9 years
median (range) (3 - 42 years)
Sex
Female 38 (44%)
Male 48 (56%)
Complementation group
FANCA 42 (49%)
FANCC 8 (9%)
FANCD2 4 (5%)
FANCP 3 (3%)
FANCB 2 (2%)
FANCJ 2 (2%)
FANCL 2 (2%)
FANC:D1, G, I, T (each) 1 (1%)
Unknown 20 (23%)
Tranformation to AML/MDS 15 (17%)
Age at tranformation to FA-MDS* 11 years
median (range) (3 - 42 years)
FA-MDS-non EB 8 (9%)
FA-MDS-EB 2 (2%)
FA-AML 5 (6%)
FA-AIP 10 (12%)
Karyoytype
Abnormal 26 (30%)
Patients with transformation to AML/MDS 15 (17%)
Normal 60 (70%)
Patients with transformation to AML/MDS 0

*Date of diagnosis of Fanconi anemia not known for five patients. "Date of death
not known for four patients. “Date of transplantation not known for five patients.
“Date of transformation not known for two patients. FA: Fanconi anemia; HSCT,
hematopoietic stem cell transplantation; AML: acute myeloid leukemia; MDS:
myelodysplastic syndrome; EB: excess blasts; AIP: aberration of indeterminate
potential.
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was a 1q+ (14%) followed by 3q+ (9%), 7q- (9%), -7
(8%), 7p- (3%), and 6p- (3%) (Online Supplementary Table
S2). Fifteen of these 26 patients (58%) were diagnosed
with a myeloid neoplasia: Eight patients were catego-
rized as having FA-MDS-non EB (FA2, 6, 13, 54, 59, 70,
79, and 89), two patients as having FA-MDS-EB (FA3 and
12) and five patients met the criteria for FA-AML (FA27,
39, 43, 61, and 76). Another ten patients were diagnosed
with FA-AIP (FA22, 25, 26, 35, 45, 47,77, 84, 86, and 87).
In patients with FA-related myeloid neoplasia, we
observed the expected recurrent pattern of chromosomal
aberrations (e.g., 3q+, 7q-, -7). Patients with FA-AIP had
a different pattern of chromosomal aberrations, such as
1q+, 6p-, and 7p- (Online Supplementary Tables S1 and S3).
Furthermore, patients with FA-AML had different cytoge-
netic aberrations than patients with de novo AML, which
is consistent with previous findings."” Our dataset was
too small to correlate FA-complementation subgroups
with hematologic findings.
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To further investigate the chronological sequence of
aberrations in FA-AIP, FA-MDS-non EB, FA-MDS-EB, and
FA-AML over a prolonged period, we analyzed the fol-
low-up examinations of the 26 patients with chromoso-
mal aberrations over the course of several years (Figure 2,
Ounline Supplementary Table S1). Twelve of 26 patients
showed 1q+, isolated or in combination with additional
aberrations (FA2, 6, 12, 22, 26, 27, 47,70, 79, 84, 86, and
87). Only patients with 1q+ in combination with 3q+ or
7q- developed myeloid neoplasia (FA2, 6, 12, 27, 70, and
79), while patients with 1q+ isolated or in combination
with other aberrations (e.g., 6p- or 7p-) did not progress
to develop a myeloid neoplasia within the observation
period (FA22, 26, 47, 84, 86, and 87) (Figure 2). Several
patients displayed a stable clone without transformation
for several years. The presence of the recurrent aberra-
tions 3q+, 7q-/-7 or a complex karyotype was always
indicative of myeloid neoplasm (FA2, 3, 6, 12, 13, 27, 39,
43, 54, 59, 61, 70, 79, and 89) with the exception of one

Laboratory results in a patient with FA
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Figure 1. Proposed diagnostic algorithm for hematologic conditions in patients with Fanconi anemia. FA: Fanconi anemia; BM: bone marrow; PB; peripheral
blood; FA-MDS-EB: myelodysplastic syndrome with excess blasts in a patient with FA; FA-AML: acute myeloid leukemia in a patient with FA; FA-BMF: BM failure
in a patient with FA, a normal blast percentage and normal cytogenetics; FA-AIP: aberration of indeterminate potential in a patient with FA; FA-MDS-non-EB:

myelodysplastic syndrome without excess blasts in a patient with FA.
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Figure 2. Chronology of recurrent cytogenetic events in Fanconi anemia with myelodysplastic syndrome or aberrations of indeterminate potential (n=26). Each
bar represents cytogenetic follow-up over the course of several years (recurrent aberration, clone size) as well as additional clinical information. Additional non-
recurrent clonal aberrations of these patients are shown in Online Supplementary Table S2. Patient FA130 showed cytogenetic aberrations associated with
myeloid neoplasia in <10% of cells, and no blasts in peripheral blood or bone marrow, which were no longer detectable in the following examination that revealed
a normal karyotype. To construct the clone size over time we used the “clonal evolution plot R”.** FA: Fanconi anemia; HSCT: hematopoietic stem cell transplan-
tation; MDS: myelodysplastic syndrome; AML: acute myeloid leukemia; AIP: aberration of indeterminate potential; EB: excess blasts.
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case (FA130): This patient had a small clone (~9% of
cells) with 3q+ and 7q- (Figure 2, Online Supplementary
Table S1) which was no longer detectable in the follow-
ing examination that revealed a normal karyotype. This
observation may indicate that the presence of a small
clone with aberrations affecting <10% of analyzed cells
may not be sufficient to establish the diagnosis of FA-
MDS in all cases. Thus, short-term repeat analysis is rec-
ommended to avert unnecessary hematopoietic stem cell
transplantation. Clonal evolution (8/15 vs. 1/10) as well
as a complex karyotype (5/15 vs. 0/10) occurred more fre-
quently in patients with myeloid neoplasia (n=15) than in
patients with FA-AIP (n=10) (P<0.05, Fisher exact test)
(Online Supplementary Table S2). In two patients with FA-
AIP (FA35 and 87) and in three patients with myeloid
neoplasms (FA2, 12, and 79), the original clone was
either replaced by a new clone or at least one new clone
appeared in addition to the original clone. Apart from
patient FA130, in one patient with FA-AIP (FA25) and in
one FA patient with myeloid neoplasia (FA12) the aber-
rant clone disappeared and the patients showed a normal
karyotype during follow-up examinations. One patient
(FA79) developed a 20q- aberration after hematopoietic
stem cell transplantation. Notably, this patient had
incomplete donor chimerism. Four out of ten patients
with FA-AIP (FA2, 6, 12, and 70) developed a myeloid
neoplasm over time within the observation period. This
finding indicates that the presence of FA-AIP is not a pre-
dictor for rapid transformation. It is conceivable that
additional remaining patients may transform after a
longer time period. Cryptic RUNX1 aberrations were not
unambiguously associated with immediate transforma-
tion, as noted in patient FA70 who developed FA-MDS-
non-EB approximately 2 years after this lesion had been
detected. Another patient with a RUNX{ aberration
developed FA-AML (FA76). Larger cohorts are required to
determine the prognostic value of this aberration and
whether immediate hematopoietic stem cell transplanta-
tion is indicated because of an isolated RUNX aberration
in a FA patient.

In conclusion, we propose an algorithm for the diagno-
sis of benign and malignant hematologic conditions in
patients with FA, which may serve as a model for other
syndromes predisposing to MDS and AML. The concept
of AIP may also apply to other inherited BMF syndromes
such as Shwachman-Diamond syndrome, since patients
with this syndrome commonly develop cytogenetic
abnormalities including deletion 20q and isochromosome
7q that are not associated with a high risk of progression
to MDS.*®
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