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Abstract: Germline testing for familial cases of myeloid leukemia in adults is becoming more
common with the recognition of multiple genetic syndromes predisposing people to bone
marrow disease. Currently, Clinical Laboratory Improvement Amendments approved testing
exists for several myeloid leukemia predisposition syndromes: familial platelet disorder with
propensity to acute myeloid leukemia (FPD/AML), caused by mutations in RUNXT; familial AML
with mutated CEBPA; familial myelodysplastic syndrome and acute leukemia with mutated
GATA2; and the inherited bone marrow failure syndromes, including dyskeratosis congenita,

a disease of abnormal telomere maintenance. With the recognition of additional families with
a genetic component to their leukemia, new predisposition alleles will likely be identified. We
highlight how to recognize and manage these cases as well as outline the characteristics of
the major known syndromes. We look forward to future research increasing our understanding
of the scope of inherited myeloid leukemia syndromes.

Keywords: familial leukemia predisposition, RUNX1, CEBPA, GATA2, dyskeratosis congenita,

Fanconi anemia

Introduction

Familial cases of adult myelodysplastic syndrome
and acute myeloid leukemia (MDS/AML) are con-
sidered rare, but are likely to be more common than
currently appreciated. Understanding the recog-
nized syndromes is critical for clinicians to have a
high index of suspicion. Familial MDS/AML can be
divided into three groups: those for which Clinical
Laboratory Improvement Amendments (CLIA)
approved testing exists, those emerging from basic
research and requiring validation in additional fami-
lies or development of clinical testing, and those
without an identified genetic basis. Examples of
familial MDS/AML syndromes for which clinical
testing is available include: familial platelet disorder
(FPD) with propensity to AML, caused by muta-
tions in RUNXI; familial AML with mutated
CEBPA; familial MDS and acute leukemia (AL)
with mutated GATA2; and the inherited bone mar-
row failure IBMF) syndromes, including dyskera-
tosis congenita (DC), a disease of abnormal
telomere maintenance, and Fanconi anemia (FA)
(Figures 1 and 2). Clinical care of adult patients
with a suspected inherited predisposition to MDS/
AML is complicated by a paucity of clinical guide-
lines for both testing and clinical management of
patients found to have a predisposing mutation.

Recently, our group collaborated with others in the
field to begin formulating such recommendations
for adult patients [Churpek ez al. 2013]. For recom-
mendations regarding pediatric patients, please refer
to Seif [Seif, 2011]. In this review, we discuss the
current understanding of the genetic basis and clini-
cal presentation of the known adult familial MDS/
AML syndromes, and propose guidelines to deter-
mine when genetic testing is indicated.

How to recognize and manage patients with

a familial myeloid leukemia syndrome

To recognize which patients may have an inherited
predisposition to myeloid leukemia, clinicians
must take a complete family history and be famil-
iar with the characteristics of familial MDS/AML
syndromes. Certain features of the history or labo-
ratory values may increase the likelihood of a par-
ticular syndrome over others in individual cases.
In the next section, we review the clinical patho-
logical characteristics of each syndrome. Figure 3
shows a recently published model for detection of
leukemia predisposition syndromes [Churpek
et al. 2013]. Consultation with a certified genetic
counselor and the documentation of a complete
family history are integral to this assessment.

254

http://tah.sagepub.com



EM Nickels, J Soodalter et al.

(a) RUNX1B (b)
CEBPA
T160fsX182% G336fsX227@
L148HfsX35* | R174X Q30BRIsX259 C56X
R13sto R177X F303sfsx26 G53AfsX104]G59X
35fsX41%| | P218fsX7® R292X 815 | [ D63EreX94
0 : Q235X G262fsX21#| A4TISX110
A28fsXB1  KOfsX11 I 177 Yaeox; $361X P23fexa2 i 168LfsX39
: H | [ | Pl S21fsX136; i D107fsX1  H195_P196dup A358fs
v v vVY Vv v v Vv v v v bV }

Transactivation domain .

VW ¥ | v

|° N TAD 1 . TAD 2 ! Basic region — leucine zipper _ |8
| 0 0w 200 358

L3I7P

N RUNT domain
1 o 1z 2
AT [
R174Q
D171Y

D96H
A107P
A129E| G143R
R139Q

R297L G340D

(c) GATA2 (d) TERT
A341PfsX45e
A341RfsX38*
L105PfsX15 o L332TfsX453 |
G200fs
A194SfsX8} | | b2sors P112PfsX164 V747AfsX20* E1116fsX1127@
wWhv v v ¥ H H
i
N | Zinc finger 1 ! Zinc finger 2 - C N UTEN lel RID2 E Reverse transcriptase CTE
1 344 9 398} 480] R . 230] 550 936 1132
. I P33s V144MI V299M ssesm T R631Q GSBZDTI Y7720 TF1127L
M1_S290del P254L $340_N381del R398W H412YM K570N V694M 1110M
P41A - L55Q, A202T Edd1del* Re9sw|[|| P78s 09
T354 R396W PesA RAB0 Resoasl|| retic
T355del* R396Q P530L AT16V||  Yv8aeC
L350V p721R|  R865C
R361L [|C373R T726M  R865H
R361_N364del~ |A372T
N371K
H876Q|
882!
(e) TERC (f) SRP72
305G>A
Nawsest
316_451del T355KfsX19*
322G>A
e—3256>T A2
N RNA bind\n%n C
1 sis s
341_460del
R207H
Pseudoknot
domain 110_113del
216_229del
116C>T [178G>A
212C>G)
143GoA 17A>C v
109_123del
96_97del e,
ox
i
52_86del—> h 28_34del
5

2G>C

107-108GC>AG 450G>A K378’451 del

100T>A

408C>G

389_390del H/ACA domain

Figure 1. Missense, nonsense, frameshift, duplication, and deletion mutations that confer familial
predisposition to inherited leukemias. Missense mutations are shown in blue; nonsense mutations in red;
frameshift mutations in black; duplications in orange; and deletions in green. Superscripts used for the
deletion mutations delineate those shown in greater detail in Figure 2. (a) Protein schematic of RUNX1 isoform
B (NP_001001890.1) (adapted from Owen et al. [2008b]). (b] Protein schematic of CEBPA (NP_004355.2)
(adapted from Ho et al. [2009]). (c) Protein schematic of GATA2 (NP_116027.2) (adapted from Greif et al. [2012]).
(d) Protein schematic of TERT (NP_937983.2) (adapted from Wyatt et al. [2009]). (e) Predicted RNA secondary
structure of TERC RNA (NR_001566.1) (adapted from Vulliamy and Dokal [2008]).(f) Protein schematic of
SRP72 protein (NP_008878.3) (adapted from lakhiaeva et al. [2010]). CTE, C-terminal extension; RID, RNA
interaction domain; TAD, transactivation domain; TEN, TERT essential N-terminal domain.

(HLA)-matched relative warrant expedited
genetic testing to rule out a familial MDS/AL
predisposition syndrome and avoid use of stem
cells from a relative carrying a mutation in the
same predisposition gene. For these cases, testing
of multiple genes at once, rather than sequential
testing, is appropriate. During pretesting genetic

The assembly of a family pedigree aids in devel-
oping a differential diagnosis to determine the
most likely genetic syndrome in the family, allow-
ing construction of a genetic testing plan appro-
priate for the patient’s clinical situation. Patients
under consideration for allogeneic stem-cell
transplantation with a human leukocyte antigen
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Figure 2. Detailed schematic diagrams of the deletion mutations that confer familial predisposition to
inherited leukemias. The genomic location of each gene is listed under the gene names. Superscripts for
each deletion mutation corresponds to that used in Figure 1. (a) Genomic structure of RUNXT demonstrating
locations of disease-causing deletions. ATG;, the first start codon, corresponds to full-length RUNX1 isoform
C (NP_001116079.1), and ATG,, the second start codon, corresponds to RUNX1 isoform B (NP_001001890.1).
(b) Genomic structure of GATA2 demonstrating locations of disease-causing deletions. (c)] Genomic structure
of TERT demonstrating locations of disease-causing deletions. (d) Genomic structure of SRP72 demonstrating

locations of disease-causing deletions. bp, base pair.

counseling, patients and their families should
receive education on the principles of human
genetics and details about what is known about
the specific hereditary syndromes being consid-
ered in their case. This information forms the
basis of the informed consent process for genetic

testing, ensuring that patients understand the
risks and benefits of genetic testing, the possible
testing outcomes, alternatives to genetic testing
(such as screening tests without testing), and the
potential impact of test results on patients and
their families.
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Patient with MDS, AML, or ALL
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Figure 3. Guidelines for the clinical detection of familial myeloid leukemia predisposition syndromes. This
figure is reprinted with permission from Churpek et al. [2013]. AL, acute leukemia; ALL, acute lymphoblastic
leukemia; AML; acute myeloid leukemia; FPD, familial platelet disorder; MDS, myelodysplastic syndrome.

When genetic testing is sent for patients with
MDS/AML, it is important to remember that
blood is an affected tissue, and many of the genes
mutated in the germline are also found mutated
somatically, confounding the interpretation of
genetic testing on blood or bone marrow samples.
For this reason, we advocate genetic testing using
skin fibroblasts for germline analysis. In practice, a
skin biopsy is easily performed with minimal local
anesthetic and a punch biopsy or a small shaving
of skin collected at the site of the skin incision dur-
ing a bone marrow biopsy. Skin fibroblasts are
then grown iz vitro in a CLIA-approved labora-
tory. In our experience, growing skin fibroblasts iz
vitro takes a minimum of 2 weeks, but more often
up to 4 weeks, and in some laboratories even
longer, all depending on culture conditions and
biopsy handling. This is a significant length of
time that is added to the turnaround time for ger-
mline testing, and in certain clinical settings may
not be acceptable when cases require expedited
results for patient management decisions. In this

situation, buccal swab or saliva samples, which can
be obtained immediately, may be preferred.
However, both buccal swab and saliva samples
contain up to 50% contaminating lymphocytes,
possibly confounding results.

All individuals who undergo genetic testing
should have a follow-up plan for disclosure of
genetic test results when they become available. A
disclosure visit for either negative or positive
results should ideally occur in a face-to-face set-
ting and include post-testing genetic counseling
focused on educating patients about the meaning
of their test results, any additional testing if
needed, the implications of the results for the
patient’s health, and any screening or manage-
ment recommendations based on the results or
the family history.

In the event of a positive genetic test result, it is
important to discuss the implications of these
results for other at-risk family members and to

http://tah.sagepub.com
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inform patients of their duty to share this infor-
mation with at-risk family members. Individual
genetic counseling would also be recommended
for these family members. Additional health
implications should be discussed, such as the risk
of nonhematologic malignancies associated with
certain germline disorders, including telomere
biology disorders (TBDs) or FA, as well as the
implications for treatment sensitivity and the pos-
sibility of alternative treatment protocols for these
individuals. All mutation carriers should be coun-
seled to avoid exposure to known bone marrow
toxins, such as smoking and heavy alcohol use.
Other genetic issues, including recurrence risk
and preimplantation genetic testing for potential
parents, should be addressed [Churpek ez al.
2013].

We recommend that all mutation carriers
undergo a baseline bone marrow biopsy to assess
for occult malignancy, as well as twice annual
physical examinations and complete blood count
(CBC) with differential testing. If there is a sig-
nificant change from baseline, the CBC should
be repeated 1-2 weeks later. If the change per-
sists, a bone marrow evaluation should be
repeated. If a mutation carrier develops a bone
marrow malignancy, we recommend against
using stem cells from any donor who also carries
the familial MDS/AML predisposition mutation,
since poor outcomes including poor engraftment,
graft failure, and donor-derived leukemia have
been reported [Buijs er al. 2001; Fogarty ez al.
2003; Owen et al. 2008b]. For families with a
clinical history consistent with a predisposition
to MDS/AML, but who do not carry a mutation
in one of the defined familial MDS/AML predis-
position genes, the treating physician should con-
sider the strength of the confirmed family history
as well as the availability of unrelated donors and
the urgency of the transplant when deciding
whether or not to use an HLA-matched related
donor.

In addition to genetic testing, phenotypic assays
exist for the detection of some of the familial
MDS/AML predisposition syndromes and are
sometimes the preferred manner to detect under-
lying germline disorders. Telomere length testing
detects TBDs [Alter ez al. 2012], including DC,
for which genetic testing detects abnormalities in
about 60% of patients [Walne ez al. 2013;Young,
2012]. The diagnosis of FA is made through the
diepoxybutane (DEB) breakage assay [Auerbach,
2003; Kee and D’Andrea, 2012]. When indicated,

these phenotypic assays can be followed by addi-
tional testing to determine the precise genetic
mutation present in most cases.

Known causes of familial myeloid leukemia
with available clinical testing

Familial platelet disorder with propensity to

acute myelogenous leukemia (germline RUNX1
mutations; OMIM 601399; RUNXT is composed of
nine exons on chromosome 21q22.12)

Case 1. The proband was initially diagnosed
with 5g— syndrome at the age of 37, with a history
of thrombocytopenia since age 4 (Figure 4(a)). A
complete family history revealed that the pro-
band’s mother had developed a normal karyotype
AML at the age of 49. The proband’s sister was
noted to have a history of extensive bleeding fol-
lowing minor trauma. Germline RUNX] testing
revealed a nonsense mutation in the proband, the
proband’s mother, sister, and daughter, who at
age 15, demonstrated no clinical signs of bleeding
disorders.

Background. FPD/AML is a rare Mendelian
disorder characterized by clinical bleeding due
to platelet dysfunction, mild to moderate throm-
bocytopenia, and a propensity to develop
myeloid malignancies. Among the more than 30
families described with FPD/AML (Figures 1
and 2), most carriers have a hemizygous muta-
tion in the RUNXI gene, which encodes one
subunit of a heterodimeric transcription factor
that controls genes essential for hematopoiesis.
Within individual FPD/AML families, carriers
of the same RUNXI mutation display heteroge-
neity in their degree of platelet dysfunction, with
some family members having moderate throm-
bocytopenia and bleeding, whereas others have
neither. In addition, some family members
develop myeloid malignancies, although not
always the same type, and other mutation carri-
ers do not succumb to leukemia. Furthermore,
different FPD/AML families have varying risks
of progressing to myeloid malignancy, which
likely reflects the fact that each family carries
unique mutations that disrupt various domains
within the protein.

As more families have been examined, a spec-
trum of RUNXI mutations has been identified
(Figure 1(a)), and as noted above, the molecular
characteristics of different mutations may
account for some of the varying risk of leukemia.
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Figure 4. Pedigrees for case studies of families with germline mutations in (a) RUNXT1, (b) CEBPA, (c) GATA2,
(d) TERT, and (e) SRP72. AA, aplastic anemia; AML; acute myeloid leukemia; IPF, idiopathic pulmonary fibrosis;

MDS, myelodysplastic syndrome.

Currently, the reported RUNXI mutations
resulting in FPD/AML include gene deletions or
duplications, frameshift and nonsense mutations
throughout the gene, and missense point muta-
tions within the highly conserved RUNT domain
at residues important for DNA binding or heter-
odimerization. Truncating mutations within the
RUNT domain result in hypomorphic alleles,
whereas those that truncate the protein at the
extreme C terminus activate the baseline tran-
scriptional activity of the protein. Although bio-
chemically these mutations have opposing effects,
interestingly they result in the same clinical syn-
drome [Churpek ez al. 2010]. The mechanisms
that underlie progression to leukemia in RUNX1
mutation carriers remain to be discovered, but
proposed mechanisms include haploinsufficiency
for tumor suppression, dominant-negative effects

on normal RUNXI function, acquisition of a
de movo mutation in the nonmutated germline
allele, and acquisition of cooperating mutations.
Germline testing on individuals with suspected
RUNX1 mutations should include tests sensitive
to deletions, duplications, and rearrangements,
which may go undetected by standard sequenc-
ing techniques [Jongmans et al. 2010; Katzaki
et al. 2010; Shinawi ez al. 2008]. These alterations
may be detected through genomic arrays or mul-
tiplex ligation-probe dependent amplification
analysis. Microdeletions of chromosome 21922,
a region containing RUNX1, are associated with
growth and developmental delay, dysmorphic
features, congenital heart defects, and platelet
abnormalities with predisposition to MDS/AML
[Tzumi ez al. 2012; Katzaki ez al. 2010; Melis et al.
2011].

http://tah.sagepub.com
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Presentation. As described above, FPD/AML
families may be identified by the presence of
qualitative and quantitative platelet defects in a
family with multiple individuals who have devel-
oped myeloid leukemias. Of note, T-cell acute
lymphoblastic leukemia and one case of lym-
phoma have also been described within these
families. The variability seen within and among
families makes this syndrome particularly diffi-
cult to diagnose. Not all families or family mem-
bers demonstrate a low platelet count, and a
clinical bleeding history can be difficult to elicit.
For this reason, we recommend testing individ-
uals for germline RUNXI mutations if more
than two individuals in the family have been
diagnosed with a myeloid malignancy, in par-
ticular when at least one individual is thrombo-
cytopenic [Churpek ez al. 2013; Owen ez al
2008b].

Management. The management of a patient
with a germline RUNXI mutation and a bone
marrow derived malignancy is dictated by the
nature of the leukemia. However, the diagnosis of
an underlying germline mutation raises the issue
of using an allogeneic stem-cell transplant for
consolidation therapy, since transplant is the only
way to rid the bone marrow of the underlying pre-
disposing allele. In this case, as we describe above,
great care must be given to performing RUNX]I
mutation testing in HLA-matched relatives in a
timely manner, and if none exists, to the use of an
unrelated donor.

It is much more difficult to manage RUNX]I1
mutation carriers who have not developed mye-
loid malignancies, since clinical guidelines for
following these patients have only been dis-
cussed recently [Churpek ez al. 2013]. Because
FPD/AML displays strong anticipation (the
phenomenon in which members of younger
generations present with disease at earlier ages
than those of prior generations), close clinical
follow up for members of the youngest genera-
tions in the family is particularly critical.
Generally, we recommend performing a base-
line CBC with differential and a bone marrow
biopsy. It is also prudent to screen all first-
degree relatives to identify those who are HLA
identical before malignancy is diagnosed, since
this information will expedite the clinical man-
agement of the affected individual. We recom-
mend performing a CBC yearly, and repeating a
bone marrow biopsy if there is any significant
change in the peripheral blood counts.

Familial acute myelogenous leukemia with
mutated CEBPA (OMIM 116897; CEBPA is
composed of one exon on chromosome

19913.11)

Case 2. The proband was initially diagnosed
with AML at age 22 (Figure 4(b)). The proband’s
father had been diagnosed with AML at age 52,
and her grandfather had died of AML in his 70s.
There was no history of unusual bleeding in any
family member, and no one remembered having
been told of any abnormal blood counts prior to
their diagnoses of AML. Genetic testing revealed
a germline CEBPA mutation.

Background. This syndrome is distinguished by
a germline mutation in CEBPA (Figures 1 and 2),
a gene also found mutated sporadically in AML.
The familial form is associated with bi-allelic
CEBPA mutation, generally with the first muta-
tion present in the germline within the 5’ end of
the gene, accompanied by acquisition of a second
3’ mutation within the leukemia. Germline 3’
CEBPA mutations have also been identified
[Taskesen er al. 2011; Udani ez al. 2012]. Since
CEBPA mutations confer a relatively favorable
prognosis, CEBPA mutation testing is becoming
routine in leukemia diagnosis, and patients found
to have biallelic CEBPA mutations within their
leukemic cells should be tested for germline
mutations [Pabst and Mueller, 2009; Renneville
et al. 2009].

Familial AML with mutated CEBPA is inherited
in an autosomal dominant fashion and displays
complete or near-complete penetrance for devel-
opment of AML [Owen et al. 2008a; Pabst er al.
2009; Renneville ez al. 2008], meaning almost all
patients inheriting the mutated gene go on to
develop AML.

Presentation. No specific genotype—phenotype
correlations have been described with germline
CEBPA mutations, and most patients’ leukemias
have a normal karyotype. AML with a germline
CEBPA mutation and a normal karyotype confers
a favorable prognosis, with overall survival in the
50-65% range compared with 25-40% in nor-
mal-karyotype AML without a germline CEBPA
mutation [Bienz er al. 2005; Frohling er al. 2004;
Marcucci et al. 2008; Preudhomme ez al. 2002].
Approximately 9% of patients with AML and 15—
18% of patients with AML with normal karyo-
type have either a germline, or more commonly,
somatic CEBPA mutation [Renneville ez al. 2008].
In one series, 18 of 187 consecutive patients
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presenting with AML were found to have CEBPA
mutations, two of which were germline. Both of
the patients with germline CEBPA mutations also
had a family history of AML [Pabst ez al. 2008].
The familial and sporadic forms of the disease
share similar pathologic features, including nor-
mal cytogenetic analysis, a preponderance of FAB
subtypes M1 and M2, numerous Auer rods seen
in peripheral blood or bone marrow blasts, and
aberrant CD7 expression on blasts demonstrated
by flow cytometry. Genetic testing of the single
exon comprising CEBPA is clinically available,
with greater than 99% sensitivity for mutations
within the coding region. No germline mutations
causing familial AML with mutated CEBPA have
been reported outside the coding region.

Management. Management of cases of familial
AML with mutated CEBPA may include the use
of allogeneic stem-cell transplant, being the only
modality capable of replacing the mutated allele
within the bone marrow [Stelljes er al. 2011].
However, given the relative favorable prognosis of
familial CEBPA AML, the risks of allogeneic stem
cell-transplant must be considered on an individ-
ual basis. Of note, patients with familial CEBPA-
mutated AML may be at increased risk of
developing additional malignant clones after cure
of their initial leukemia, often with acquired
CEBPA mutations distinctive from those found in
the original leukemia [Pabst ez al. 2008]. There-
fore, both longer and more frequent post-cure
surveillance may be appropriate in patients with
the familial form of disease.

Genetic counseling is a critical component of
management since penetrance is nearly complete,
as discussed above. Although thus far all reported
patients also had an affected parent, de novo muta-
tions in a proband and early death of a parent
from other causes prior to development of AML
could potentially confound diagnosis. In a
proband with an apparent de novo germline muta-
tion, confirmatory evaluation of parents should
be done, including CBC, hematologic indices,
peripheral blood smear and testing for the ger-
mline CEBPA mutation identified in the proband.
Siblings of a proband with a germline CEBPA
mutation are at 50% risk of carrying the muta-
tion. Even when parents are clinically unaffected,
siblings of a proband are still at increased risk due
to the possibility of incomplete penetrance of a
germline mutation in a parent or germline mosai-
cism in a parent (causing fewer than 50% of the
germ cells to carry the deleterious mutation).

Children of a proband each have a 50% risk of
inheriting the mutation. Genetic counseling
should be offered to individuals with known
familial AML with mutated CEBPA ideally before
pregnancy to determine genetic risk in their off-
spring [Churpek er al. 2013].

Familial myelodysplastic syndrome/acute
myelogenous leukemia with mutated GATAZ
[OMIM 137295; GATAZ is comprised of seven

exons on chromosome 3g21.3)

Case 3. The proband was initially diagnosed
with AML containing del(7q) at age 27 (Figure
4(c)). A complete family history identified AML
in the proband’s father and paternal uncle. The
father’s AML was diagnosed at the same hospital
and had also contained a deletion of chromosome
7. The paternal uncle’s AML had been diagnosed
elsewhere, and details regarding the cytogenetic
analysis of this AML were not available. While
genetic testing of the proband was underway, the
son of the paternal uncle was diagnosed with
MDS. Germline testing of the proband identified
a GATAZ2 mutation. Our genetic counselor advised
genetic testing of other family members who had
developed hematopoietic malignancies or were at
risk of inheritance of the deleterious mutation.

Background. GATA2 encodes a zinc finger tran-
scription factor critical for normal hematopoiesis
[Rodrigues ez al. 2005;Tsai et al. 1994] and lym-
phatic vascular development [Kazenwadel ez al.
2012]. Germline mutations in GATAZ2 have been
described in association with familial MDS/AML,
as well as with several heterogeneous clinical syn-
dromes, including Emberger syndrome and the
MonoMAC syndrome (Figures 1 and 2). Inter-
estingly, GATA2 mutation has been described in
association with at least one case that combines
phenotypic features of the Emberger and
MonoMAC syndromes [Ishida ez al. 2012]. These
syndromes lead to an overall increased risk of
developing MDS/AML.

Presentation. Several GATA2 mutation-carrying
pedigrees have been described that display no dis-
tinguishing phenotypic abnormalities other than
early-onset familial MDS or AML [Hahn ez al
2011]. These families displayed highly penetrant
autosomal dominant inheritance of early-onset
MDS or AML, resulting in poor outcomes unless
successfully transplanted. The clinical character-
istics of MDS/AML in these pedigrees is variable,
with different FAB subtypes as well as variable
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cytogenetic abnormalities, including monosomy
7, trisomy 8, and trisomy 21.

Emberger syndrome is defined by primary
lymphedema, confined to the lower extremities
and genitals, with myelodysplasia progressing to
AML. It may also present with a low CD4/CD8
T-cell ratio, cutaneous warts, and sensorineural
deafness. Emberger syndrome occurs both sporad-
ically and heritably in an autosomal dominant
fashion with incomplete penetrance. One series
identified eight independent GATA?2 variants in 14
individuals with Emberger syndrome [Ostergaard
et al. 2011].The cytogenetic abnormalities seen in
these individuals also include monosomy 7, and
their MDS often rapidly transforms to AML.

Recently described, the MonoMAC syndrome
comprises severe monocytopenia and severe infec-
tions with nontuberculous Mycobacteria, typically
M. avium complex (MAC). The phenotype may
also include natural killer cell and B-cell lympho-
cytopenia, disseminated viral and opportunistic
fungal infections, pulmonary alveolar proteinosis,
and severely decreased circulating and tissue den-
dritic cells, as well as a predisposition to MDS/
AML or chronic myelomonocytic leukemia [Vinh
et al. 2010]. This syndrome has been associated
with mutations in GATA?Z2 in at least 20 patients so
far. In these patients, the infectious and pulmonary
features of MonoMAC syndrome tend to predate
the development of overt MDS by many years and
are thought to arise from tissue macrophage dys-
function mediated by GATA2 deficiency.

Compared with patients with de novo MDS,
patients with MonoMAC display a significantly
younger average age of onset (33 years versus 70—
80 years) as well as distinctive bone marrow fea-
tures, such as hypocellularity, significant fibrosis,
and multilineage dysplasia [Hsu et al. 2011].
Common cytogenetic abnormalities include
monosomy 7, trisomy 8, and trisomy 1q.

Diagnosis. Genetic sequencing of the entire
coding region of GATA2 is clinically available.
Given the existence of pure familial MDS/AML
with mutated GATA2, this test should be consid-
ered in all patients being evaluated for a familial
MDS/AML syndrome, regardless of the presence
or absence of any of the phenotypic features noted
above.

Management. As described above for familial
CEBPA mutations, management of an individual’s

AML is typically similar to that for AML present-
ing in the sporadic setting, although special con-
sideration for the use of allogeneic stem-cell
transplant should be entertained, given the germ-
line predisposition.

Inherited bone marrow failure syndromes and
telomere biology disorders

Case 4. The proband initially presented at the
medical center with idiopathic pulmonary fibrosis
(IPF) and 2 years later was found to be pancytope-
nic (Figure 4(d)). She developed acute promyelo-
cytic leukemia 6 months later. The proband’s
family history was significant for cancer, including
squamous cell nasopharyngeal cancer diagnosed in
the proband’s sister at age 45. Age-adjusted telo-
mere length testing of the proband’s peripheral
blood cells revealed telomere lengths below the
first percentile in all cell types tested. Germline
DNA from the proband showed a mutation in
TERT. Further germline testing of the father,
brother, and sister with malignancies demonstrated
the same TERT mutation and age-adjusted telo-
mere lengths below the first percentile.

Background. Within the spectrum of IBMF
syndromes, TBDs are associated with abnormal
telomere maintenance and predisposition to
MDS/AML. DC is the prototypical example of a
TBD. Classic features of DC include the muco-
cutaneous triad of nail dystrophy, abnormal
reticular skin pigmentation, and oral leukopla-
kia, as well as a predisposition to malignancy
[Dokal, 2011]. Patients with DC have a high risk
of MDS, with an observed expected ratio of
2663 (95% confidence interval 858—-6215) and a
mean age of onset of 35 years [Alter ez al. 2009].
Not all patients with a TBD demonstrate the
classic features of DC, since both the genetic
causes and clinical presentations of TBDs are
heterogeneous. Patients may present initially
with bone marrow failure, MDS, or pulmonary
fibrosis, without demonstrating mucocutaneous
features of the disease [Armanios et al. 2007;
Yamaguchi ez al. 2003]. Bone marrow failure is
the leading cause of death in affected patients
[Dokal, 2011].

TBDs result from mutations in at least nine genes
in three inheritance patterns. X-linked recessive
DC (XLR-DC, OMIM #305000) is associated
with mutations in DKCI [Heiss et al. 1998].
Autosomal recessive DC (AR-DC, OMIM
#224230) results from mutations in NOPI10,
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TERT, NPH2, TCABI (also known as WRAP53),
Cl6orf57, and RTEL1 [Dokal, 2011; Walne er al.
2013]. Autosomal dominant DC (AD-DC,
OMIM #127550) results from mutations in
TERT (Figure 1(d)), TERC (Figure 1(e)), TINF2,
and RTEL]1 [Ballew ez al. 2013; Savage et al. 2008;
Vulliamy ez al. 2001]. Heterozygous mutations in
the telomerase reverse transcriptase TERT and
RNA-component-encoding gene TERC may pre-
sent as familial MDS/AL predisposition syn-
dromes [Kirwan ez al. 2009]. Of note, biallelic
mutations in TERT resulting in AR-DC are gen-
erally more severe than mono-allelic TERT muta-
tions leading to AD-DC, with the presence of
mucocutaneous features of the disease and greatly
reduced telomeric repeat amplification protocol
activity, which measures telomerase activity
[Marrone er al. 2007]. Mutations in TINF2,
which encodes the shelterin complex protein
TIN2, lead to extremely short telomeres. TINF2
mutations, which are generally de novo, typically
lead to severe DC or other genetic syndromes,
with high penetrance and an early age of onset
[Savage et al. 2008; Walne er al. 2008]. Recently,
mutations in RTEL1, a gene encoding a telomere-
associated elongation helicase, were identified in
two families with Hoyeraal Hreidarsson syn-
drome, a clinically severe form of DC associated
with cerebellar hypoplasia, immunodeficiency,
enteropathy, and intrauterine growth retardation
[Ballew ez al. 2013].

Presentation. TBDs affect regenerating tissues
in which telomere maintenance is important. Sys-
tem-wide clinical features seen in TBDs include
IPF, seen in 20.3% of patients; extensive dental
caries, 16.9%; esophageal stricture, 16.9%; pre-
mature hair loss or graying, 16.1%; and liver dis-
ease, 7.1%, including predisposition to cirrhosis
[Calado ez al. 2009; Dokal, 2011]. In addition,
telomere instability predisposes people to malig-
nancies: MDS/AML and a variety of solid tumors,
including head and neck squamous cell carci-
noma (SCC), skin SCC, and anorectal, stomach,
lung, esophageal, and colon cancer [Alter ez al.
2009, 2010].

Although XLR-DC, AR-DC, and TINF2 muta-
tions often present with severe phenotypes at
young ages, AD-DC caused by TERT and TERC
mutations often present later in life without clas-
sic mucocutaneous symptoms. Instead, bone
marrow failure is a common presenting symptom.
TERT and TERC mutations show variable pene-
trance and variable disease onset and progression.

Carriers of the same TERT or TERC mutation
may demonstrate few symptoms, with only slight
erythrocyte macrocytosis or thrombocytopenia as
the only blood abnormalities prior to the onset of
aplastic anemia (AA) [Young, 2012]. Both TERT
and TERC mutations are associated with antici-
pation, with progressively shorter telomeres
passed down through generations [Vulliamy ez al.
2004]. Members of older generations often dem-
onstrate mild disease, whereas those of younger
generations experience more severe disease mani-
festations, such as AA or MDS/AML [Armanios,
2012; Parry ez al. 2011;Vulliamy ez al. 2005]. The
combination of AA and IPF in patients with the
absence of classic mucocutaneous features is
highly specific for a TBD [Parry ez al. 2011].

Diagnosis. TBDs are best diagnosed through
telomere length testing, which correlates with dis-
ease severity [Alter ez al. 2012]. Telomere length
testing can be performed based on flow cytome-
try separation of specific leukocyte subsets, fol-
lowed by telomere fluorescence in  situ
hybridization [Martens er al. 2000], and age-
adjusted telomere lengths below the first percen-
tile are diagnostic for a TBD [Alter ez al. 2012].
The clinical diagnosis of DC is based on the pres-
ence of the major features of the disease, which
include the mucocutaneous triad and bone mar-
row failure, as well as the presence of multisystem
features of the disease: epiphora, learning difficul-
ties/developmental delay/mental retardation, pul-
monary disease, short stature, extensive dental
caries, esophageal stricture, premature hair gray-
ing or loss, hyperhiderosis, or malignancy. The
clinical diagnosis of DC requires at least two of
four major features and at least two multisystem
features [Dokal, 2011], though some centers con-
duct telomere length testing when just one major
feature is present to account for the heterogeneity
of clinical presentations. DC mutation testing is
available clinically, but only about 50% of patients
with demonstrably very short telomeres will test
positive for a mutation in one of the nine known
predisposition genes.

Management. Hematopoietic stem-cell trans-
plantation (HSCT) is the only definitive cure
for patients with a TBD. Oxymetholone treat-
ment may improve hematopoietic function in
some patients through the upregulation of
telomerase [de la Fuente and Dokal, 2007].
Diagnosis of a TBD as the cause of bone mar-
row failure or malignancy is highly important
prior to HSCT, since patients with aTBD are at
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risk of HSCT complications after use of con-
ventional myeloablative conditioning regimens
[Dietz er al. 2011], including increased risk of
pulmonary complications and venoocclusive
disease [de la Fuente and Dokal, 2007; Dokal,
2011].

Low-intensity myeloablation has been recom-
mended, but has also resulted in post-transplant
complications [Brazzola ez al. 2005]. Although
long-term data are lacking, outcomes after
fludarabine-based nonmyeloablative condition-
ing regimens demonstrated reduced pulmonary
and vascular complications and increased sur-
vival in allogeneic transplants [Dietz ez al. 2011].
In addition, due to anticipation, younger genera-
tions may present with more severe disease at
earlier ages and should be screened appropriately
for signs of disease.

Fanconi anemia

FA is an autosomal or X-linked recessive IBMF
syndrome associated with growth retardation,
organ malformation, and a predisposition to
malignancy, in particular AML but also other
solid tumors. The clinical presentation of FA is
heterogeneous. Common congenital abnormali-
ties include short stature, abnormal skin pig-
mentation, radial ray defects, and abnormalities
of various organs, including arms, head, eyes,
ears, and kidneys [Kee and D’Andrea, 2012;
Knies er al. 2012]. Additionally, 25-40% of
patients lack physical abnormalities associated
with the disease [D’Andrea, 2010]. Although the
median age of diagnosis is 6.5 years for boys and
8 years for girls, the disease is diagnosed over a
wide range of ages, from birth to 48 years old
[D’Andrea, 2010]. The median age of onset of
bone marrow failure is 7 years [Butturini ez al.
1994]. Median survival for patients with FA is
24 years, with a cumulative incidence of 90% of
bone marrow failure by age 40 [Kutler er al.
2003]. At least 20% of patients with FA develop
malignancy, with AML the most common diag-
nosis [Kutler ez al. 2003].

Currently, 15 FA genes are associated with the
disease [Kee and D’Andrea, 2012], with FANCA
demonstrating the highest prevalence [Wang,
2007]. FA genes function in repairing DNA
crosslinks associated with the FA/BRCA pathway.
Subtyping FA complementation groups is useful
in the management of patients with FA, since cer-
tain groups, such as FANCA, demonstrate milder

disease with later onset of bone marrow failure,
whereas FANCG generally results in more severe
hematologic disease [Faivre ez al. 2000]. FANCD1
is identical to BRCA2 [Wang, 2007], with
homozygous mutations resulting in FA and hete-
rozygous mutations leading to an increased sus-
ceptibility to breast, ovarian, and pancreatic
cancer [Howlett ez al. 2002].

Although the clinical presentation and genetic
causes are highly variable, in general, FA results in
hypersensitivity to DNA crosslinking agents. DEB,
a DNA crosslinking agent, is used in the DEB-
induced chromosome breakage assay to diagnose
FA. Mitomycin C may also be used in place of
DEB in the assay. Peripheral blood from a patient
with suspected FA is cultured and treated with
DEB, which induces irreparable DNA crosslinking
and chromosome breakage in FA cells visible in
Giemsa-stained metaphase cells but is innocuous
to wild type cells [Auerbach, 2003]. HSCT offers
the only cure for hematopoietic abnormalities
associated with FA [Gluckman ez al. 1995].

Additional genes implicated in familial
leukemia for which clinical gene mutation
testing is not yet available

Familial aplastic anemia/myelodysplastic
syndrome with SRP72 mutation (OMIM

602122; SRP72 is composed of 19 exons on
chromosome 4q11)

Case 5. The proband presented with pancytope-
nia at age 20 and a bone marrow biopsy con-
firmed a diagnosis of AA (Figure 4(e)). Of note,
the proband’s brother had also been diagnosed
with AA at age 16. Based on the occurrence of
two family members with AA, a workup for germ-
line mutations leading to familial bone marrow
failures syndromes was undertaken, including
telomere length testing (which was normal) and
SRP72 mutation testing, which was positive for a
mutation when performed on a research basis.

Background. SRP72 encodes one of six protein
subunits of the signal recognition particle (SRP),
part of the cellular apparatus responsible for
nascent protein processing and trafficking. By
means of whole-exome sequencing, a mutation
in SRP72 was identified in a family with appar-
ent autosomal dominant inheritance of bone
marrow failure and congenital neural deafness
[Kirwan ez al. 2012]. Three siblings in this family
had AA and deafness, and an additional sibling
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with normal hearing had normal blood counts.
The mother had MDS. All had normal karyo-
types. Subsequent screening of 96 additional
patients with bone marrow failure identified one
more family in which both the index case and
her mother had MDS and an SRP72 mutation.
In this family, however, neither affected individ-
ual had hearing loss, although the index case
presented with possible labyrinthitis [Kirwan
et al. 2012].

To date, only these two pedigrees have been iden-
tified with SRP72 mutations and AA/MDS
(Figures 1 and 2).Thus, it is difficult to describe a
particular phenotype associated with this muta-
tion. However, as more patients are screened for
the mutation, an association with hearing loss or
other audiovestibular abnormalities may become
evident, as in the case of GATA2 mutation. As with
other familial bone marrow failure syndromes,
attention to possible inheritance of seemingly
unrelated abnormalities will be important to eluci-
date the phenotype.

Presentation. Since only a small number of fam-
ilies with SRP72 mutations have been identified
to date, it is difficult to describe a consistent pre-
sentation, but bone marrow failure may precede
the development of a myeloid bone marrow
malignancy.

Management. As with the other syndromes, no
special initial management of the myeloid malig-
nancy is undertaken. However, subsequently, if a
germline SRP72 mutation is found, consideration
should be given to the use of allogeneic stem-cell
transplant using a nonmutated donor.

Thrombocytopenia 2 (ANKRD2é; OMIM

610855; ANKRD26 is composed of 34 exons on
chromosome 10p12.1]

Background. Thrombocytopenia 2 (THC2) is
an inherited thrombocytopenia with mild throm-
bocytopenia and bleeding tendency with normal
in vitro platelet aggregation [Noris er al. 2011]. In
78 people from 21 families known to have THC2,
18 mutations were identified within a 19 base-
pair region of the ANKRD26 5’ untranslated
region (Figure 1) [Noris ez al. 2011; Pippucci
et al. 2011]. Expression studies showed that these
mutations resulted in increased gene expression,
suggesting a gain-of-function mechanism of
action. Among 105 people with confirmed or sus-
pected ANKRD26 mutations, 10 developed

hematologic malignancies, including seven with
acute leukemias, five of which were myeloid and
two of which were undefined [Noris ez al. 2011].
The overall incidence of development of hemato-
logic malignancies was 240 out of 100,000, and of
acute leukemia was 167 out of 100,000, both ele-
vated over expected levels.

Presentation. To date, patients with ANKRDZ26
mutations are recognized by their familial inheri-
tance of thrombocytopenia. Although there is a
suspicion that these mutations may lead to an
increased risk of hematologic disease, additional
families need to be studied to be confident about
this relationship.

Management. The management of hematologic
malignancies in these patients is according to the
diagnosis. No additional treatment measures need
to be instituted. As discussed above, if a firm caus-
ative relationship is established between ANKRDZ26
mutations and the development of hematopoietic
diseases, consideration should be given to the use
of allogeneic stem-cell transplant.

Conclusion

In summary, we advocate that all physicians car-
ing for patients with MDS/AML become familiar
with the inherited predisposition syndromes
underlying the development of the malignancy in
certain families. Recognition of these syndromes
is crucial to proper clinical management of
patients with an inherited susceptibility and for
genetic screening of additional family members.
Although currently CLIA-approved testing exists
only for inherited mutations in RUNX1, CEBPA,
GATA2, and the IBMF syndromes including DC,
we look forward to the development of additional
clinical tests as more inherited syndromes are
identified.

We recognize that the anticipated rapid incorpo-
ration of next-generation sequencing into clinical
practice may change our diagnostic approach, if
full exome, transcriptome, and genome sequenc-
ing become standard practice [Biesecker er al
2012; Shyr and Liu, 2013]. For the moment, if
physicians exhaust CLIA-approved genetic test-
ing for a patient with a high suspicion for an
inherited leukemia syndrome, further testing
occurs in the research setting. However, many
experimental protocols are now written with
exchange of medically relevant information back
to participating individuals, allowing patients
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access to the results of research-based testing. We
encourage all physicians who care for these
patients to refer patients for appropriate genetic
counseling, testing, and if appropriate, research
studies that could lead to the identification of
additional predisposition alleles.
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