
Clonal hematopoiesis, isolated cytopenias , and 
differences with MDS 

Pierre Fenaux 
Hôpital  St Louis 
Université Paris 7 

GFM 
Roma, Sept 2016 



MDS	
  or	
  not	
  MDS	
  ?	
  
(A	
  Jacobs)	
  

Mankind	
  is	
  divided	
  into	
  3	
  categories:	
  
	
  
•  MDS	
  
	
  
•  Not	
  quite	
  	
  MDS	
  
	
  
•  Not	
  yet	
  MDS	
  



MDS	
  or	
  not	
  MDS	
  ?	
  

•  MDS	
  
•  ICUS:	
  Idiopathic	
  Cytopenias	
  of	
  Undetermined	
  
Significance	
  

•  IDUS:	
  Idiopathic	
  Dysplasia	
  of	
  Undetermined	
  
significance	
  

•  CHIP:	
  Clonal	
  Hematopoiesis	
  of	
  	
  Indeterminate	
  
PotenIal	
  



MDS	
  or	
  not	
  MDS	
  ?	
  

•  MDS	
  
•  ICUS:	
  Idiopathic	
  Cytopenias	
  of	
  Undetermined	
  
Significance	
  

•  IDUS:	
  Idiopathic	
  Dysplasia	
  of	
  Undetermined	
  
significance	
  

•  CHIP:	
  Clonal	
  Hematopoiesis	
  of	
  	
  Indeterminate	
  
PotenIal	
  



Leukemia Research 31 (2007) 727–736

Consensus report

Definitions and standards in the diagnosis and treatment of the
myelodysplastic syndromes: Consensus statements and

report from a working conference

Peter Valent a,∗, Hans-Peter Horny b, John M. Bennett c, Christa Fonatsch d, Ulrich Germing e,
Peter Greenberg f, Torsten Haferlach g, Detlef Haase h, Hans-Jochen Kolb i, Otto Krieger j,

Michael Loken k, Arjan van de Loosdrecht l, Kiyoyuki Ogata m, Alberto Orfao n,
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Abstract

The classification, scoring systems, and response criteria for myelodysplastic syndromes (MDS) have recently been updated and have
become widely accepted. In addition, several new effective targeted drugs for patients with MDS have been developed. The current article
provides a summary of updated and newly proposed markers, criteria, and standards in MDS, with special reference to the diagnostic interface
and refinements in evaluations and scoring. Concerning the diagnostic interface, minimal diagnostic criteria for MDS are proposed, and
for patients with unexplained cytopenia who do not fulfill these criteria, the term ‘idiopathic cytopenia of uncertain significance’ (ICUS) is
suggested. In addition, new diagnostic and prognostic parameters, histopathologic and immunologic determinants, proposed refinements in
scoring systems, and new therapeutic approaches are discussed. Respective algorithms and recommendations should facilitate diagnostic and
prognostic evaluations in MDS, selection of patients for therapies, and the conduct of clinical trials.
© 2007 Elsevier Ltd. All rights reserved.
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Table 1
Minimal diagnostic criteria in MDSa

(A) Prerequisite criteria
Constant cytopenia in one or more of the following cell lineages:

erythroid (hemoglobin <11 g dL−1); neutrophilic
(ANC < 1500 !L−1) or megakaryocytic (platelets <100,000 !L−1)

Exclusion of all other hematopoietic or non-hematopoietic disorders as
primary reason for cytopenia/dysplasiab

(B) MDS-related (decisive) criteria
Dysplasia in at least 10% of all cells in one of the following lineages in

the bone marrow smear: erythroid; neutrophilic; or megakaryocytic
or >15% ringed sideroblasts (iron stain)

5–19% Blast cells in bone marrow smears
Typical chromosomal abnormality (by conventional karyotyping or

FISH)c

(C) Co-criteriad (for patients fulfilling ‘A’ but not ‘B’, and otherwise
show typical clinical features, e.g. macrocytic transfusion-dependent
anemia)

Abnormal phenotype of bone marrow cells clearly indicative of a
monoclonal population of erythroid or/and myeloid cells,
determined by flow cytometry

Clear molecular signs of a monoclonal cell population in HUMARA
assay, gene chip profiling, or point mutation analysis (e.g. RAS
mutations)

Markedly and persistently reduced colony-formation (±cluster
formation) of bone marrow or/and circulating progenitor cells
(CFU-assay)

a The diagnosis MDS can be established when both prerequisite criteria
and at least one decisive criterion are fulfilled. If no decisive criterion is
fulfilled, but the patient is likely to suffer from a clonal myeloid disease,
co-criteria should be applied and may help in reaching the conclusion the
patient has MDS or a condition called ‘highly suspective of MDS’.

b As more patients with two co-existing bone marrow neoplasms are diag-
nosed it is important to state that in a few cases, MDS can be diagnosed even
if another co-existing disease potentially causing cytopenia was detected.

c Typical chromosome abnormalities are those that are recurrently found
in MDS (+8, −7, 5q−, 20q−, others). If the abnormal karyotype is the only
decisive criterion, the condition should be considered as ‘highly suspective
of MDS’.

d Co-criteria are not considered to be used as standard in the routine hema-
tologic work up in all centers. If not available, questionable cases should be
monitored and repeated tests be performed to establish the diagnosis MDS
in the follow-up.

the number of abnormalities found in such assays, but in the
absence of morphologic dysplasia or an increase in blasts
(in the follow-up), the diagnosis MDS should not be estab-
lished. If such assays (for co-criteria) are not available or
show negative results, the recommended standard is to fol-
low the clinical course and to repeat diagnostic tests after a
(in) certain time interval(s). Patients with an increase in blasts
should also be followed carefully after diagnosis as some of
these patients may rapidly progress into AML.

3. Idiopathic cytopenia of uncertain (undetermined)
significance (ICUS)

Cytopenia in one or more myeloid lineages (erythro-
cytes, neutrophils, platelets) that is (i) constant (≥6 months),
(ii) does not meet the (minimal) criteria of an MDS and

Table 2
Idiopathic cytopenia of uncertain (undetermined) significance (ICUS)

(A) Definition
Cytopenia in one or more of the following cell lineages (for ≥ 6

months): erythroid (Hb < 11 g dL−1); neutrophilic (<1500 !L−1);
platelet (<100,000 !L−1)

MDS excluded (see ‘B’ and ‘C’)
All other causes of cytopenia also excluded (see ‘B’ and ‘C’)

(B) Initial investigations required to establish the diagnosis of ICUS
Detailed case history (toxins, drugs, mutagenic events, etc.)
Thorough clinical investigations including X-ray and sonography of

spleen
Differential blood count (microscopic) and complete serum chemistry
Bone marrow histology and immunohistochemistry
Bone marrow smear including an iron stain
Flow cytometry of bone marrow and peripheral blood cells
Chromosome analysis including FISHa

Molecular analysis where appropriate (e.g. T cell receptor
rearrangement—neutropenia)

Exclusion of viral infections (HCV, HIV, CMV, EBV, others)

(C) Recommended investigations in the follow-up
Blood count and differential count as well as serum chemistry in 1–6

months intervals
In those in whom suspicion for MDS becomes evident: bone marrow

examination
a Proposed minimum standard panel: 5q31, CEP7, 7q31, CEP8, 20q,

CEPY, p53.

(iii) cannot be explained by any other hematologic or non-
hematologic disease is termed ICUS (Table 2), a term that
was also proposed by Dr. G. Mufti (8th International Sym-
posium on MDS, Nagasaki, Japan, 2005). In some of these
patients, the type of cytopenia (transfusion-dependent macro-
cytic anemia) may point to the potential of an MDS or an
MDS-prephase. These patients should then be carefully mon-
itored and repeated tests be performed in the follow-up to
confirm or exclude MDS. If suspicion for MDS becomes
evident from the routine follow-up, a repeat bm examination
should be performed.

At initial presentation, it is standard to perform a suffi-
cient hematologic investigation in all patients, including a
bm trephine biopsy with appropriate histology and immuno-
histochemistry, bm smear-examinations with Romanowsky
stain and iron stain as well as cytogenetics (Table 2).

4. The bone marrow and peripheral blood smear

The examination of an appropriately prepared and stained
bm and peripheral blood smear remains the most impor-
tant diagnostic approach in patients with (suspected) MDS
[1–3]. For proper morphologic assessment, well-prepared
thin films (bm films containing particles at the feathered
edge) are required. An excellent Romanowsky stain (MGG
or WG stain) should be utilized that has a good balance
between the azur dyes to identify the cytoplasmic gran-
ules and basophilic cytoplasm. Overstaining on thick smears
results in all cells resembling each other, and understaining
prevents the separation of the major cell lines as well (and
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bm trephine biopsy with appropriate histology and immuno-
histochemistry, bm smear-examinations with Romanowsky
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The examination of an appropriately prepared and stained
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tant diagnostic approach in patients with (suspected) MDS
[1–3]. For proper morphologic assessment, well-prepared
thin films (bm films containing particles at the feathered
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a  b  s  t  r  a  c  t

It  is  now  generally  appreciated  that  hematologic  neoplasms  can  develop  over  many  years  if  not  decades,
often  being  initially  occult  or showing  minimal  (subdiagnostic)  abnormalities.  However,  whereas  such
early  neoplastic  conditions  have  been  defined  in  some  detail  in  lymphoproliferative  neoplasms,  lit-
tle  is  known  about  minimal  lesions  preceding  the  manifestation  of an  overt  myeloid  neoplasm,  about
underlying  mechanisms,  the clinical  course  and  outcome,  and  the  prognostic  significance  of  such  condi-
tions. Members  of  several  groups  have  recently  described  two  ‘premalignant’  myeloid  conditions,  namely
idiopathic  cytopenia  of  undetermined  significance  (ICUS)  and idiopathic  bone  marrow  dysplasia  of  uncer-
tain significance  (IDUS).  At  least  in some  patients  these  are  neoplastic  conditions.  Both  conditions  may
progress  to an  overt  myelodysplastic  syndrome  (MDS),  but  may  also  progress  to  another  myeloid  neo-
plasm such  as  acute  myeloid  leukemia,  a myeloproliferative  neoplasm  (MPN),  or  a  mast  cell disorder
(mastocytosis).  In  ICUS  the  dysplasia  is mild  and  does  not  fulfill  the  WHO  criteria  for  MDS  but  cytope-
nias  can  be  severe.  In  IDUS  the  dysplasia  is  prominent  but  cytopenias,  if detectable,  are  mild.  In  both
conditions  it is possible  that  a  neoplastic  clone  has  already  replaced  most  or  all  of  normal  bone  marrow
cells when  ICUS  or IDUS  is  detected,  but  evidence  to support  this  possibility  is  not necessarily  available.
For  both  groups  of  patients  we  recommend  a thorough  hematologic  follow  up  because  of  the  potential
of  disease-manifestation  and  the  unpredictable  form  and  time  of progression.  In  the  present  review,  we
discuss  current  concepts  relating  to  ICUS  and  IDUS  as well  as diagnostic  approaches  and  available  criteria.

© 2011 Elsevier Ltd. All rights reserved.
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idiopathic  cytopenia  of  undetermined  significance  (ICUS)  and  idiopathic  bone  marrow  dysplasia  of  uncer-
tain significance  (IDUS).  At  least  in some  patients  these  are  neoplastic  conditions.  Both  conditions  may
progress  to an  overt  myelodysplastic  syndrome  (MDS),  but may  also  progress  to  another  myeloid  neo-
plasm  such  as  acute  myeloid  leukemia,  a myeloproliferative  neoplasm  (MPN),  or  a  mast  cell disorder
(mastocytosis).  In ICUS  the  dysplasia  is mild  and  does  not fulfill  the  WHO  criteria  for  MDS  but cytope-
nias  can  be  severe.  In  IDUS  the  dysplasia  is  prominent  but  cytopenias,  if detectable,  are  mild.  In  both
conditions  it is possible  that  a  neoplastic  clone  has  already  replaced  most  or  all  of  normal  bone  marrow
cells when  ICUS  or IDUS  is  detected,  but  evidence  to support  this  possibility  is  not  necessarily  available.
For  both  groups  of  patients  we  recommend  a thorough  hematologic  follow  up  because  of the  potential
of  disease-manifestation  and  the  unpredictable  form  and  time  of progression.  In  the  present  review,  we
discuss  current  concepts  relating  to  ICUS  and  IDUS  as well  as diagnostic  approaches  and  available  criteria.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction and historical overview

Myelodysplastic syndromes (MDS) are clonal disorders of
myelopoietic progenitor cells. The disease is characterized by dys-
plasia of blood and/or bone marrow cells, peripheral cytopenia, and
a genetic instability with enhanced risk of transformation into sec-
ondary acute myeloid leukemia (AML) [1–6]. Minimal diagnostic
criteria for MDS  have been discussed in the past by several working
groups [1,4,6–8]. It is generally appreciated that marked persis-
tent cytopenia that cannot be explained by any other underlying
disease, is an important feature and should thus count as a pre-
requisite to establish the diagnosis of MDS, although there is an
ongoing discussion about cut-off levels (Table 1). In addition, mor-
phologic signs of dysplasia in myeloid cells are generally required
to establish the diagnosis of MDS  [1,4,6–8]. According to the pro-
posal of the International Working Group on Morphology of MDS
(IWGM-MDS), and in accordance with WHO  criteria, at least 10% of
all cells in a given lineage should show morphological signs of dys-
plasia in bone marrow smears to count as a diagnostic criterion for
MDS  (Table 2) [4,8]. In the case of the granulocyte lineage, assess-
ment may  be more readily carried out on peripheral blood cells than
on bone marrow cells. When morphologic criteria for MDS  are not
met, the diagnosis of MDS  can still be established in a markedly
cytopenic patient if a typical (MDS-related) karyotype anomaly is
found [4,6]. The minimum number of metaphases required to diag-
nose MDS  in a cytopenic patient without morphologic evidence of
dysplasia has not been explicitly defined in the past. Although this
point is still under discussion, the demonstration of an overt clone
bearing a chromosome anomaly, as defined by ISCN criteria, may  be
judged ‘diagnostic’, provided that the anomaly is typically found in
MDS  as specified in the WHO  classification. FISH analysis may  assist
to confirm the presence of the anomaly in these cases, especially
when the number of examined metaphases is low. In cases of ques-
tionable results, poor material, no growth, or when karyotype and
FISH results point at a very small clone-size, it may  be advisable to
repeat the bone marrow examination [6].

There are also other additional (albeit non-specific) features
that are commonly seen in MDS, such as macrocytosis, an abnor-
mal  (aberrant) immunophenotype of bone marrow cells, or a
decrease in colony-forming progenitors (CFC) [6,9]. In addition, a

thorough hematopathological investigation including immunohis-
tochemistry is important to exclude or confirm the diagnosis of
MDS [6,10–13]. However, sometimes it is difficult to establish the
diagnosis, especially in older patients (often with comorbidity) in
whom only mild cytopenia is seen or no substantial dysplasia is
detectable. In other patients, cytopenia may  be triggered by sev-
eral different factors and may  improve or worsen over time, which
is important when considering cut-off levels (Table 1).

Recently, two  conditions where criteria of an MDS are not ful-
filled, although either cytopenia or dysplasia is present, have been
defined, namely idiopathic cytopenia of undetermined significance
(ICUS) and idiopathic dysplasia of uncertain significance (IDUS)
[6–8,13–15]. The term ICUS has first been suggested by two of us,
Barbara Bain and Ghulam Mufti, in several meetings of the Interna-
tional Working Group on Morphology of MDS  (IWGM-MDS) and
at numerous conferences, including four MDS  symposia, one in
Lisbon (2005), one in Nagasaki (2005), one in Amsterdam (2006)
[7], and one in Florence (2007) [8].  In addition, the term was  dis-
cussed in a Working Conference organized in Vienna in 2006 [6].
Finally, in the WHO  2008 Update, the term ICUS was  included
[4].  So far only small numbers of cases of ICUS have been pub-
lished, and little is known about mechanisms and the prognosis.
In one series of 10 patients recorded at the Medical University of
Vienna, 2 patients progressed to an overt MDS  after 2 and 3 years,
respectively [14]. In one of these patients, a small clone carrying
a monosomy 7 (1 out of 20 metaphases and 10% of interphase
cells) was  initially detectable, and later expanded to a predomi-
nant clone [14]. More recently, Schroeder et al. analyzed 67 patients
with ICUS identified in the Duesseldorf registry. In their patient
group, 8 (12%) progressed to AML  [16]. Interestingly, in 2 of these
8 patients, the HUMARA assay revealed a ‘clonal’ pattern during
the ICUS phase of the disease [16]. In line with this observation, an
abnormal immunophenotype of myeloid cells may  sometimes be
recorded in ICUS [17].

The term IDUS has recently been proposed in order to create
a niche for those cases where dysplasia is clearly demonstra-
ble but no or only mild cytopenia is detectable [13,15,18,19].
Unlike ICUS, patients with IDUS show substantial dysplasia in
a considerable number of bone marrow cells (>10% in one or
more lineages) with or without an MDS-related karyotype, but

Table 1
Proposed diagnostic cut-off levels for anemia to count as minimal diagnostic criteria for MDS  and ICUS: comparison to normal values.

Lower limit: source of criteria (proposed by) Proposed cut off levels (lower limit)

Hb (g/L) ANC (×109/L) PLT (×109/L)

Cut off levels defining the normal blood count (WHO definition) 120 (f) 1.8a 150
130 (m)

Cut  off levels defining MDS  (or ICUS); by WHO  criteriab 100b 1.8b 100b

Cut off levels defining MDS  and ICUS proposed by the IWGM-MDS groupc 100 1.8 100
Cut  off levels defining MDS  or ICUS; by the 2007 consensus groupd 110 1.5 100

MDS, myelodysplastic syndrome; ICUS, idiopathic cytopenia with undetermined significance; Hb, hemoglobin; ANC, absolute neutrophil count; PLT, platelet count; WHO,
World  Health Organization; IWGM-MDS, International Working Group on Morphology of MDS. Also, the WHO  chapter did not explicitly state that cytopenia-cut off criteria
proposed for MDS would also count for ICUS (but this is proposed by us) [4].

a Reported lower limits of normal ANC in different studies vary from 1.5 to 1.8 × 109/L with levels significantly lower than these being observed in healthy individuals with
African ancestry.

b The WHO  states that MDS  can also be diagnosed in patients with less severe cytopenia if morphologic and cytogenetic evidence would clearly argue for MDS. Their cut
off  levels are those used in the International Prognostic Scoring System (IPSS) [26].

c The proposal of the IWGM-MDS group was presented in various meetings [7,8].
d The 2007-consensus group proposal was published in [6].
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Table  2
Key features discriminating between MDS, ICUS, and IDUS.

Features/findings MDS  ICUS IDUS

Peripheral blood:
Diagnostic cytopeniaa + + −
Transfusion dependence +/− −/+ −
Pseudo-Pelger-Huët Cells +/− − −/+
Circulating blast cells −/+ − −
BFU-E markedly reduced +/− −/+ −/+
Clonality by HUMARA + −/+ n.k.
Bone marrow:
Ring sideroblasts ≥15% +/− − +/−
Marked bone marrow dysplasiab + − +
Blast cell increase ≥5% +/− − −
Marked bone marrow fibrosis −/+ − −
MDS-related Karyotype +/− − −/+
Flow cytometry abnormalities +/− n.k. n.k.

MDS, myelodysplastic syndromes; ICUS, idiopathic cytopenia of undetermined sig-
nificance; IDUS, idiopathic dysplasia of uncertain significance; BFU-E, burst forming
unit erythroid progenitor cells; HUMARA, human androgen receptor X-chromosome
inactivation assay; n.k., not known.

a Diagnostic cytopenia: neutrophils <1.0 × 109/L or/and hemoglobin <110 g/L
or/and platelets <100 × 109/L.

b Erythroid dysplasia >10% or/and granulocyte dysplasia >10% or/and megakary-
ocyte dysplasia >10%. +, seen in all patients; +/−,  seen in a majority of patients; −/+,
seen in a minority of patients; −, not seen.

are not suffering from persistent cytopenia [17]. It is important
to note that the ‘IDUS-state’ can be stable for many years or even
decades [19,20]. Use of the term MDS  for these patients is inap-
propriate as some of them subsequently develop another myeloid
neoplasm rather than MDS, and the type of neoplasm that subse-
quently occurs is unpredictable [19]. Moreover, some IDUS patients
show a constant course and remain in an ‘IDUS-state’ for decades
[19,20]. Finally, for neither ICUS nor IDUS is there proof that every
patient actually has or will develop a neoplastic process, which
is important in terms of patient management and therapeutic
considerations.

2. Idiopathic cytopenia of undetermined significance—ICUS

The definition of ICUS is based on unexplained persistent
cytopenia, and the failure to establish a diagnosis of MDS  by
accepted criteria [4,6–8].  In each patient, it is important to study
the peripheral blood and bone marrow cytology and histology, and
to exclude dysplasia (10% cut-off) in any of the 3 major lineages
(Table 3). Based on the lineage(s) involved we propose to separate
four different variants of ICUS: idiopathic anemia of undetermined
significance (ICUS-A), idiopathic neutropenia of undetermined sig-
nificance (ICUS-N), idiopathic thrombocytopenia of undetermined
significance (ICUS-T), and idiopathic bi/pancytopenia of undeter-
mined significance (ICUS-BI/PAN) (Table 3). An important point
is that, as for MDS, cytopenia must be substantial and must be
recorded over a time period of at least 6 months to count as ‘diag-
nostic’ for ICUS [6–8]. Another important point is that a number of
investigations, including a thorough analysis of bone marrow sec-
tions and aspirate material by standard cytological, cytochemical,
histologic, and immunohistochemical techniques need to be per-
formed before one can arrive at the diagnosis of ICUS [6–8]. Finally,
the diagnosis of ICUS should lead to a hematologic follow up sim-
ilar to that for low risk MDS. Notably, in some instances, ICUS will
progress to MDS  or another myeloid disorder over time, with a
variable latency period [6–8,14].

So far little is known about the biochemical defects and
mechanisms underlying ICUS. Sometimes, clonal hematopoiesis
is detectable by molecular studies or FISH [14,16]. These clones
are often small at diagnosis or are only transiently detectable. In
other cases, no karyotypic abnormality and no gene defects are

Table 3
Proposed classification of idiopathic cytopenia of uncertain significance (ICUS).

Proposed term Suggested
abbreviation

Definition (ICUS
criteria already meta)

Idiopathic anemia of uncertain
significance

ICUS-A Hb <110 g/L

PLT ≥100 × 109/L
ANC ≥1.0 × 109/L

Idiopathic neutropenia of
uncertain significance

ICUS-N Hb ≥110 g/L

PLT ≥100 × 109/L
ANC <1.0 × 109/L

Idiopathic thrombocytopenia
of uncertain significance

ICUS-T Hb ≥110 g/L

PLT <100 × 109/L
ANC ≥1.0 × 109/L

Idiopathic bi/pancytopenia of
uncertain significance

ICUS-BI/PAN Hb <110 g/L and/orb

PLT <100 × 109/L and/orb

ANC <1.0 × 109/L

a ICUS criteria have already been fulfilled: the patient has constant cytopenia for
at  least 6 months, MDS  criteria are not met, and no other reason/underlying disease
that could explain cytopenia has been found.

b Two  or three cytopenias required.

found even if an extensive search is performed [14–16].  In some
patients with ICUS, flow cytometry reveals an aberrant pheno-
type of myeloid cells suggesting clonality [17]. Currently, genomics,
deep sequencing studies, and other approaches are being applied
in investigational studies in order to learn more about molecular
features and lesions that may  lead to ICUS. One important addi-
tional factor may  be the microenvironment, including stromal cells,
immune cells, and membrane bound or soluble cytokines. Espe-
cially the inadequate production of cytokines has been discussed
as a potential mechanisms contributing to ICUS. Likewise, in cases
of ICUS with anemia (ICUS-A), a suboptimal response in erythro-
poietin (EPO) production by the kidney (even if renal function is
otherwise normal) has been described and has been discussed as a
potential reason for the development of anemia in these patients
[18].

3. Idiopathic dysplasia of uncertain significance—IDUS

Idiopathic dysplasia is a term that was  created to describe
patients who  have clonal myelopoiesis without diagnostic
cytopenia (Table 1) [13,15,19].  Sometimes, chromosomal defects
indicative of MDS  are detectable [19,20]. In other patients, ring
sideroblasts are found and the diagnosis of RARS is established
as soon as diagnostic cytopenia (Table 1) develops [19]. However,
patients with IDUS may  also progress to AML, a myeloproliferative
neoplasm (MPN), or an MDS/MPN overlap disease [19] (Table 4).
The latency period between IDUS and MDS  is variable. Sometimes,
stable clonal myelopoiesis is recorded over many years or even
decades [19,20]. In other cases, a relatively fast evolution to MDS
and AML  is seen. Here, it is extremely important to note that IDUS
can only be diagnosed when blood counts remain stable (above
diagnostic cut off levels) over at least 6 months. An important ques-
tion is how blood cell production can remain normal (or almost
normal) in IDUS even if normal myelopoiesis in the bone marrow
has been completely replaced by the IDUS clone.

This phenomenon has three potential explanations: one is that
residual normal stem cells are capable of keeping blood counts
within the normal or near-normal range. The second explana-
tion is that clonal cells retain their ability to differentiate into
mature hematopoietic cells, and retain (a certain) responsiveness
to differentiation-inducing cytokines [18,20]. In both hypotheses, it
is important that the cytokine-network is also acting and respond-
ing (to imminent cytopenia) in an appropriate manner. Likewise, it
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Table  2
Key features discriminating between MDS, ICUS, and IDUS.

Features/findings MDS  ICUS IDUS

Peripheral blood:
Diagnostic cytopeniaa + + −
Transfusion dependence +/− −/+ −
Pseudo-Pelger-Huët Cells +/− − −/+
Circulating blast cells −/+ − −
BFU-E markedly reduced +/− −/+ −/+
Clonality by HUMARA + −/+ n.k.
Bone marrow:
Ring sideroblasts ≥15% +/− − +/−
Marked bone marrow dysplasiab + − +
Blast cell increase ≥5% +/− − −
Marked bone marrow fibrosis −/+ − −
MDS-related Karyotype +/− − −/+
Flow cytometry abnormalities +/− n.k. n.k.

MDS, myelodysplastic syndromes; ICUS, idiopathic cytopenia of undetermined sig-
nificance; IDUS, idiopathic dysplasia of uncertain significance; BFU-E, burst forming
unit erythroid progenitor cells; HUMARA, human androgen receptor X-chromosome
inactivation assay; n.k., not known.

a Diagnostic cytopenia: neutrophils <1.0 × 109/L or/and hemoglobin <110 g/L
or/and platelets <100 × 109/L.

b Erythroid dysplasia >10% or/and granulocyte dysplasia >10% or/and megakary-
ocyte dysplasia >10%. +, seen in all patients; +/−,  seen in a majority of patients; −/+,
seen in a minority of patients; −, not seen.

are not suffering from persistent cytopenia [17]. It is important
to note that the ‘IDUS-state’ can be stable for many years or even
decades [19,20]. Use of the term MDS  for these patients is inap-
propriate as some of them subsequently develop another myeloid
neoplasm rather than MDS, and the type of neoplasm that subse-
quently occurs is unpredictable [19]. Moreover, some IDUS patients
show a constant course and remain in an ‘IDUS-state’ for decades
[19,20]. Finally, for neither ICUS nor IDUS is there proof that every
patient actually has or will develop a neoplastic process, which
is important in terms of patient management and therapeutic
considerations.

2. Idiopathic cytopenia of undetermined significance—ICUS

The definition of ICUS is based on unexplained persistent
cytopenia, and the failure to establish a diagnosis of MDS  by
accepted criteria [4,6–8].  In each patient, it is important to study
the peripheral blood and bone marrow cytology and histology, and
to exclude dysplasia (10% cut-off) in any of the 3 major lineages
(Table 3). Based on the lineage(s) involved we propose to separate
four different variants of ICUS: idiopathic anemia of undetermined
significance (ICUS-A), idiopathic neutropenia of undetermined sig-
nificance (ICUS-N), idiopathic thrombocytopenia of undetermined
significance (ICUS-T), and idiopathic bi/pancytopenia of undeter-
mined significance (ICUS-BI/PAN) (Table 3). An important point
is that, as for MDS, cytopenia must be substantial and must be
recorded over a time period of at least 6 months to count as ‘diag-
nostic’ for ICUS [6–8]. Another important point is that a number of
investigations, including a thorough analysis of bone marrow sec-
tions and aspirate material by standard cytological, cytochemical,
histologic, and immunohistochemical techniques need to be per-
formed before one can arrive at the diagnosis of ICUS [6–8]. Finally,
the diagnosis of ICUS should lead to a hematologic follow up sim-
ilar to that for low risk MDS. Notably, in some instances, ICUS will
progress to MDS  or another myeloid disorder over time, with a
variable latency period [6–8,14].

So far little is known about the biochemical defects and
mechanisms underlying ICUS. Sometimes, clonal hematopoiesis
is detectable by molecular studies or FISH [14,16]. These clones
are often small at diagnosis or are only transiently detectable. In
other cases, no karyotypic abnormality and no gene defects are

Table 3
Proposed classification of idiopathic cytopenia of uncertain significance (ICUS).

Proposed term Suggested
abbreviation

Definition (ICUS
criteria already meta)

Idiopathic anemia of uncertain
significance

ICUS-A Hb <110 g/L

PLT ≥100 × 109/L
ANC ≥1.0 × 109/L

Idiopathic neutropenia of
uncertain significance

ICUS-N Hb ≥110 g/L

PLT ≥100 × 109/L
ANC <1.0 × 109/L

Idiopathic thrombocytopenia
of uncertain significance

ICUS-T Hb ≥110 g/L

PLT <100 × 109/L
ANC ≥1.0 × 109/L

Idiopathic bi/pancytopenia of
uncertain significance

ICUS-BI/PAN Hb <110 g/L and/orb

PLT <100 × 109/L and/orb

ANC <1.0 × 109/L

a ICUS criteria have already been fulfilled: the patient has constant cytopenia for
at  least 6 months, MDS  criteria are not met, and no other reason/underlying disease
that could explain cytopenia has been found.

b Two  or three cytopenias required.

found even if an extensive search is performed [14–16].  In some
patients with ICUS, flow cytometry reveals an aberrant pheno-
type of myeloid cells suggesting clonality [17]. Currently, genomics,
deep sequencing studies, and other approaches are being applied
in investigational studies in order to learn more about molecular
features and lesions that may  lead to ICUS. One important addi-
tional factor may  be the microenvironment, including stromal cells,
immune cells, and membrane bound or soluble cytokines. Espe-
cially the inadequate production of cytokines has been discussed
as a potential mechanisms contributing to ICUS. Likewise, in cases
of ICUS with anemia (ICUS-A), a suboptimal response in erythro-
poietin (EPO) production by the kidney (even if renal function is
otherwise normal) has been described and has been discussed as a
potential reason for the development of anemia in these patients
[18].

3. Idiopathic dysplasia of uncertain significance—IDUS

Idiopathic dysplasia is a term that was  created to describe
patients who  have clonal myelopoiesis without diagnostic
cytopenia (Table 1) [13,15,19].  Sometimes, chromosomal defects
indicative of MDS  are detectable [19,20]. In other patients, ring
sideroblasts are found and the diagnosis of RARS is established
as soon as diagnostic cytopenia (Table 1) develops [19]. However,
patients with IDUS may  also progress to AML, a myeloproliferative
neoplasm (MPN), or an MDS/MPN overlap disease [19] (Table 4).
The latency period between IDUS and MDS  is variable. Sometimes,
stable clonal myelopoiesis is recorded over many years or even
decades [19,20]. In other cases, a relatively fast evolution to MDS
and AML  is seen. Here, it is extremely important to note that IDUS
can only be diagnosed when blood counts remain stable (above
diagnostic cut off levels) over at least 6 months. An important ques-
tion is how blood cell production can remain normal (or almost
normal) in IDUS even if normal myelopoiesis in the bone marrow
has been completely replaced by the IDUS clone.

This phenomenon has three potential explanations: one is that
residual normal stem cells are capable of keeping blood counts
within the normal or near-normal range. The second explana-
tion is that clonal cells retain their ability to differentiate into
mature hematopoietic cells, and retain (a certain) responsiveness
to differentiation-inducing cytokines [18,20]. In both hypotheses, it
is important that the cytokine-network is also acting and respond-
ing (to imminent cytopenia) in an appropriate manner. Likewise, it
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A total of 144 enrolled patients with at least 1 unexplained, clinically
meaningful cytopenia (defined as a hemoglobin level ,11 g/dL, a neu-
trophil count of,18003109/L, or a platelet count,100 0003109/L)
had diagnostic blood and bone marrow samples sent to Genoptix
Medical Laboratory (supplemental Table 1). Routine diagnostic pro-
cedures were performed (morphologic analysis, metaphase karyo-
typing, FISH, and flow cytometry) and patients were assigned to
1 of 3 groups based on expert hematopathology review (Figure 1):
24 patients were found to meet the diagnostic criteria for MDS and
were assigned to group A, 21 patients had evidence of dysplasia that
did not meet diagnostic criteria for MDS and were assigned to group
B, and 99 patients were found to have no evidence of dysplasia or an
MDS defining karyotype abnormality and were assigned to group C.
The 120 patients in groups B andC can be described as having ICUS,
suggesting that among cytopenic patients suspected of havingMDS,
the occurrence of ICUS is many times higher than the diagnosis of
MDS. To corroborate this finding, we examined similar cases sent to
Genoptix during 2014. Among several thousand diagnostic samples
from cytopenic patients suspected of having MDS, 30% had an alter-
native diagnosis, 62%did notmeet any diagnostic criteria, and only8%
were diagnosed with MDS.

DNA isolated from the bone marrow of trial participants under-
went next generation sequencing of 22 MDS-associated genes (sup-
plemental Table 2). One or more somatic mutations were identified
in 71% of patients with MDS (group A), 62% of patients with only
rare dysplastic morphology (group B), and 20% of patients with no
evidence of dysplasia (group C) (P , .0001). Combining groups B
and C, 33 of 120 of these ICUS patients (28%) carried at least 1
somatic mutation indicative of clonal hematopoiesis (Figure 1).
Another 9 ICUS patients without a detected somaticmutation harbored
a clonal chromosomal abnormality. Therefore,we identified42patients
with CCUS compared with 24 with a diagnosis of MDS in this pro-
spectively defined cohort.

Characteristics of somatic mutations in cytopenic patients

GroupApatientswith clear evidence ofMDSweremore likely than the
group B or C patients to have 2 or more somatic mutations, and had a
higher mean number of mutations per patient with at least 1mutation
(2.5 vs 1.5 and 1.3 in groups B and C, respectively; P5 .004). The
genes mutated in each group were largely, but not completely,
overlapping (Figure 2). SF3B1 mutations and TET2mutations were
the most common in group A and B patients, consistent with prior
studies of somatic mutations in MDS. In contrast, group C patients

with no evidence of dysplasiamost frequently hadmutations ofTP53
followed byTET2 andDNMT3A, but lackedmutations of SF3B1 and
other splicing factors (supplemental Figure 1A).

Figure 1. Prospective trial schema and diagnostic groups. (A) Schema showing how patients were screened and selected for entry. Patients were placed into 1 of 3 groups based on
their bone marrow findings. (B) Proportions of patients with and without mutations in each diagnostic group are shown after DNA sequencing 22 genes associated with myeloid neoplasms.

Figure 2. Mutations and VAFs in prospective study groups. (A) The frequency of
mutations in each gene listed on the x-axis is shown for prospective cohort patients with
MDS (red bars in lower half) and CCUS, separated by whether dysplasia was seen in the
bone marrow or not (blue and purple bars, respectively, in upper half). (B) Variant allele
fractions by diagnostic group. The VAF for each mutation identified in the prospective
MDS and CCUS groups is shown. Colored dots represent the highest VAF found in a
patient whereas black dots represent mutations with VAFs less than the maximum for a
given patient. The colored dotted lines represent the mean of the highest VAFs (colored
dots) whereas solid black lines represent the mean of all mutations (colored and black dots).
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cytopenias. In theprospective study,patientswere assignedadiagnostic
groupprior to genetic sequencing. In the retrospective group, sequential
cases of ICUS that had undergone genetic sequencing were compared
with 91 cases of lower-risk MDS diagnosed in the same period. Both
cohorts demonstrated that somatic mutations indicative of clonal
hematopoiesis are common in patients with ICUS, particularly if they
demonstrate some degree of dysplasia.

The frequency of ICUS in cytopenic patients suspected of having
MDS could be estimated from our prospective cohort. In this group,
ICUS was diagnosed 5 times as often as MDS, with the majority of
ICUS patients showing no evidence of dysplasia in their bone marrow.
There is little data on the incidence of ICUS, but a reviewof cases sent to
Genoptix for evaluation of cytopenias is consistent with our findings.
However, an accurate measure of the incidence of ICUS will require
larger, carefully controlled prospective studies. Our retrospective study
included a higher proportion of ICUS patients with some degree of dys-
plasia vs none.However, it is likely that ICUSpatientswithout dysplasia
were underrepresented in this group because they were less likely to
have a genetic sequencing test ordered by the reviewing pathologist.

Although the proportion of patients with evidence of clonal he-
matopoiesis was lower in ICUS patients, the absolute number with
CCUS was substantially larger than the number diagnosed with
MDS. The actual fraction of patients with CCUS may actually be
higher because somepatientsmay have hadmutations not detected in
our panel. Our findings conservatively suggest that the incidence of
CCUS is as great, or greater, than the incidence of MDS. This has
implications for the diagnostic utility of somaticmutations in cytopenic
patients. Outcomes for CCUS patients are not known. It is unlikely that
they all will progress to frank MDS as some may never develop dys-
plasia or excess blasts and others might develop AML without an in-
tervening diagnosis of MDS.30 Recognition of CCUS will allow these
patients to be studied so that the incidence and the clinical significance
of their somatic mutations can be determined.

Mutations of different genes may have distinct prognostic sig-
nificance in CCUS as they do inMDS. Our data demonstrate that the

spectrum of mutation in CCUS and MDS is fairly similar. Even
mutated genes associated with poor outcomes in MDS, like TP53,
ASXL1, RUNX1, and DNMT3A, were identified in patients with
CCUS at comparable frequencies. The only mutated gene overre-
presented in MDS patients was SF3B1. This is likely because of the
strong association between SF3B1 mutations and the presence of ring
sideroblasts, a readily identifiable feature associated with MDS.31,32

In fact, without consideration of ring sideroblasts, all 37 cases classified
as having refractory anemia with ring sideroblasts (RARS) in the
retrospective studywould not havemet the diagnostic criteria forMDS.
Furthermore, pathologists who see ring sideroblasts even in the absence
of significant dysplasia may be more inclined to order genetic
sequencing in these patients. Knowledge of an SF3B1 mutation (or
another mutation) could influence the quantification of ring sideroblasts
and other forms of dysplasia in favor of meeting the diagnostic criteria
for MDS. However, in this study, all diagnoses were made prior to the
receipt of sequencing results and were not altered by this information.

The second major impediment to the use of somatic mutations as
diagnostic biomarkers comes from the high rate of age-dependent
somaticmutations in personswithout a knownhematologic disorder.
These individuals are said to have clonal hematopoiesis of indeter-
minate potential (CHIP).21-23 The prevalence of CHIP increases
greatly with age and approaches 10% among 70- to 80-year olds, the
typical age range forMDSpatients. Because the incidence ofMDS in
this age group is orders of magnitude lower than 10%, most persons
with somatic mutations indicative of clonal hematopoiesis never
develop MDS (or any other hematologic malignancy).33 Therefore,
the presence of a somatic mutation in the blood of a patient with
unexplained cytopenias may be an incidental finding unrelated to
their blood counts and cannot currently be relied upon to establish a
diagnosis of MDS absent traditional criteria.10,26 It is certainly pos-
sible that mutations found in our cohorts were unrelated to their
blood counts. However, more than one-third of ICUS patients
had CCUS as evidenced by somatic mutations or chromosomal
abnormalities. Even in patients with no evidence of dysplasia, 27%
had CCUS, which is over twofold greater than the rate of CHIP in a
similarly aged “normal” population. Furthermore, CHIP is a signif-
icant risk factor for developing a hematologic malignancy, partic-
ularly when allele frequency of a somatic variant is .10%. In our
studies, the majority of CCUS patients had mutations with VAFs
.10% and their distribution of VAFs showed little difference when
compared with lower-risk MDS patients. This alone would indicate
that CCUS patients have a substantially increased risk, compared
with an age-matched population, of developing a frank hematologic
malignancy, albeit not necessarily MDS.21,30,34,35 Whether the pres-
ence of a clinically significant cytopenia further increases that risk
remains unknown and the clinical utility of gene sequencing in ICUS
patients has not been proven.

Table 2. Proposed criteria for CCUS

Peripheral blood findings Bone marrow findings Genetic findings

1 or more of the following: None of the following: 1 or more of the following:

Hemoglobin, ,11 g/dL $10% dysplasia in the granulocytic, erythroid, or

megakaryocytic lineage

An acquired chromosomal abnormality not diagnostic

of a heme malignancy

ANC ,1500/mL, 1.5 3 109/L Myeloblasts comprise $5% of total cellularity Presence of a somatic mutation with a VAF $2% in a

heme malignancy–associated gene in the peripheral

blood or bone marrow

Platelet count ,100 000/mL, 100 3 109/L An acquired chromosomal abnormality specific for

MDS/AML

Additional criteria: No other likely cause of cytopenias or evidence of another hematologic disorder.

Table 1. Clinical measures by mutation status for both cohorts

MDS CCUS
Nonclonal

ICUS P

Group size, N 115 136 233

Male:female ratio 1.0 1.65 0.68 .0003

Age, mean (SD), y 74.3 (10.4) 75.1 (12.5) 66.6 (13.6) ,.0001*

Hgb, mean (SD), g/dL 9.8 (1.8) 10.7 (1.8) 11.1 (2.0) ,.0001†

ANC, mean (SD), 3109/L 3.2 (2.1) 3.5 (2.3) 3.4 (2.4) .71

Platelets, mean (SD),

3109/L

184 (110) 164 (104) 179 (101) .27

ANC, absolute neutrophil count; SD, standard deviation.
*No difference between MDS and CCUS (P 5 .87).
†No difference between CCUS and ICUS (P 5 .21).
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Significance of myelodysplastic syndrome-
associated somatic variants in the evaluation
of patients with pancytopenia and idiopathic
cytopenias of undetermined significance
Sebastian Fernandez-Pol, Lisa Ma, Robert S Ohgami and Daniel A Arber

Department of Pathology, Stanford University, Stanford, CA, USA

In this study, we set out to evaluate the frequency of mutations in 20 myelodysplastic syndrome-associated
genes in 53 individuals with pancytopenia in which bone marrow evaluation failed to meet standard criteria for a
diagnosis of myelodysplastic syndrome. These idiopathic pancytopenia cases were associated with no specific
cause for their pancytopenia (n=28), aplastic anemia (n=13), pancytopenia attributable to liver disease (n=4),
pancytopenia associated with autoimmune disease (n= 4), and pancytopenia attributed to drug effect (n=4). We
also selected 38 bone marrow aspirates from patients presenting with pancytopenia and meeting criteria for a
diagnosis of myelodysplastic syndrome (n=21) or acute myeloid leukemia (n=17) as malignant comparison
cases. Targeted sequencing of the 20 genes was performed on all cases. The idiopathic pancytopenia group had
a lower average age (46 vs 66 years, Po0.0001) and a lower number of mutations per case that were statistically
significant (0.81 vs 1.18, P =0.045). The frequency of cases with at least one mutation was higher for cases with a
diagnosable myeloid neoplasm (68 vs 38%, P= 0.012). Except for mutations in U2AF1, which was mutated in 5 of
the 38 malignant cases (13.2%) and in none of the idiopathic pancytopenia cases (P=0.011), the frequency of
mutations in the genes evaluated was not significantly different between idiopathic pancytopenia and malignant
cases. Median and mean clinical follow-up for the idiopathic pancytopenia group was available for 444 and
739 days, respectively. Over this time frame, none of the idiopathic pancytopenia patients was diagnosed with a
myelodysplastic syndrome or an acute myeloid leukemia. These findings provide further evidence that
identification of mutations in several genes associated with myelodysplastic syndromes should not be used
alone to support a diagnosis of a myelodysplastic syndrome.
Modern Pathology (2016) 29, 996–1003; doi:10.1038/modpathol.2016.100; published online 3 June 2016

The molecular characterization of myelodysplastic
syndromes has dramatically improved stratification
of this heterogeneous group of disorders into
clinically relevant subgroups. Although identifica-
tion of chromosomal abnormalities has demon-
strated utility in the diagnosis and prognostic
stratification of myelodysplastic syndromes, the
significance of somatic mutations in the diagnosis
of these disorders is not as well established.1–5 It has
been estimated that approximately 80% of myelo-
dysplastic syndrome cases have at least one muta-
tion in one of approximately 40 genes.6–18 However,

it is essential to note that numerous studies have
demonstrated that many of the same mutations
associated with myelodysplastic syndromes are
found in 5–10% of individuals over 70 years of age
and without evidence of overt neoplasia or any
clinical evidence of hematologic abnormality,
a condition termed clonal hematopoiesis of indeter-
minate potential.19–21 Individuals with clonal hema-
topoiesis of indeterminate potential appear to have
an increased risk of developing a hematologic
malignancy, a risk that increases with increasing
variant allele frequency. Clonal hematopoiesis of
indeterminate potential thus appears to represent a
benign precursor condition that increases the risk of
subsequent malignancy, similar to the relationship
between monoclonal gammopathy of undetermined
significance and plasma cell myeloma and small
monoclonal B-cell lymphocytosis and chronic
lymphocytic leukemia. However, the absolute risk
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variant alleles were 1895 and 1019, respectively. The
mean variant allele frequency of all of the variant
alleles from all 91 cases was 0.31. Boxplot figures
of the read depths and variant allele frequencies for
all genes and cases are shown in Supplementary
Figures 1 and 2. The distribution of the different
types of mutations (eg, transitions, transversions,
insertions, and deletions) of the variants selected
for further analysis is shown in Supplementary
Figure 4.

Somatic Variant Annotation

After sequencing, we used several criteria to identify
somatic variants. Somatic variants were called if
they were (i) predicted to cause a change in amino-
acid sequence (ie, substitutions, deletions, non-
sense, and frame-shift mutations) and (ii) had
a variant allele fraction that did not fall within
the range of 45–55% to exclude cases that might
be heterozygous variants. In addition, variants
were excluded if the allele frequency in the
Exome Aggregation Consortium (ExAC) database
was greater than 1% in order to exclude potential
single-nucleotide polymorphisms. We also searched
Cbioportal (http://www.cbioportal.org/) and the Cat-
alogue of Somatic Mutations in Cancer (COSMIC,
http://cancer.sanger.ac.uk/cosmic) to see whether
variants had been identified as somatic variants in
other malignancies. All variants that passed the
above inclusion and exclusion criteria are shown in
Supplementary Table 1 together with patient clinical
characteristics.

Statistics

All statistics reported were performed using R or
Excel software.

Results

Cohort Description

The 53 patients with idiopathic pancytopenia
included 28 cases (53%) with no identifiable asso-
ciated reason for their pancytopenia (idiopathic cyto-
penia of undetermined significance group), 13 (25%)
with aplastic anemia, 4 (8%) with pancytopenia
attributable to liver disease, 4 (8%) with pancytopenia
associated with autoimmune disease, and 4 (8%) with
pancytopenia suspected to be due to drug effect. The
association of these patients’ pancytopenia with
particular conditions was made based on the lack of
evidence of hematologic malignancy after bone mar-
row examination and review of the clinical notes. We
grouped the cases of myelodysplastic syndrome,
myelodysplastic syndrome/myeloproliferative neo-
plasm, and acute myeloid leukemia into a malignant
pancytopenia group. The idiopathic pancytopenia
group had a lower average age (46 vs 66 years,
Po0.0001, Wilcoxon rank-sum test) and a lower
number of mutations per case that were statistically
significant (idiopathic pancytopenia=0.81, range 0–5,
vs malignant=1.18, range 0–5, P=0.041). The malig-
nant group was more likely to have at least one
mutation in any gene than the idiopathic pancytopenia
group (68 vs 38%, P=0.012 chi-square test, Figure 1a).
There was no difference between the groups in terms
of the frequency of cases with two or more mutations.
The distribution of the number of mutations in the two
groups is shown in Figure 1b. When looking within
age decades, among patients between 51 and 60 years
of age, the malignant cases were more likely to have at
least one gene mutation than idiopathic pancytopenia
cases (Po0.05, Fisher’s exact test, Figure 1c).

For the idiopathic pancytopenia group, we had a
mean follow-up time of 739 days (median= 444 days,
range 0–7.7 years). For the idiopathic pancytopenia
cases with at least one mutation (n=20), the mean

Table 1 Cohort Characteristics

Case subclassification
Number of cases

(% of total) Average age (s.d.)

Number of cases with at
least one mutation (% of

subgroup)
Number of
deaths (%)

Mean follow-
up in days

Median follow-
up in days

Idiopathic pancytopenia
ICUS 28 (31%) 50 (25) 12 (43%) 7 (13%) 830 430
Aplastic anemia 13 (14%) 35 (15) 3 (23%) 0 730 461
Liver disease 4 (4%) 59 (12) 2 (50%) 1 (2%) 433 455
Autoimmune disease 4 (4%) 27 (7) 2 (50%) 0 730 794
Drug effect 4 (4%) 54 (12) 1 (25%) 0 264 180
Non-neoplastic total 53 (58%) 46 (22)a Med=49 20 (38%) 8 (15%) 739 444

Malignant
MDS and MDS/MPN 21 (23%) 69 (30) 15 (71%)
AML 17 (19%) 62 (25) 11 (65%)
Malignant total 38 (42%) 66 (16)a Med=70 26 (68%)

Abbreviations: AML, acute myeloid leukemia; ICUS, idiopathic cytopenia of undetermined significance; MDS, myelodysplastic syndrome; MPN,
myeloproliferative neoplasm.
aIndicates Po0.0001 for Wilcoxon rank-sum test.
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follow-up was 797 days, median was 397, range
0–2799 (7.7 years). Eight of the individuals with
idiopathic pancytopenia died in the follow-up period
available. Seven of the patients who died had
co-morbidities with high mortality rate, including
malignancy (1 glioblastoma multiforme, 1 metastatic
hepatocellular carcinoma), cirrhosis (4 patients), and
necrotizing pancreatitis (1 patient). One patient died
in a motor vehicle accident. Of the eight idiopathic
pancytopenia cases who died during the follow-up
period, 5 cases had no mutation identified, 2 cases
had 1 mutation, and 1 case had 3 mutations. Of the 53
individuals in the idiopathic pancytopenia group,
none progressed to a myelodysplastic syndrome or an
acute myeloid leukemia in the follow-up time avail-
able (Table 1).

Somatic Mutations in U2AF1 are More Frequently
Found in Acute Myeloid Leukemia and Myelodysplastic
Syndromes than in Idiopathic Pancytopenias

In all, 11 of the 20 genes evaluated were more
frequently mutated in malignant cases than in

idiopathic pancytopenia cases, 7 were more fre-
quently mutated in idiopathic pancytopenia cases,
and no mutations were identified in 2 genes (IDH1
and NRAS; Figure 2). The frequency of somatic
mutations between the two groups was statistically
significant for U2AF1, which was mutated in 5 of the
38 malignant cases (13%) and in none of the
idiopathic pancytopenia cases (P-value = 0.0108,
Fisher’s exact test, Figure 2). A U2AF1 mutation
was found in 2 cases of refractory cytopenia with
multilineage dysplasia, 1 case of refractory anemia
with excess blasts-2, 1 case of mixed myelodysplas-
tic syndrome/myeloproliferative neoplasm with
17% circulating blasts, and 1 case of acute myeloid
leukemia. Four of the U2AF1 mutations identified in
our study result in Q157P substitutions and the other
mutation results in a Q157R substitution. Our
findings are consistent with several reports that
identify heterozygous Q157 substitutions in U2AF1
(also known as U2AF35) mutations in cases of
myelodysplastic syndrome and acute myeloid
leukemia.27,28 Although the frequency of mutations
in the other genes was not different between the
groups at the Po0.05 significance level, TP53,

Figure 1 Frequency of mutations in 20 genes in 91 cases of pancytopenia. (a) Percent of cases with at least one mutation (P=0.012 chi-square
test). (b) Distribution of the frequency of cases with 0, 1, 2, 3, 4, or 5 mutations per case. (c) Percent of cases with at least one mutation in
different age decades. The asterisk indicates that Po0.05, Fisher’s exact test. IP, idiopathic pancytopenia cases; M, malignant cases.
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SETBP1, and RUNX1 were more frequently mutated
in malignant cases (Figure 2).

Discussion

Our findings are remarkably similar to those pub-
lished in previous work that finds a significant
number of somatic mutations in myelodysplastic
syndrome-associated genes in patients with idio-
pathic cytopenias. In addition, in our cohort,
individuals with idiopathic pancytopenia did not
progress to overt myelodysplastic syndrome or acute
myeloid leukemia within the clinical follow-up
available for our study, even when a mutation is
detected. In aggregate, the findings of our work and
those of others raise additional questions regarding
the utility of testing for myelodysplastic syndrome
genes in patients with cytopenias who do not meet
conventional diagnostic criteria for myelodysplastic
syndrome.

It is interesting to compare our findings with those
of Kwok et al, who also evaluated the frequency of
somatic mutations in myelodysplastic syndrome-
associated genes in cases of idiopathic cytopenia of
undetermined significance. The genes studied by
Kwok et al included the same 20 genes evaluated in
our study except that they did not evaluate CEBPA
and they additionally examined ETV6, PHF6, and
ZRSR2 in their study. Somatic mutations in the four
genes that differ between our study and the prior
study represent a small fraction of the variants found
in either study. In our idiopathic pancytopenia
group, which includes patients with idiopathic
cytopenia of undetermined significance as well as

patients with co-morbidities who are often asso-
ciated with cytopenias, we find evidence of clonal
hematopoiesis in 38% of cases. It is likely that this is
a significant underestimate of the true frequency of
clonal hematopoiesis in these patients as we only
looked at selected exons in 20 genes. In the study by
Kwok et al, it is not entirely clear whether the
idiopathic cytopenia of undetermined significance
cases selected included cases with the co-
morbidities whom we include in our idiopathic
pancytopenia group. It will be interesting to see
whether other investigators find evidence of muta-
tions in myelodysplastic syndrome-associated genes
in patients with cytopenias that are attributed to
patient co-morbidities.

Although our study cohort differs from that of
Kwok et al in several ways, our findings largely
corroborate the prior ones. In both studies, the
frequency of cases with at least one somatic variant
in a myelodysplastic syndrome-associated gene is
similar (38% in our idiopathic pancytopenia group
and 35% overall in their idiopathic cytopenia of
undetermined significance group). TET2, DNMT3A,
and ASXL1 were three most frequently mutated
genes in both our idiopathic pancytopenia group and
their idiopathic cytopenia of undetermined signifi-
cance group. Importantly, the frequency of mutations
in these genes and most of the others evaluated did
not significantly differ between the idiopathic pan-
cytopenia/idiopathic cytopenia of undetermined
significance groups and the myelodysplastic syn-
drome/acute myeloid leukemia cohorts, suggesting
that variants in these genes are not useful in
deciphering between myelodysplastic syndrome
and several other causes of cytopenia. In both

Figure 2 Frequency of mutations in 20 genes evaluated in idiopathic pancytopenia vs malignant cases. The asterisk indicates
P-value =0.0108, Fisher’s exact test.

Modern Pathology (2016) 29, 996–1003
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Significance of myelodysplastic syndrome-
associated somatic variants in the evaluation
of patients with pancytopenia and idiopathic
cytopenias of undetermined significance
Sebastian Fernandez-Pol, Lisa Ma, Robert S Ohgami and Daniel A Arber

Department of Pathology, Stanford University, Stanford, CA, USA

In this study, we set out to evaluate the frequency of mutations in 20 myelodysplastic syndrome-associated
genes in 53 individuals with pancytopenia in which bone marrow evaluation failed to meet standard criteria for a
diagnosis of myelodysplastic syndrome. These idiopathic pancytopenia cases were associated with no specific
cause for their pancytopenia (n=28), aplastic anemia (n=13), pancytopenia attributable to liver disease (n=4),
pancytopenia associated with autoimmune disease (n= 4), and pancytopenia attributed to drug effect (n=4). We
also selected 38 bone marrow aspirates from patients presenting with pancytopenia and meeting criteria for a
diagnosis of myelodysplastic syndrome (n=21) or acute myeloid leukemia (n=17) as malignant comparison
cases. Targeted sequencing of the 20 genes was performed on all cases. The idiopathic pancytopenia group had
a lower average age (46 vs 66 years, Po0.0001) and a lower number of mutations per case that were statistically
significant (0.81 vs 1.18, P =0.045). The frequency of cases with at least one mutation was higher for cases with a
diagnosable myeloid neoplasm (68 vs 38%, P= 0.012). Except for mutations in U2AF1, which was mutated in 5 of
the 38 malignant cases (13.2%) and in none of the idiopathic pancytopenia cases (P=0.011), the frequency of
mutations in the genes evaluated was not significantly different between idiopathic pancytopenia and malignant
cases. Median and mean clinical follow-up for the idiopathic pancytopenia group was available for 444 and
739 days, respectively. Over this time frame, none of the idiopathic pancytopenia patients was diagnosed with a
myelodysplastic syndrome or an acute myeloid leukemia. These findings provide further evidence that
identification of mutations in several genes associated with myelodysplastic syndromes should not be used
alone to support a diagnosis of a myelodysplastic syndrome.
Modern Pathology (2016) 29, 996–1003; doi:10.1038/modpathol.2016.100; published online 3 June 2016

The molecular characterization of myelodysplastic
syndromes has dramatically improved stratification
of this heterogeneous group of disorders into
clinically relevant subgroups. Although identifica-
tion of chromosomal abnormalities has demon-
strated utility in the diagnosis and prognostic
stratification of myelodysplastic syndromes, the
significance of somatic mutations in the diagnosis
of these disorders is not as well established.1–5 It has
been estimated that approximately 80% of myelo-
dysplastic syndrome cases have at least one muta-
tion in one of approximately 40 genes.6–18 However,

it is essential to note that numerous studies have
demonstrated that many of the same mutations
associated with myelodysplastic syndromes are
found in 5–10% of individuals over 70 years of age
and without evidence of overt neoplasia or any
clinical evidence of hematologic abnormality,
a condition termed clonal hematopoiesis of indeter-
minate potential.19–21 Individuals with clonal hema-
topoiesis of indeterminate potential appear to have
an increased risk of developing a hematologic
malignancy, a risk that increases with increasing
variant allele frequency. Clonal hematopoiesis of
indeterminate potential thus appears to represent a
benign precursor condition that increases the risk of
subsequent malignancy, similar to the relationship
between monoclonal gammopathy of undetermined
significance and plasma cell myeloma and small
monoclonal B-cell lymphocytosis and chronic
lymphocytic leukemia. However, the absolute risk
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Several genetic alterations characteristic of leukemia and 
lymphoma have been detected in the blood of individuals 
without apparent hematological malignancies. The Cancer 
Genome Atlas (TCGA) provides a unique resource for 
comprehensive discovery of mutations and genes in blood 
that may contribute to the clonal expansion of hematopoietic 
stem/progenitor cells. Here, we analyzed blood-derived 
sequence data from 2,728 individuals from TCGA and 
discovered 77 blood-specific mutations in cancer-associated 
genes, the majority being associated with advanced age. 
Remarkably, 83% of these mutations were from 19 leukemia 
and/or lymphoma-associated genes, and nine were recurrently 
mutated (DNMT3A, TET2, JAK2, ASXL1, TP53, GNAS, 
PPM1D, BCORL1 and SF3B1). We identified 14 additional 
mutations in a very small fraction of blood cells, possibly 
representing the earliest stages of clonal expansion in 
hematopoietic stem cells. Comparison of these findings to 
mutations in hematological malignancies identified several 
recurrently mutated genes that may be disease initiators. 
Our analyses show that the blood cells of more than 2% of 
individuals (5–6% of people older than 70 years) contain 
mutations that may represent premalignant events that cause 
clonal hematopoietic expansion.

Blood cells are continuously regenerated by hematopoietic 
stem/progenitor cells (HSPCs). Human HSPCs divide only rarely  
(estimated at once a month) but have self-renewal properties that sus-
tain survival for decades. As HSPCs divide, they accumulate rare ran-
dom mutations that generally do not affect function1. However, some 
mutations confer advantages in self-renewal, proliferation or both, 

resulting in clonal expansion of the affected cells. Although these 
‘initiating’ mutations do not lead directly to disease, they can cooper-
ate with subsequent mutations to cause hematopoietic malignancies. 
For example, BCR-ABL and BCL2 oncogenic translocations have been 
found in blood cells of individuals without overt hematological malig-
nancies2–4. The frequency of such events appears to increase with age, 
with a similar trend being found for somatic structural changes in the 
nuclear genomes of blood cells1,5. Single nucleotide polymorphism 
array analysis from large genome-wide association study cohorts 
showed ~2–3% of normal individuals of advanced age (70s and 80s) 
harbor leukemia-associated copy number changes that include genes 
such as DNMT3A (encoding DNA (cytosine-5-)-methyltransferase 3 )  
and TET2 (encoding tet methylcytosine dioxygenase 2)6,7. More 
recently, somatic recurrent TET2 mutations were detected in the 
blood of elderly women without overt hematological malignancies8, 
and DNMT3A mutations were reported in nonleukemic cells9.

These findings have collectively led to the hypothesis that certain 
genetic mutations may confer advantages to affected HSPCs, result-
ing in enhanced cell renewal, clonal expansion or both. However, it 
is unclear whether the effect involves only a small number of genes 
or many more genes related to leukemia and lymphoma and whether 
their participation in promoting clonal expansion necessarily leads to 
clones resembling cancer cells. Here, we address the former question 
by analyzing variations in 2,728 blood samples in The Cancer Genome  
Atlas (TCGA). We observed many individuals with age-related  
hematopoietic clonal mosaicism and concurrent presence of over 
60 mutations in 19 leukemia- and/or lymphoma-associated genes.  
Our study identified not only genes but also specific mutations, 
associated with the clonal expansion process. Additional statistical 
analysis identified low-level (2–10% variant allele fractions (VAFs)) 
recurrent leukemic mutations in a substantial number of cases, pos-
sibly in the early stages of clonal expansion. Moreover, our analysis  
suggests that DNMT3A, TET2, JAK2 (encoding Janus kinase 2), ASXL1 
(encoding additional sex combs–like transcriptional regulator 1),  
SF3B1 (encoding splicing factor 3b, subunit 1) and TP53 (encoding  
tumor protein p53) have distinct and overlapping roles in the develop-
ment of myeloproliferative neoplasm (MPN), myelodysplastic  
syndrome (MDS), chronic lymphocytic leukemia (CLL) and/or acute 
myelogenous leukemia (AML). Finally, these results also incidentally 
highlight the need for caution when using blood as a reference for a 
surrogate ‘germline’ genome, especially in older individuals.
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present in 1000 Genomes (see Online Methods) and having greater 
than 0.1% MAF as reported in the current Exome Variant Server data 
release (ESP6500SI-V2, http://evs.gs.washington.edu/EVS/) from 
6,503 samples drawn from multiple NHLBI Exome Sequencing Project 
(ESP) cohorts. We focused on those mutations found in blood normal 
samples but not present or present only at very low levels in either the 
tumor samples or tumor-adjacent normal samples, as this pattern is 
highly suggestive of somatic mutation in HSPCs introduced by the 
clonal expansion process. Inflammatory lymphocytes, macrophages 
and neutrophils will infiltrate different tumors to different extents. 
Therefore, the hematopoietic mutations do not have to be completely 
absent in the tumor sample.

Our analysis of RTVs and KHVs in 556 selected cancer-associated 
genes identified 70 blood-specific mutations in 58 individuals. We fur-
ther performed comparative analysis of blood versus tumor samples 
for these 58 individuals with the goal of detecting all blood-specific 
nonsynonymous mutations in the 556 cancer-associated genes; this 
analysis identified seven additional events (those that were probably 
loss of heterozygosity related to copy number alterations in the tumor 
were not included), yielding a final list of 77 blood-specific mutations 
in 58 cases (Table 1 and Supplementary Table 8). For 5 of those 58 
cases that also had adjacent normal tissue analyzed, blood variants 
were absent in the adjacent normal tissue. Notably, among the 31 
genes harboring these events, 19 have already been linked to hema-
tological malignancies (Fig. 1a). In fact, 64 out of the total 77 events  
(83%) were in these 19 genes, examples as follows: DNMT3A  
(ref. 16; 18 cases), TET2 (ref. 17; nine cases), JAK2 (ref. 18; eight cases), 
ASXL1 (refs. 19,20; six cases), TP53 (ref. 21; four cases), SF3B1 (ref. 22;  

two cases), BCORL1 (ref. 23; two cases), ASXL2 (ref. 24; one case) and 
SH2B3 (ref. 25; one case) (Table 1 and Fig. 1a). The overall frequency 
of blood-specific mutations increased with age (logistic regression 
analysis, P = 2.38 × 10−8); for example, 0.9% of the cases were in their 
40s, 1.0% in their 50s, 1.8% in their 60s, 5.3% in their 70s and 6.1% 
in their 80s (Fig. 1b). The blood-specific mutations were found in all 
11 cancer types (Fig. 1b). Frequencies of individual TET2, DNMT3A, 
ASXL1 and SF3B1 mutations also show association with age (all false 
discovery rate (FDR) values <0.034, logistic regression). TET2, ASXL1 
and SF3B1 mutations were predominantly found in the oldest age 
groups (70s and 80s) and DNMT3A mutations in 60s to 80s. In con-
trast, JAK2 mutations, which did not achieve significance, trended in 
both younger (40s and 50s) and older age groups (70s) (Fig. 1c).

The average age of the 54 individuals with blood-specific mutations 
in the 19 leukemia- and/or lymphoma-associated genes was 70.0   
9.9 years, significantly higher than that of the larger TCGA cohort 
used in this study (difference of means test, P = 3.4 × 10−10) (Fig. 2a). 
Notably, the 6 individuals having 2 blood-specific mutations in the  
9 recurrently mutated genes are relatively older, with ages of 64 years 
(DNMT3A: R882H, 36% VAF; TET2: H863fs, 12% VAF), 72 years 
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Figure 1 Blood-specific mutations identified in 58 out of 2,728 TCGA cases from 11 cancer  
types. (a) Rose chart illustrating the distribution of blood-specific nonsynonymous mutations  
in 31 genes. The VAFs of the 77 mutations are indicated in the center. (b) Rose chart  
illustrating the age distribution of samples with blood-specific mutations. The cancer  
type distribution is shown in the center. (c) Distribution of blood-specific mutations in  
DNMT3A, TET2, JAK2, ASXL1, SF3B1 and GNAS in different age groups. Total includes  
all blood-specific mutations in 556 cancer-associated genes identified in each age group.
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Background
The incidence of hematologic cancers increases with age. These cancers are associ-
ated with recurrent somatic mutations in specific genes. We hypothesized that such 
mutations would be detectable in the blood of some persons who are not known to 
have hematologic disorders.

Methods
We analyzed whole-exome sequencing data from DNA in the peripheral-blood cells 
of 17,182 persons who were unselected for hematologic phenotypes. We looked for 
somatic mutations by identifying previously characterized single-nucleotide vari-
ants and small insertions or deletions in 160 genes that are recurrently mutated in 
hematologic cancers. The presence of mutations was analyzed for an association 
with hematologic phenotypes, survival, and cardiovascular events.

Results
Detectable somatic mutations were rare in persons younger than 40 years of age but 
rose appreciably in frequency with age. Among persons 70 to 79 years of age, 80 to 
89 years of age, and 90 to 108 years of age, these clonal mutations were observed 
in 9.5% (219 of 2300 persons), 11.7% (37 of 317), and 18.4% (19 of 103), respec-
tively. The majority of the variants occurred in three genes: DNMT3A, TET2, and 
ASXL1. The presence of a somatic mutation was associated with an increase in the 
risk of hematologic cancer (hazard ratio, 11.1; 95% confidence interval [CI], 3.9 to 
32.6), an increase in all-cause mortality (hazard ratio, 1.4; 95% CI, 1.1 to 1.8), and 
increases in the risks of incident coronary heart disease (hazard ratio, 2.0; 95% CI, 
1.2 to 3.4) and ischemic stroke (hazard ratio, 2.6; 95% CI, 1.4 to 4.8).

Conclusions
Age-related clonal hematopoiesis is a common condition that is associated with 
increases in the risk of hematologic cancer and in all-cause mortality, with the lat-
ter possibly due to an increased risk of cardiovascular disease. (Funded by the Na-
tional Institutes of Health and others.)
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The identification of somatic driver mutations 
in cancer has come largely from studies that have 
compared differences in DNA sequence between 
tumor and normal tissue obtained from the same 
person. Once mutations are identified, investiga-
tors may genotype samples for these somatic vari-
ants without relying on matched normal tissue. 
Because we had DNA from only one source 
(blood), we limited our examination to variants 
that had been described previously in the litera-
ture in 160 recurrently mutated candidate genes 
in myeloid and lymphoid cancers (Table S2 in the 
Supplementary Appendix). We removed potential 
false positive variants by using variant-calling 
algorithms that had filters for known artifacts 
such as strand-bias and clustered reads, as well as 
by performing additional filtering for rare error 
modes using a “panel of normals” (sequence data 
from a panel of normal persons).25 The lower 
limit of detection for variants depended on the 
depth of coverage. The median average sequenc-
ing depth for exons from the 160 genes was 84 
reads (range, 13 to 144). At a sequencing depth 
of 84 reads, the limit of detection for SNVs was 
at a variant allele fraction of 0.035; the limit of 
detection for indels was 0.070.

With this approach, we identified a total of 
805 candidate somatic variants (hereafter referred 
to as mutations) in 73 genes from 746 persons 
(Table S3 in the Supplementary Appendix). As a 
negative control, we searched for previously de-
scribed, nonhematologic cancer-associated vari-
ants in 40 genes (Table S4 in the Supplementary 
Appendix)27 and found only 10 such variants in 
these genes (Table S5 in the Supplementary Ap-
pendix), indicating that the rate of false discovery 
due to technical artifacts was low. We also verified 
a subset of the variants using amplicon-based, 
targeted sequencing; 18 of 18 variants were con-
firmed, with a correlation coefficient of 0.97 for 
the variant allele fraction between the two meth-
ods (Fig. S1 in the Supplementary Appendix).

Increase in the Frequency of Clonal Somatic 
Mutations with Age

Hematologic cancers, as well as other cancers 
and premalignant states, increase in frequency 
with age. Mutations were very rare in samples 
obtained from patients younger than 40 years of 
age but rose in frequency with each decade of life 
thereafter (Fig. 1). Mutations in genes implicated 
in hematologic cancers were found in 5.6% (95% 

confidence interval [CI], 5.0 to 6.3) of persons 60 
to 69 years of age, 9.5% (95% CI, 8.4 to 10.8) of 
persons 70 to 79 years of age (219 of 2300 per-
sons), 11.7% (95% CI, 8.6 to 15.7) of persons 80 
to 89 years of age (37 of 317), and 18.4% (95% CI, 
12.1 to 27.0) of persons 90 years of age or older 
(19 of 103). These rates greatly exceed the inci-
dence of clinically diagnosed hematologic cancer 
in the general population.28

Though we searched for mutations in genes 
implicated in many different hematologic can-
cers, we primarily identified genes that were most 
frequently mutated in AML and the myelodys-
plastic syndrome. The most commonly mutated 
gene was DNMT3A (403 variants) (Fig. 2A, and 
Fig. S2 in the Supplementary Appendix), fol-
lowed by TET2 (72 variants) and ASXL1 (62 vari-
ants). In TET2, only exon 3 was obtained by exon 
capture (corresponding to approximately 50% of 
the coding region), and the portion of exon 12 
of ASXL1 that accounts for approximately 50% of 
the mutations in this gene had poor coverage 
depth. Thus, mutations in TET2 and ASXL1 are 
probably underrepresented in this study. Other 
frequently mutated genes included TP53 (33 vari-
ants), JAK2 (31 variants), and SF3B1 (27 variants).

In sequencing studies of the myelodysplastic 
syndrome and AML, most patients have mutations 
in two or more driver genes (the median number 
of recurrently mutated genes in patients with de 
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novo AML is five17). In this study, we found that 
693 of 746 persons with a detectable mutation 
had only one mutation in the set of genes we 
examined (Fig. 2B, and Fig. S2 in the Supplemen-
tary Appendix), a finding that was consistent with 
the hypothesis that these persons had clones har-
boring only an initiating lesion.

The most common base-pair change in the 
somatic variants was a cytosine-to-thymine (C→T) 
transition (Fig. 2C), which is considered to be a 
somatic mutational signature of aging.16,29 The 

median variant allele fraction for the identified 
mutations was 0.09 (Fig. 2D), suggesting that the 
variants are present in only a subset of blood cells 
and supporting their somatic rather than germ-
line origin.

Persistence of Somatic Mutations over Time
Blood-cell DNA obtained 4 to 8 years after the 
initial DNA collection was available for targeted 
sequencing in 13 persons with 17 somatic muta-
tions (4 persons had 2 mutations). In all cases, 
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Background
Cancers arise from multiple acquired mutations, which presumably occur over many 
years. Early stages in cancer development might be present years before cancers be-
come clinically apparent.

Methods
We analyzed data from whole-exome sequencing of DNA in peripheral-blood cells 
from 12,380 persons, unselected for cancer or hematologic phenotypes. We identified 
somatic mutations on the basis of unusual allelic fractions. We used data from Swed-
ish national patient registers to follow health outcomes for 2 to 7 years after DNA 
sampling.

Results
Clonal hematopoiesis with somatic mutations was observed in 10% of persons older 
than 65 years of age but in only 1% of those younger than 50 years of age. Detect-
able clonal expansions most frequently involved somatic mutations in three genes 
(DNMT3A, ASXL1, and TET2) that have previously been implicated in hematologic 
cancers. Clonal hematopoiesis was a strong risk factor for subsequent hematologic 
cancer (hazard ratio, 12.9; 95% confidence interval, 5.8 to 28.7). Approximately 42% of 
hematologic cancers in this cohort arose in persons who had clonality at the time 
of DNA sampling, more than 6 months before a first diagnosis of cancer. Analysis 
of bone marrow–biopsy specimens obtained from two patients at the time of diag-
nosis of acute myeloid leukemia revealed that their cancers arose from the earlier 
clones.

Conclusions
Clonal hematopoiesis with somatic mutations is readily detected by means of DNA 
sequencing, is increasingly common as people age, and is associated with increased 
risks of hematologic cancer and death. A subset of the genes that are mutated in 
patients with myeloid cancers is frequently mutated in apparently healthy persons; 
these mutations may represent characteristic early events in the development of 
hematologic cancers. (Funded by the National Human Genome Research Institute 
and others.)
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tions might also promote clonal hematopoiesis. 
We therefore considered 208 specific variants 
reported as recurring (found in ≥7 patients) in 
hematopoietic and lymphoid cancers, as listed in 
the Catalogue of Somatic Mutations in Cancer30

(see the Supplementary Appendix for details). 
We found 98 instances of these recurring muta-
tions, including JAK2 mutation p.V617F31 in 24 
participants, DNMT3A mutation p.R882H32 in 

15 participants, and SF3B1 mutation p.K700E33

in 9 participants.
Disruptive mutations in DNMT3A, TET2, ASXL1, 

and PPM1D, missense mutations in DNMT3A, and 
the recurring cancer-associated mutations com-
prised a set of 327 candidate driver somatic 
mutations for clonal hematopoiesis in 308 par-
ticipants (Fig. 2B, and Table S3 in the Supple-
mentary Appendix), with 18 participants carry-
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Figure 2. Candidate Driver Somatic Mutations.

Panel A shows all genes identified as carrying a significant excess of disruptive (nonsense, frame-shift, and splice-
site) somatic mutations among 11,845 participants with sequencing data of sufficient quality for the detection of 
somatic mutations. To control for potential systematic sequencing artifacts due to sequence context, somatic mu-
tations observed in multiple participants were counted only once. Panel B shows the contribution of individual 
genes to the total number of candidate driver somatic mutations that were observed. Panel C shows a comutation 
plot for participants with multiple candidate driver somatic mutations. Panel D shows estimates for participants 
with clonal hematopoiesis with candidate drivers (carrying at least one candidate driver mutation), those with clon-
al hematopoiesis with unknown drivers (carrying three or more detectable somatic mutations and no candidate 
drivers), and those with clonal hematopoiesis and candidate or unknown drivers. The shaded bands represent 95% 
confidence intervals.
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tions might also promote clonal hematopoiesis. 
We therefore considered 208 specific variants 
reported as recurring (found in ≥7 patients) in 
hematopoietic and lymphoid cancers, as listed in 
the Catalogue of Somatic Mutations in Cancer30

(see the Supplementary Appendix for details). 
We found 98 instances of these recurring muta-
tions, including JAK2 mutation p.V617F31 in 24 
participants, DNMT3A mutation p.R882H32 in 

15 participants, and SF3B1 mutation p.K700E33

in 9 participants.
Disruptive mutations in DNMT3A, TET2, ASXL1, 

and PPM1D, missense mutations in DNMT3A, and 
the recurring cancer-associated mutations com-
prised a set of 327 candidate driver somatic 
mutations for clonal hematopoiesis in 308 par-
ticipants (Fig. 2B, and Table S3 in the Supple-
mentary Appendix), with 18 participants carry-
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Figure 2. Candidate Driver Somatic Mutations.

Panel A shows all genes identified as carrying a significant excess of disruptive (nonsense, frame-shift, and splice-
site) somatic mutations among 11,845 participants with sequencing data of sufficient quality for the detection of 
somatic mutations. To control for potential systematic sequencing artifacts due to sequence context, somatic mu-
tations observed in multiple participants were counted only once. Panel B shows the contribution of individual 
genes to the total number of candidate driver somatic mutations that were observed. Panel C shows a comutation 
plot for participants with multiple candidate driver somatic mutations. Panel D shows estimates for participants 
with clonal hematopoiesis with candidate drivers (carrying at least one candidate driver mutation), those with clon-
al hematopoiesis with unknown drivers (carrying three or more detectable somatic mutations and no candidate 
drivers), and those with clonal hematopoiesis and candidate or unknown drivers. The shaded bands represent 95% 
confidence intervals.
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DNA sampling (Table S6 in the Supplementary 
Appendix) than participants without any detect-
able putative somatic mutations (hazard ratio, 
12.9; 95% confidence interval [CI], 5.8 to 28.7; 
P<0.001 by Cox proportional-hazards analysis of 
time to a diagnosis of hematologic cancer, with 
adjustment for age and sex) (Fig. 3A). Participants 
with candidate drivers and those with unknown 
drivers had similarly elevated risks (Fig. 3B). Of 
the 31 participants who received a diagnosis of 
hematologic cancer more than 6 months after 

DNA sampling, 13 participants (42%) had shown 
clonal hematopoiesis in their initial DNA sample 
(Fig. 3C). Participants with clonal hematopoiesis 
were also more likely than those without clonal 
hematopoiesis to have a history of hematologic 
cancer, though this did not contribute to the above 
result (Table S7 in the Supplementary Appendix).

Participants with clonal hematopoiesis had 
reduced overall survival (hazard ratio for death, 
1.4; 95% CI, 1.0 to 1.8; P = 0.03 by Cox propor-
tional-hazards model, with adjustment for age 
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Figure 3. Risk of Hematologic Cancer for Participants with Clonal Hematopoiesis.

Panels A and D show Kaplan–Meier plots of the proportions of participants who did not receive a diagnosis of hematologic cancer 
(Panel A) and for surviving participants (Panel D). Panels B and E show hazard ratios for hematologic cancer (Panel B) and death  
(Panel E) for participants with exactly one putative somatic mutation and no candidate drivers (one mutation), those with exactly two 
putative somatic mutations and no candidate drivers (two mutations), those with clonal hematopoiesis and unknown drivers (CH-UD), 
those with clonal hematopoiesis and candidate drivers (CH-CD), and those having clonal hematopoiesis with candidate or unknown 
drivers (CH), all compared with participants with no candidate drivers and no putative somatic mutations (no mutations). Panel C 
shows the proportions of participants who had clonal hematopoiesis with candidate or unknown drivers among 31 participants in 
whom hematologic cancers were diagnosed at least 6 months after DNA sampling, as compared with the proportions in a group of age-
matched persons without hematologic cancer over a similar follow-up period.
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Proposed criteria for CHIP

Wepropose that CHIPbe used to describe patientswhohave detectable
somatic clonal mutations in genes recurrently mutated in hematologic
malignancies (Figure 2A) but who lack a known hematologic malig-
nancy or other clonal disorder. Under this definition, CHIP would
encompass cytopenic patients with concurrent cancer-associated
mutations who do not meet diagnostic criteria for MDS, as well as
those with normal peripheral blood counts. CHIP would not include
clearly described clonal conditions such as paroxysmal nocturnal
hemoglobinuria,MBL, orMGUS.We also propose that as aworking
definition, the mutant allele fraction must be$2% in the peripheral

blood, because with deep enough sequencing, a mutation can be
found in every individual, and current outcomes data are based on
a minimum variant allele fraction of.2% in peripheral blood.7,68 It
is currently unknown if variants present below this threshold also
carry increased risk of adverse outcomes, and this threshold may need
to be revised. A copy number variant resulting from a chromosomal
rearrangement involving a chromosomal region where hematologic
neoplasia-associated genes are encoded is also consistent with CHIP.

CHIP is distinct fromMDSbecauseCHIP is associatedwith amuch
longer survival, normal blood counts in most cases, and low rate of
progression to AML. Individuals with CHIP have an increased risk of
disease progression to hematologic neoplasia compared with individ-
uals without detectable mutations, and this risk appears to be propor-
tional to the size of the somatic clone; however, the rate of progression
appears to be only 0.5% to 1% per year, similar to MBL and MGUS.
Although the annual rate of progression of CHIP,MBL, andMGUS to
overt neoplasia is comparable, MBL andMGUS represent expansions
of lineage-committed cells,whereasCHIP involveshematopoietic stem
cells or less mature progenitor cells, and thus CHIP is a precursor state
for a broader range of hematologic neoplasms (Figure 1B).

Although a growing body of evidence confirms that individuals
with a first “hit” leading to CHIP are at increased risk of developing
overt malignancy and that CHIP is also associated with increased
mortality from nonneoplastic causes, the optimal clinical management
of these individuals is uncertain. In the absence of any available inter-
vention to prevent progression, surveillance similar towhat is currently
recommended for MGUS could be considered.4,8,69 In the near term,
most individuals who will be screened for somatic mutations will be
those with hematologic abnormalities that do not meet criteria for
current diagnostic entities. Future studies will be needed to delineate
whether certain subgroupswithCHIP have a higher risk of progression
to malignancy or other adverse outcomes. Such subgroups could
include those with an unexplained cytopenia (see below), lymphocy-
tosis, leukocytosis, persistent eosinophilia, or persistent monocytosis
that do not meet criteria for recognized entities. The specific genetic
mutations, number of mutations, and mutant allele fraction may also
influence the risk of progression and could further refine diagnostic
criteria. It is likely that a substantial number of people without he-
matologic abnormalities who have genetic sequencing performed for
personal, research, or medical reasons (eg, on a blood-contaminated
solid tumor biopsy) will incidentally be found to have CHIP. In certain
settings, such as following cytotoxic therapy for a nonhematologic
disorder, CHIP may have more ominous implications.70

Proposed diagnostic criteria for MDS

To diagnose MDS, it is important to rule out other disorders that can
mimic MDS. Testing algorithms such as those advocated by the
National Comprehensive Cancer Network and the European Leuke-
miaNet are helpful for this purpose.71,72 Given the large percentage of
individuals with CHIP, a somaticmutation is not sufficient to diagnose
MDS, even in the context of prior therapy for another malignancy with
radiation or cytotoxic drugs or a history of another marrow failure
disorder such as aplastic anemia.73 Like dysplasia or MDS-associated
cytogenetic abnormalities, somaticmutationsmust have a known asso-
ciation with MDS and be accompanied by clinically meaningful cyto-
penias to consider an MDS diagnosis.

Patients with cytopenias who lack MDS-defining features but in
whom no other cause for cytopenias is evident are said to have ICUS.
The ICUS label includes a highly heterogeneous population, and ICUS

Figure 2. Definition of CHIP and its distinction from MDS and non-clonal cyto-
penic states. (A) A proposed definition of CHIP. A mutation that is commonly associated
with clonal expansion of hematopoietic cells in older persons should be present, whereas
criteria for other diagnoses should not be met. Evidence of mildly disordered erythro-
poiesis such as an elevated red cell distribution width or mean corpuscular volume can
be compatible with CHIP rather than MDS, and occasional dysplastic cells might be
seen, as is common in the general population with careful scrutiny of blood and marrow.
CHIP is associated with an increased risk of all-causemortality and subsequent diagnosis
of hematological malignancy. The 19 genes most commonly mutated in healthy older
adults in sequencing studies to date are listed. The roster of CHIP-associated mutations
will likely change in the future, with some genes being removed and others being added.
As a working definition, we propose a variant allele frequency of 2% in order to be
considered CHIP (since extremely deep sequencing will detect mutations in almost every
person), but this may need to be revised with further population analyses. PNH, par-
oxysmal nocturnal hemoglobinuria. (B) The spectrum of clonal hematopoiesis, ICUS,
and MDS. ICUS is a broad category that includes a heterogeneous group of individuals,
some of whom have benign (nonclonal) hematopoiesis. Other patients with ICUS may
have CHIP, differing only from lower risk MDS by their lack of dysplasia and, currently, an
undetermined disease risk. CHIP can also include patients with clonal hematopoiesis
and nonmalignant causes of cytopenias (eg, immune cytopenias, liver disease, or nutri-
tional deficiencies) that would not be considered to have ICUS because of the presence
of a clone, but may have a distinct natural history. Obs, observation; BM, bone marrow;
CCUS, clonal cytopenias of undetermined significance; HMA, hypomethylating agent
(eg, azacitidine); GF, hematopoietic growth factor (eg, epoetin); IMiD, immunomodula-
tory drug (eg, lenalidomide); IST, immunosuppressive therapy; BSC, best supportive
care; HSCT, hematopoietic stem cell transplant.

BLOOD, 2 JULY 2015 x VOLUME 126, NUMBER 1 CLONAL HEMATOPOIESIS OF INDETERMINATE POTENTIAL 13

For personal use only.on September 18, 2016. by guest  www.bloodjournal.orgFrom 
online April 30, 2015

 originally publisheddoi:10.1182/blood-2015-03-631747
2015 126: 9-16
 
 

Robert P. Hasserjian and Benjamin L. Ebert
David P. Steensma, Rafael Bejar, Siddhartha Jaiswal, R. Coleman Lindsley, Mikkael A. Sekeres,
 
myelodysplastic syndromes
Clonal hematopoiesis of indeterminate potential and its distinction from
 

http://www.bloodjournal.org/content/126/1/9.full.html
Updated information and services can be found at:

 (188 articles)Perspectives    
 (1540 articles)Myeloid Neoplasia    

 (4051 articles)Free Research Articles    
Articles on similar topics can be found in the following Blood collections

http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about reproducing this article in parts or in its entirety may be found online at:

http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about ordering reprints may be found online at:

http://www.bloodjournal.org/site/subscriptions/index.xhtml
Information about subscriptions and ASH membership may be found online at:

  
Copyright 2011 by The American Society of Hematology; all rights reserved.
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society

For personal use only.on September 18, 2016. by guest  www.bloodjournal.orgFrom 



disease (HR, 2.0) and ischemic stroke (HR, 2.6). Increased mortal-
ity was synergistic with elevated red cell distribution width, which
might be a marker of disordered erythropoiesis because of the ex-
panded clone.

Current understanding of the multistep pathogenesis of cancer
suggests that individuals with clonal mutations may already be
partway along the path to evolution of frank malignancy. However,
although a higher rate of subsequent cancer diagnosis in patientswith

Figure 1. CHIP as a precursor state for hematological neoplasms. (A) A model for evolution from normal hematopoiesis to CHIP and then, in some cases, to MDS or AML.
(B) Comparison of evolution patterns of MGUS, MBL, and CHIP. Hematopoietic progenitor or stem cells commonly acquire mutations throughout the human lifespan; most of
these are passenger mutations that have no consequence for hematopoiesis. Certain mutations, however, confer a survival advantage to the mutated cell and its progeny and
allow clonal expansion. Serial acquisition of mutations in an expanded clone can lead to a disease phenotype and ultimately morbidity and mortality. Although this article primarily
discusses CHIP in the context of its distinction from MDS, CHIP can also directly progress to AML without an intervening MDS stage, and CHIP can progress to other conditions
such as myeloproliferative neoplasms or lymphoid neoplasms. Just as with MGUS and MBL, the majority of patients with CHIP will never develop an overt neoplasm, and
patients will eventually die of unrelated causes.
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Proposed criteria for CHIP

Wepropose that CHIPbe used to describe patientswhohave detectable
somatic clonal mutations in genes recurrently mutated in hematologic
malignancies (Figure 2A) but who lack a known hematologic malig-
nancy or other clonal disorder. Under this definition, CHIP would
encompass cytopenic patients with concurrent cancer-associated
mutations who do not meet diagnostic criteria for MDS, as well as
those with normal peripheral blood counts. CHIP would not include
clearly described clonal conditions such as paroxysmal nocturnal
hemoglobinuria,MBL, orMGUS.We also propose that as aworking
definition, the mutant allele fraction must be$2% in the peripheral

blood, because with deep enough sequencing, a mutation can be
found in every individual, and current outcomes data are based on
a minimum variant allele fraction of.2% in peripheral blood.7,68 It
is currently unknown if variants present below this threshold also
carry increased risk of adverse outcomes, and this threshold may need
to be revised. A copy number variant resulting from a chromosomal
rearrangement involving a chromosomal region where hematologic
neoplasia-associated genes are encoded is also consistent with CHIP.

CHIP is distinct fromMDSbecauseCHIP is associatedwith amuch
longer survival, normal blood counts in most cases, and low rate of
progression to AML. Individuals with CHIP have an increased risk of
disease progression to hematologic neoplasia compared with individ-
uals without detectable mutations, and this risk appears to be propor-
tional to the size of the somatic clone; however, the rate of progression
appears to be only 0.5% to 1% per year, similar to MBL and MGUS.
Although the annual rate of progression of CHIP,MBL, andMGUS to
overt neoplasia is comparable, MBL andMGUS represent expansions
of lineage-committed cells,whereasCHIP involveshematopoietic stem
cells or less mature progenitor cells, and thus CHIP is a precursor state
for a broader range of hematologic neoplasms (Figure 1B).

Although a growing body of evidence confirms that individuals
with a first “hit” leading to CHIP are at increased risk of developing
overt malignancy and that CHIP is also associated with increased
mortality from nonneoplastic causes, the optimal clinical management
of these individuals is uncertain. In the absence of any available inter-
vention to prevent progression, surveillance similar towhat is currently
recommended for MGUS could be considered.4,8,69 In the near term,
most individuals who will be screened for somatic mutations will be
those with hematologic abnormalities that do not meet criteria for
current diagnostic entities. Future studies will be needed to delineate
whether certain subgroupswithCHIP have a higher risk of progression
to malignancy or other adverse outcomes. Such subgroups could
include those with an unexplained cytopenia (see below), lymphocy-
tosis, leukocytosis, persistent eosinophilia, or persistent monocytosis
that do not meet criteria for recognized entities. The specific genetic
mutations, number of mutations, and mutant allele fraction may also
influence the risk of progression and could further refine diagnostic
criteria. It is likely that a substantial number of people without he-
matologic abnormalities who have genetic sequencing performed for
personal, research, or medical reasons (eg, on a blood-contaminated
solid tumor biopsy) will incidentally be found to have CHIP. In certain
settings, such as following cytotoxic therapy for a nonhematologic
disorder, CHIP may have more ominous implications.70

Proposed diagnostic criteria for MDS

To diagnose MDS, it is important to rule out other disorders that can
mimic MDS. Testing algorithms such as those advocated by the
National Comprehensive Cancer Network and the European Leuke-
miaNet are helpful for this purpose.71,72 Given the large percentage of
individuals with CHIP, a somaticmutation is not sufficient to diagnose
MDS, even in the context of prior therapy for another malignancy with
radiation or cytotoxic drugs or a history of another marrow failure
disorder such as aplastic anemia.73 Like dysplasia or MDS-associated
cytogenetic abnormalities, somaticmutationsmust have a known asso-
ciation with MDS and be accompanied by clinically meaningful cyto-
penias to consider an MDS diagnosis.

Patients with cytopenias who lack MDS-defining features but in
whom no other cause for cytopenias is evident are said to have ICUS.
The ICUS label includes a highly heterogeneous population, and ICUS

Figure 2. Definition of CHIP and its distinction from MDS and non-clonal cyto-
penic states. (A) A proposed definition of CHIP. A mutation that is commonly associated
with clonal expansion of hematopoietic cells in older persons should be present, whereas
criteria for other diagnoses should not be met. Evidence of mildly disordered erythro-
poiesis such as an elevated red cell distribution width or mean corpuscular volume can
be compatible with CHIP rather than MDS, and occasional dysplastic cells might be
seen, as is common in the general population with careful scrutiny of blood and marrow.
CHIP is associated with an increased risk of all-causemortality and subsequent diagnosis
of hematological malignancy. The 19 genes most commonly mutated in healthy older
adults in sequencing studies to date are listed. The roster of CHIP-associated mutations
will likely change in the future, with some genes being removed and others being added.
As a working definition, we propose a variant allele frequency of 2% in order to be
considered CHIP (since extremely deep sequencing will detect mutations in almost every
person), but this may need to be revised with further population analyses. PNH, par-
oxysmal nocturnal hemoglobinuria. (B) The spectrum of clonal hematopoiesis, ICUS,
and MDS. ICUS is a broad category that includes a heterogeneous group of individuals,
some of whom have benign (nonclonal) hematopoiesis. Other patients with ICUS may
have CHIP, differing only from lower risk MDS by their lack of dysplasia and, currently, an
undetermined disease risk. CHIP can also include patients with clonal hematopoiesis
and nonmalignant causes of cytopenias (eg, immune cytopenias, liver disease, or nutri-
tional deficiencies) that would not be considered to have ICUS because of the presence
of a clone, but may have a distinct natural history. Obs, observation; BM, bone marrow;
CCUS, clonal cytopenias of undetermined significance; HMA, hypomethylating agent
(eg, azacitidine); GF, hematopoietic growth factor (eg, epoetin); IMiD, immunomodula-
tory drug (eg, lenalidomide); IST, immunosuppressive therapy; BSC, best supportive
care; HSCT, hematopoietic stem cell transplant.
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disease (HR, 2.0) and ischemic stroke (HR, 2.6). Increased mortal-
ity was synergistic with elevated red cell distribution width, which
might be a marker of disordered erythropoiesis because of the ex-
panded clone.

Current understanding of the multistep pathogenesis of cancer
suggests that individuals with clonal mutations may already be
partway along the path to evolution of frank malignancy. However,
although a higher rate of subsequent cancer diagnosis in patientswith

Figure 1. CHIP as a precursor state for hematological neoplasms. (A) A model for evolution from normal hematopoiesis to CHIP and then, in some cases, to MDS or AML.
(B) Comparison of evolution patterns of MGUS, MBL, and CHIP. Hematopoietic progenitor or stem cells commonly acquire mutations throughout the human lifespan; most of
these are passenger mutations that have no consequence for hematopoiesis. Certain mutations, however, confer a survival advantage to the mutated cell and its progeny and
allow clonal expansion. Serial acquisition of mutations in an expanded clone can lead to a disease phenotype and ultimately morbidity and mortality. Although this article primarily
discusses CHIP in the context of its distinction from MDS, CHIP can also directly progress to AML without an intervening MDS stage, and CHIP can progress to other conditions
such as myeloproliferative neoplasms or lymphoid neoplasms. Just as with MGUS and MBL, the majority of patients with CHIP will never develop an overt neoplasm, and
patients will eventually die of unrelated causes.
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individuals. First, there is an obvious risk of 
blood-specific variants in individuals without 
overt hematological malignancy being mis-
taken as germline variants. Second, germline 
alleles in cancer samples could be mistaken 
as tumor-specific variants when comparing 
to blood samples. Lastly, connections were made between mosaic 
PPM1D mutations in lymphocytes and the predisposition to breast 
and ovarian cancers31. Although the influence of the immune system 
on tumorigenesis is well known, it is also possible that the blood-
specific mutations are independent, unrelated events that are simply 
associated with the clonal expansion of HSPCs.

Our unbiased mutational analysis using sequencing data of rela-
tively high depth (average of 107.5× coverage, Supplementary 

Table 13) allowed us to detect hotspot mutations down to 2–3% 
VAFs; we discovered that 5–6% cases with advanced age (over  
70 years) carry blood-specific mutations known to be involved in 
hematological malignancies. Some of these individuals may be under-
going hematopoietic clonal expansion (Fig. 5), but most probably  
do not progress to overt disease, as the incidence of myeloid  
malignancies in the elderly is less than 0.1% (ref. 37). Participants 
providing specimens to TCGA are de-identified and de-coded,  
so it is not feasible to determine whether a participant with a  
leukemia-associated mutation actually progressed to a malignant 
hematologic disease (Supplementary Fig. 2). Using single nucleotide 
polymorphism array data from GENEVA study cohorts (melanoma, 
lung health, prostate cancer, etc.), Laurie et al.7 showed that roughly 
2–3% of elderly individuals (over 70 years) have chromosomal  
anomalies in blood samples. We therefore suggest that our estimate 
of frequency may be conservative, as other types of alterations (such 
as gene fusions and copy number alterations) were not included  
in our study. Regardless, these data clearly show that the elderly  
often acquire clonal skewing in their hematopoietic compartments 
and that this may represent a contributing factor to the development 
of hematologic malignancies.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Figure 5 Clonal expansion model. Proposed roles of a set of genes including 
DNMT3A, ASXL1, TET2, GNAS, JAK2, PPM1D, IDH1, NRAS, NPM1 
and FLT3 in the initiation of hematopoietic clonal expansion. Proposed 
early initiation mutations are in green circles and proposed subsequent 
cooperating mutations are in red triangles. The genes were ordered on 
the basis of their mutation frequencies in this study as well as in ref. 21. 
‘Background mutation’ refers to mutations that arise stochastically in a 
genome, which are random and do not have roles in disease.

Figure 4 Comparison of mutation frequencies 
in blood samples from 58 TCGA cases with 
mutations in cancer-associated genes in 151 
MPN, 150 MDS, 160 CLL and 200 AML  
cases. (a) Mutation frequencies of major  
genes involved in hematological malignancies. 
(b) The average number of nonsynonymous 
mutations found in TCGA blood normal cases, 
MPN, MDS and AML patients across 556 
cancer-associated genes.
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Several genetic alterations characteristic of leukemia and 
lymphoma have been detected in the blood of individuals 
without apparent hematological malignancies. The Cancer 
Genome Atlas (TCGA) provides a unique resource for 
comprehensive discovery of mutations and genes in blood 
that may contribute to the clonal expansion of hematopoietic 
stem/progenitor cells. Here, we analyzed blood-derived 
sequence data from 2,728 individuals from TCGA and 
discovered 77 blood-specific mutations in cancer-associated 
genes, the majority being associated with advanced age. 
Remarkably, 83% of these mutations were from 19 leukemia 
and/or lymphoma-associated genes, and nine were recurrently 
mutated (DNMT3A, TET2, JAK2, ASXL1, TP53, GNAS, 
PPM1D, BCORL1 and SF3B1). We identified 14 additional 
mutations in a very small fraction of blood cells, possibly 
representing the earliest stages of clonal expansion in 
hematopoietic stem cells. Comparison of these findings to 
mutations in hematological malignancies identified several 
recurrently mutated genes that may be disease initiators. 
Our analyses show that the blood cells of more than 2% of 
individuals (5–6% of people older than 70 years) contain 
mutations that may represent premalignant events that cause 
clonal hematopoietic expansion.

Blood cells are continuously regenerated by hematopoietic 
stem/progenitor cells (HSPCs). Human HSPCs divide only rarely  
(estimated at once a month) but have self-renewal properties that sus-
tain survival for decades. As HSPCs divide, they accumulate rare ran-
dom mutations that generally do not affect function1. However, some 
mutations confer advantages in self-renewal, proliferation or both, 

resulting in clonal expansion of the affected cells. Although these 
‘initiating’ mutations do not lead directly to disease, they can cooper-
ate with subsequent mutations to cause hematopoietic malignancies. 
For example, BCR-ABL and BCL2 oncogenic translocations have been 
found in blood cells of individuals without overt hematological malig-
nancies2–4. The frequency of such events appears to increase with age, 
with a similar trend being found for somatic structural changes in the 
nuclear genomes of blood cells1,5. Single nucleotide polymorphism 
array analysis from large genome-wide association study cohorts 
showed ~2–3% of normal individuals of advanced age (70s and 80s) 
harbor leukemia-associated copy number changes that include genes 
such as DNMT3A (encoding DNA (cytosine-5-)-methyltransferase 3 )  
and TET2 (encoding tet methylcytosine dioxygenase 2)6,7. More 
recently, somatic recurrent TET2 mutations were detected in the 
blood of elderly women without overt hematological malignancies8, 
and DNMT3A mutations were reported in nonleukemic cells9.

These findings have collectively led to the hypothesis that certain 
genetic mutations may confer advantages to affected HSPCs, result-
ing in enhanced cell renewal, clonal expansion or both. However, it 
is unclear whether the effect involves only a small number of genes 
or many more genes related to leukemia and lymphoma and whether 
their participation in promoting clonal expansion necessarily leads to 
clones resembling cancer cells. Here, we address the former question 
by analyzing variations in 2,728 blood samples in The Cancer Genome  
Atlas (TCGA). We observed many individuals with age-related  
hematopoietic clonal mosaicism and concurrent presence of over 
60 mutations in 19 leukemia- and/or lymphoma-associated genes.  
Our study identified not only genes but also specific mutations, 
associated with the clonal expansion process. Additional statistical 
analysis identified low-level (2–10% variant allele fractions (VAFs)) 
recurrent leukemic mutations in a substantial number of cases, pos-
sibly in the early stages of clonal expansion. Moreover, our analysis  
suggests that DNMT3A, TET2, JAK2 (encoding Janus kinase 2), ASXL1 
(encoding additional sex combs–like transcriptional regulator 1),  
SF3B1 (encoding splicing factor 3b, subunit 1) and TP53 (encoding  
tumor protein p53) have distinct and overlapping roles in the develop-
ment of myeloproliferative neoplasm (MPN), myelodysplastic  
syndrome (MDS), chronic lymphocytic leukemia (CLL) and/or acute 
myelogenous leukemia (AML). Finally, these results also incidentally 
highlight the need for caution when using blood as a reference for a 
surrogate ‘germline’ genome, especially in older individuals.
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Leukaemogenesis inducedbyanactivating b-catenin
mutation in osteoblasts
Aruna Kode1, John S. Manavalan1, Ioanna Mosialou1, Govind Bhagat2, Chozha V. Rathinam3, Na Luo1, Hossein Khiabanian4,
Albert Lee4, Vundavalli V. Murty5, Richard Friedman6, Andrea Brum1,7, David Park8, Naomi Galili9, Siddhartha Mukherjee10,
Julie Teruya-Feldstein8, Azra Raza9, Raul Rabadan4, Ellin Berman11 & Stavroula Kousteni1,12

Cells of the osteoblast lineage affect the homing1,2 and the number
of long-term repopulating haematopoietic stem cells3,4, haemato-
poietic stem cell mobilization and lineage determination and B cell
lymphopoiesis5–7.Osteoblastswere recently implicated inpre-leukaemic
conditions inmice8,9.However, a single genetic change inosteoblasts
that can induce leukaemogenesis has not been shown.Herewe show
that an activatingmutation of b-catenin inmouse osteoblasts alters
the differentiation potential of myeloid and lymphoid progenitors
leading to development of acute myeloid leukaemia with common
chromosomal aberrations andcell autonomousprogression.Activated
b-catenin stimulates expression of theNotch ligand jagged 1 in osteo-
blasts. Subsequent activation of Notch signalling in haematopoietic
stemcell progenitors induces themalignant changes.Genetic orphar-
macological inhibitionofNotch signallingameliorates acutemyeloid
leukaemia and demonstrates the pathogenic role of the Notch path-
way. In 38% of patients with myelodysplastic syndromes or acute
myeloid leukaemia, increasedb-catenin signalling andnuclear accumu-
lationwas identified inosteoblasts andthesepatients showed increased
Notch signalling in haematopoietic cells. These findings demonstrate
that genetic alterations in osteoblasts can induce acute myeloid leuk-
aemia, identifymolecular signals leading to this transformationand
suggest a potential novel pharmacotherapeutic approach to acute
myeloid leukaemia.
Mice expressing a constitutively activeb-catenin allele in osteoblasts,

referred to here as Ctnnb1CAosb (CA, constitutively active; osb, osteo-
blast specific constitutive activity) are osteopetrotic10, and die before
6weeks of age (Fig. 1a) for unknown reasons. Upon further examina-
tion,Ctnnb1CAosb mice were anaemic at 2weeks of age with peripheral
bloodmonocytosis, neutrophilia, lymphocytopenia and thrombocyto-
penia (Extended Data Fig. 1a). Erythroid cells were decreased in the
marrow and extramedullary haematopoiesis was observed in the liver
(Fig. 1c and Extended Data Fig. 1b, l, m). Although the number of
myeloid (CD11b1/Gr11) cells decreased due to osteopetrosis, their
relative percentage increased, indicating a shift in the differentiation
of HSCs to the myeloid lineage (Fig. 1d and Extended Data Fig. 1c, d).
The haematopoietic stem and progenitor cell (HSPC) population
in the bone marrow (Lin2Sca1c-Kit1, LSK) cells decreased twofold
in Ctnnb1CAosb mice, but their percentage was twofold greater than in
wild-type littermates (Fig. 1e and ExtendedData Fig. 1e, f). The long-term
repopulating HSC progenitors (LT-HSCs) increased in numbers and
percentage, whereas the lymphoid-biased multipotential progenitors,
LSK1/FLT31, and thegranulocyte/monocyteprogenitors (GMP)(Extended
Data Fig. 1g–j) decreased. The GMP percentage increased (Fig. 1f).
Identical abnormalities were observed in the spleen of Ctnnb1CAosb

mice (Extended Data Fig. 1n–p). The mutation was introduced in
osteoblasts but not in any cells of the haematopoietic compartment
(Extended Data Fig. 1q–t) of Ctnnb1CAosb mice.
Blasts (12–90%) and dysplastic neutrophils (13–81%) were noted in

the blood and therewas dense anddiffuse infiltrationwithmyeloid and
monocytic cells, blasts (30–53% for n5 12 mice) and dysplastic neu-
trophils in the marrow and spleen of Ctnnb1CAosb mice (Fig. 1g–k,
Extended Data Fig. 2a–c). In the liver, clusters of immature cells with
atypical nuclear appearancewere seen (Fig. 1l). The increase in immature
myeloid cellswas confirmedby stainingwithmyeloidmarkers in bones,
spleen and liver (ExtendedData Fig. 2d–h). ReducedB-cell lymphopoi-
esis without changes inT-cell populationswas observed inCtnnb1CAosb

mice (Extended Data Fig. 2i–t). Differentiation blockade was demon-
strated by the presence of immaturemyeloid progenitors inCtnnb1CAosb

marrow and differentiation cultures (Fig. 1m, n and Extended Data
Fig. 2u–x). These cellular abnormalities fulfil the criteria of AML dia-
gnosis in mice11 with principle features of human AML12,13.
A clonal abnormality involving aRobertsonian translocationRb(1;19)

was identified in myeloid cells of the spleen of a Ctnnb1CAosb mouse
(Extended Data Fig. 2y). Recurrent numerical and structural chromo-
somal alterations were also detected inmyeloid cells of the spleen of all
mutant mice examined (Fig. 2a and Extended Data Table 1). Frequent
abnormalities were detected in chromosome 5, the mouse orthologue
of human chromosome 7q associatedwith common cytogenetic abnor-
malities in patients with myelodysplastic syndromes (MDS) or acute
myeloid leukaemia (AML)14. Whole-exome sequencing identified 4
non-silent somatic mutations in myeloid cells from 3 Ctnnb1CAosb

mice (Fig. 2b and Extended Data Fig. 2z), including a recurrent one
in Tnfrsf21 and a single somatic mutation in Crb1 previously reported
in human AML15, but sample size has insufficient statistical power to
determine if it is a driver or passenger mutation. Hence, constitutive
activation of b-catenin in osteoblasts facilitates clonal progression and
is associated with somatic mutations in myeloid progenitors.
Transplantation of bone marrow cells from Ctnnb1CAosb leukaemic

mice into lethally irradiatedwild-type recipients induced all features of
haematopoietic dysfunction and AML observed in Ctnnb1CAosb mice
including blasts (15–80%) and dysplastic neutrophils (15–75%) in the
blood and blasts (30–40%) and abnormal megakaryocytes in the mar-
row and early lethality (Extended Data Fig. 3a–i). Transplantation of
wild-type bone marrow cells to lethally irradiated Ctnnb1CAosb mice
also resulted in AML with early lethality (Extended Data Fig. 3j–r).
Transplantation of LT-HSCs, but not other haematopoietic popula-
tions, from Ctnnb1CAosb mice to sub-lethally irradiated wild-type reci-
pients resulted in AML with early lethality (Fig. 2c, d and Extended
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Induction of myelodysplasia by myeloid-
derived suppressor cells
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Myelodysplastic syndromes (MDS) are age-dependent stem cell malignancies that share biological features 
of activated adaptive immune response and ineffective hematopoiesis. Here we report that myeloid-derived 
suppressor cells (MDSC), which are classically linked to immunosuppression, inflammation, and cancer, were 
markedly expanded in the bone marrow of MDS patients and played a pathogenetic role in the development 
of ineffective hematopoiesis. These clonally distinct MDSC overproduce hematopoietic suppressive cytokines 
and function as potent apoptotic effectors targeting autologous hematopoietic progenitors. Using multiple 
transfected cell models, we found that MDSC expansion is driven by the interaction of the proinflammatory 
molecule S100A9 with CD33. These 2 proteins formed a functional ligand/receptor pair that recruited compo-
nents to CD33’s immunoreceptor tyrosine-based inhibition motif (ITIM), inducing secretion of the suppres-
sive cytokines IL-10 and TGF-  by immature myeloid cells. S100A9 transgenic mice displayed bone marrow 
accumulation of MDSC accompanied by development of progressive multilineage cytopenias and cytological 
dysplasia. Importantly, early forced maturation of MDSC by either all-trans-retinoic acid treatment or active 
immunoreceptor tyrosine-based activation motif–bearing (ITAM-bearing) adapter protein (DAP12) interrup-
tion of CD33 signaling rescued the hematologic phenotype. These findings indicate that primary bone mar-
row expansion of MDSC driven by the S100A9/CD33 pathway perturbs hematopoiesis and contributes to the 
development of MDS.

Introduction
Understanding the selective pressures and mechanisms involved in 
the initiation of stem cell malignancies is critical to development 
of effective strategies for prevention and treatment. Inflammatory 
molecules have long been implicated as regulatory cues driving the 
proliferation and apoptotic death of hematopoietic progenitors in 
myelodysplastic syndromes (MDS) (1–3). Chronic immune stimu-
lation, coupled with senescence dependent changes in both hema-
topoietic stem/progenitor cells (HSPC) and the BM microenviron-
ment, are believed to be critical to the pathogenesis of the disease 
(4). Increasing evidence implicates the activation of innate immune 
signaling in both hematopoietic senescence and the pathobiology 
of MDS (5). TLR4, for instance, is overexpressed in MDS BM HSPC 
and is implicated in progenitor apoptosis and subsequent develop-
ment of cytopenias (6). Furthermore, gene expression of the TLR 
adaptor E3 ubiquitin ligase, TNF receptor-associated factor-6 
(TRAF6), is markedly upregulated in MDS CD34+ cells (7) accom-
panied in some cases by amplification of genomic regions encod-
ing TRAF6 or the Toll IL-1 receptor domain-containing adap-
tor protein (TIRAP), key intermediates in TLR4 signaling (8, 9).  
Recent investigations showed that TLR signaling is constitu-
tively activated in MDS with chromosome 5q deletion [del(5q)] 
as a result of allelic deletion of microRNA 145 (miRNA-145) and  

miRNA-146a and consequent upregulation of their respective 
targets, TIRAP and TRAF6 (10). Moreover, knockdown of these 
specific miRNAs or overexpression of Traf6 in murine HSPC reca-
pitulates the hematologic features of del(5q) MDS in a transplant 
model (10), providing convincing evidence that sustained TLR 
activation is a critical factor driving the malignant phenotype. 
More recent findings indicate that TRAF6 is essential for survival 
and proliferation of MDS HSPC (11) and sustained TLR activa-
tion skews their commitment toward the myeloid lineage while 
suppressing osteoblast differentiation (12, 13), analogous to the 
senescence-dependent changes observed with normal aging (14).

Immature myeloid-derived suppressor cells (MDSC), known to 
accumulate in tumor-bearing mice and cancer patients, are site-
specific inflammatory and T cell immunosuppressive effector 
cells that contribute to cancer progression (15, 16). Their suppres-
sive activity is in part driven by inflammation-associated signal-
ing molecules, such as the danger-associated molecular pattern 
(DAMP) heterodimer S100A8/S100A9 (also known as myeloid-
related protein 8 [MRP-8] and MRP-14, respectively), which inter-
act with several innate immune receptors that are involved in the 
biology of MDSC activation (17–20). Murine CD11b+Gr1+ MDSC 
form the basis of the vast majority of the mechanistic studies; how-
ever, much less has been reported on their human counterparts. 
Human MDSC lack most markers of mature immune cells (LIN–, 
HLA-DR–) but possess CD33, the prototypical member of sialic 
acid–binding Ig-like super-family of lectins (Siglec) (15, 21–23). 
Importantly, while its precise action is unknown, CD33 possesses 
an immunoreceptor tyrosine-based inhibition motif (ITIM) that is 
associated with immune suppression (23).
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BACKGROUND
In patients with acquired aplastic anemia, destruction of hematopoietic cells by 
the immune system leads to pancytopenia. Patients have a response to immuno-
suppressive therapy, but myelodysplastic syndromes and acute myeloid leukemia 
develop in about 15% of the patients, usually many months to years after the di-
agnosis of aplastic anemia.

METHODS
We performed next-generation sequencing and array-based karyotyping using 
668 blood samples obtained from 439 patients with aplastic anemia. We analyzed 
serial samples obtained from 82 patients.

RESULTS
Somatic mutations in myeloid cancer candidate genes were present in one third of 
the patients, in a limited number of genes and at low initial variant allele frequency. 
Clonal hematopoiesis was detected in 47% of the patients, most frequently as ac-
quired mutations. The prevalence of the mutations increased with age, and muta-
tions had an age-related signature. DNMT3A-mutated and ASXL1-mutated clones 
tended to increase in size over time; the size of BCOR- and BCORL1-mutated and 
PIGA-mutated clones decreased or remained stable. Mutations in PIGA and BCOR 
and BCORL1 correlated with a better response to immunosuppressive therapy and 
longer and a higher rate of overall and progression-free survival; mutations in a 
subgroup of genes that included DNMT3A and ASXL1 were associated with worse 
outcomes. However, clonal dynamics were highly variable and might not necessarily 
have predicted the response to therapy and long-term survival among individual 
patients.

CONCLUSIONS
Clonal hematopoiesis was prevalent in aplastic anemia. Some mutations were re-
lated to clinical outcomes. A highly biased set of mutations is evidence of Darwin-
ian selection in the failed bone marrow environment. The pattern of somatic 
clones in individual patients over time was variable and frequently unpredictable. 
(Funded by Grant-in-Aid for Scientific Research and others.)
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«	
  clinical	
  »	
  conclusions	
  

•  Presence	
  of	
  	
  somaIc	
  mutaIons	
  is	
  not	
  
diagnosIc	
  of	
  MDS	
  in	
  the	
  absence	
  of	
  
unexplained	
  cytopenias	
  	
  

•  Is	
  CCUS	
  MDS	
  ?	
  	
  	
  
•  Is	
  AA	
  with	
  MDS	
  type	
  mutaIons	
  MDS	
  ?	
  
•  Should	
  CCUS	
  be	
  treated	
  	
  like	
  MDS	
  ?	
  …	
  just	
  
treat	
  cytopenias	
  



«	
  clinical	
  »	
  conclusion	
  

While	
  discovery	
  of	
  somaIc	
  	
  mutaIons	
  may	
  help	
  in	
  
the	
  diagnosis	
  and	
  prognosis	
  of	
  definite	
  MDS	
  or	
  
cytopenias,	
  somaIc	
  mutaIons	
  per	
  se	
  currently	
  
rarely	
  have	
  an	
  impact	
  on	
  MDS	
  treatment:	
  

–  SF3B1	
  mutaIon	
  without	
  ringed	
  sideroblasts	
  
(luspatercept)	
  ?	
  

–  TP53	
  mutaIon	
  in	
  lower	
  risk	
  MDS	
  with	
  del	
  5q?	
  
	
  
MDS	
  without	
  significant	
  cytopenias	
  rarely	
  
(never?)	
  requires	
  treatment	
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Assessment of Minimal Residual Disease  
in Standard-Risk AML

To the Editor: Ivey and colleagues (Feb. 4 issue)1 
tested the prognostic value of the presence of a 
mutation in the gene encoding nucleophosmin 
(NPM1) in patients with acute myeloid leukemia 
(AML) who were in complete hematologic remis-
sion after a second cycle of chemotherapy,2 al-
though the recovery of cell counts in peripheral 
blood was not required for a determination of 
such remission. Some of the patients were in re-
mission after the first cycle of chemotherapy and 
some were not. Moreover, some of the patients in 
remission had normal blood counts and some 
did not. Other studies have shown the prognostic 
importance of obtaining normal blood counts 
over shorter durations of time and with fewer 
cycles required to achieve remission. Thus, we 
wonder whether the patients who did not have 
minimal residual disease were more likely to 
have a remission with normal cell counts and 
more likely to be in remission after the first cycle 
of chemotherapy than were patients who were 
found to have minimal residual disease.

Michele Baccarani, M.D.
University of Bologna 
Bologna, Italy 
michele . baccarani@  unibo . it

No potential conflict of interest relevant to this letter was re-
ported.
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To the Editor: Ivey et al. describe the persis-
tence of mutations in genes other than NPM1 in 

the blood and marrow of patients with AML 
who were in complete hematologic remission. 
The authors also state that patients with persis-
tent NPM1 transcripts (the presence of which 
defined minimal residual disease) had a worse 
prognosis than those who did not carry this 
marker and that virtually all patients who had a 
relapse carried the NPM1 mutation. At our center, 
in 32 consecutive patients (median age, 55 years) 
with cytogenetically normal AML carrying a de 
novo mutation in NPM1 without internal tan-
dem duplications in the gene encoding Fms-like 
tyrosine kinase 3 (FLT3-ITD) who had a com-
plete remission after intensive chemotherapy, 
14 (44%) had a relapse (all with the same NPM1 
mutation as the one observed at diagnosis), 12 
(38%) remained in complete remission, and 6 (19%) 
(all of whom were >55 years of age) had disease 
that developed into either the myelodysplastic 
syndrome (in 5 patients) or primary myelofibro-
sis (in 1 patient) (Fig. 1A). In each of these 6 pa-
tients, a preleukemic clone with at least one 
mutation in TET2, JAK2, ASXL1, IDH2, or a gene 
encoding a spliceosome protein was found at 
the time of the AML diagnosis and was present 
after the development of either the myelodys-
plastic syndrome or primary myelofibrosis (Fig. 
1B). However, the NPM1 mutation was absent. 
Thus, although we agree that relapse does not 
arise from preleukemic clones of cells with 
wild-type NPM1, such clones may promote the 
development of the myelodysplastic syndrome 
or primary myelofibrosis, especially in older pa-
tients. Did Ivey et al. obtain data that support 
this conclusion and, if so, did they observe an 
age-specific association?
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Molecular	
  analysis	
  of	
  MDS	
  and	
  AML	
  occurring	
  a@er	
  
treatment	
  for	
  	
  APL	
  Ph	
  Aras,	
  A	
  Renneville	
  (ASH	
  2016)	
  

•  10	
  cases	
  (1.2%)	
  of	
  MDS/AML	
  during	
  follow	
  up	
  
of	
  APL	
  	
  

•  MutaIons	
  at	
  APL	
  diagnosis:	
  4	
  cases	
  of	
  FLT3	
  
ITD	
  or	
  mutaIon	
  

•  Muta3ons	
  at	
  MDS/AML:TP	
  53	
  (4	
  pts)	
  ASXL1	
  
(1/10	
  pts),	
  CBL	
  (1/10	
  pts),	
  DNMT3A	
  (1/10	
  pts),	
  
EZH2	
  (1/10	
  pts),	
  GATA2	
  (1/10	
  pts),	
  KRAS	
  (1/10	
  
pts),	
  PTPN11	
  (1/10	
  pts),	
  RUNX1	
  (1/10	
  pts),	
  
and	
  TET2	
  (1/10	
  pts).	
  	
  



 
Groupe Francophone 
 des Myélodysplasies 

•  Activates clinical trials in  MDS (35 centers in France 
and Belgium  +  Switzerland, Tunisia) 

•  Website: www. gfmgroup.org  
  
•  Online registry of French MDS cases 
  
•  Close cooperation with:  
    - a patient support group 
    - the International MDS Foundation 
    - the European Leukemia Net 


