
negative regulation of autophagy.1 This infor-
mation may have significance and impact on
the clinical management of CML.

Sheng and colleagues mapped out a clear
path from Bcr-Abl to the master autophagy
regulator, mTOR, as the major route by
which Bcr-Abl represses autophagy. Bcr-
Abl activates the PI3K/Akt pathway that
phosphorylates many targets including the
transcriptional repressor FOXO4. When
phosphorylated, FOXO4 cannot repress
transcription of ATF5, a gene previously
shown to regulate apoptosis in cytokine-
dependent cells. In Bcr-Abl–transformed
cells, ATF5 takes on a new role as a regula-
tor of autophagy, not apoptosis. Sheng et al
demonstrate that ATF5 regulates mTOR
expression by binding a previously uniden-
tified ATF5 binding site in the mTOR pro-
moter. Elevated expression of mTOR by
ATF5, coupled with mTOR activation by
other components of the PI3K/Akt cascade,
suppresses autophagy. mTOR activation
can be reversed on Bcr-Abl inhibition, re-
sulting in the onset of autophagy, as illus-
trated in the figure. Unfortunately, imatinib-
mediated reversal of this suppression blocks
the full impact that Bcr-Abl kinase inhibition
has on apoptosis. The observations of Sheng
and coworkers provide a clear mechanism for
correcting this unwanted effect of imatinib.
Based on their model, activation of mTOR
combined with Bcr-Abl inhibition should
block the induction of autophagy to enhance
the apoptotic response. This may translate
into direct clinical benefit in terms of depth or
kinetics of a molecular response.

However, the central question is how can
we exploit this newly mapped Bcr-Abl path to
autophagy to improve CML therapy? In addi-
tion, do the potential risks in modulating the
autophagy pathway outweigh the potential
benefits? As noted by many studies, engage-
ment of autophagy can be both friend and foe
to tumor cell survival.5 In CML, imatinib
clearly engages autophagy, but the degree to
which this diverts apoptosis may not signifi-
cantly influence clinical imatinib responsive-
ness. On the other hand, the degree of apopto-
tic escape may be distinct in CML stem cells
compared with progenitors, as suggested by
earlier studies.4 Therefore, in the CML set-
ting, preserving mTOR activity during ima-
tinib therapy may be key to engaging a greater
apoptotic impact, particularly against early

CML progenitors or stem cells that are rela-
tively resistant to tyrosine kinase inhibition.

As outlined in the figure, many pathways
converge on mTOR. The Bcr-Abl/PI3K/
Akt/ATF5/mTOR autophagic suppressor
cascade is most relevant in CML, but other
pathways may modify it and continue to sup-
press autophagy during imatinib therapy. For
example, Sheng et al demonstrate that a con-
stitutively activated mutant of PI3K blocks
induction of autophagy on imatinab treatment.
This suggests that activating thePI3K path-
way with other growth factors (insulin, IGF-1)
or cytokines (IL-3, GM-CSF) might suppress
autophagy during imatinib treatment. AMPK
(5�-AMP-activated protein kinase), a kinase
that is responsive to changes in the cellular
ATP/AMP pool, is activated by a number of
cellular conditions (reactive oxygen species
[ROS], ER stress) and signaling events (LKB
kinase, Usp9x deubiquitinase).6 Activated
AMPK suppresses mTOR activity by phos-
phorylating several negative regulators of the
complex.2 This suggests that direct inhibition
of AMPK, LKB, or Usp9x could block down-
regulation of mTOR and prevent autophagy.
However, few agents have been described that
affect these targets.7,8 The availability of es-
sential amino acids may also suppress mTOR
inhibition through activation of additional
kinases (MAP4K3) and GTPases (Rag
GTPases) as recently illustrated in other tu-
mors.9 The question remains, are these strate-
gies appropriate, beneficial, or safe in the clini-
cal setting? It should be noted that induction
of autophagy has been exploited as a therapy in

other cancers. CML treatment with Bcr-Abl
kinase inhibitors may be an opportunity to
examine the benefits and consequences of sup-
pressing autophagy to improve therapy. The
detailed map of the Bcr-Abl/autophagy cas-
cade provided by Sheng et al provides a good
starting point.
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● ● ● PHAGOCYTES & GRANULOCYTES

Comment on Hsu et al, page 2653, and on Dickinson et al, page 2656

GATA2 finds its macrophage niche
----------------------------------------------------------------------------------------------------------------

Anna Rita Migliaccio and James J. Bieker MOUNT SINAI SCHOOL OF MEDICINE

In this issue of Blood, Hsu et al1 and Dickinson et al2 independently report the pres-
ence of mutations in the region of GATA2 encoding the carboxy-terminal zinc-
finger domain of the protein in a rare genetic disease associated with reduced pro-
duction of marrow-derived immune cells susceptible to development of
myelodysplastic syndrome and acute myeloid leukemia.

The central role of the GATA family of
transcription factors in hematopoietic

development has been well established in mice
and in culture models of human hematopoi-
esis.3 The expansion of early cell compart-

ments is under the control of GATA2. With
maturation, this control switches to GATA1
for the erythroid/megakaryocytic lineage and
to GATA3 for T cells. The GATA factor that
controls the late phases of myelo-monocytic
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maturation has not been definitively estab-
lished, but the recognition that GATA2 regu-
lates phagocytosis by pulmonary alveolar mac-
rophages4 and, in cooperation with PU.1,
expression of c-Fms,5 the gene that encodes the
receptor for macrophage colony-stimulating
factor (M-CSF; also known as CSF1), and
dendritic cell maturation,6 suggests that it may
be GATA2.

Several inherited and acquired disorders
involving deficient production of erythroid
(dyserythropoietic anemia, congenital eryth-
ropoietic porphyria, X-linked thalassemia)
and megakaryocytic (thrombocytopenia, X-
linked gray platelet syndrome) cells have
been associated with mutations either in the
FOG1 or the DNA binding motif of the
amino-terminal zinc finger of GATA1.7

These mutations are not associated with
increased risk of transformation. The deletion

of the amino-terminal region of GATA1 in-
duces thrombocytopenia and, in association
with chromosomal abnormalities present in
Down syndrome, transient myeloproliferative
disorders and megakaryocytic leukemia.8 By
contrast, with the exception of a gain-of-
function mutation described in one patient
with chronic myelo-monocytic leukemia,9

mutations in the GATA2 gene have not been
reported. It was conceived that given the
“exclusive” role of GATA2 in stem cell
regulation, loss of function GATA2 muta-
tions would remain undetected because they
would lead to lethality. However, quantita-
tive alterations in GATA2 expression, possi-
bly secondary to the primary lesions, have
been described. For example, CD34pos cells
from patients with aplastic anemia10 and
blasts from acute myeloid leukemia (AML)11

are both characterized by reduced levels of

GATA2. In addition, although hypomorphic
GATA2 mutations do not induce a strong phe-
notype in mice,12 genome-wide analyses of
transcriptional reprogramming of mouse
models of AML have identified GATA2 as one
of the few key transcription factors whose ex-
pression is reduced in these leukemic blasts.11

A preliminary report presented as a “late
breaking” abstract at the 2010 American Soci-
ety of Hematology annual meeting mapped
mutations in the coding region of GATA2 in
4 patients with myelodysplatic syndrome
(MDS) that did not report immunodefi-
ciency.13 This report also provided an initial
characterization of the biologic consequences
of the mutations on the DNA binding proper-
ties of GATA2 that included reduced affinity
for the c-Fms promoter.

The Holland laboratory has identified and
characterized a rare case of genetic immunode-
ficiency distinguished by reduced levels of all
the immune cells produced in the marrow
such as monocytes, dendritic, natural killer,
and B cells (that they call MonoMAC).14 The
inheritance of the disease is autosomal domi-
nant, but sporadic forms have also been de-
scribed. The disease manifests itself with re-
current mycobacterial and other opportunistic
fungal and papilloma virus infections. The
marrow of these patients is hypocellular, with
absence of multilymphoid progenitor cells and
reduced levels of myeloid progenitor cells, and
presents with dysplasia not only for the my-
eloid lineage but also for the erythroid and
megakaryocytic lineage. The disease may
eventually evolve into MDS and AML. Anal-
ysis of genes controlling hematopoietic stem
cell development and maintenance, such as
RUNX1, PU.1, CEBPA, and ERG, indicates
that all were wild-type in MonoMAC pa-
tients.1 Based on the clue provided by the ab-
stract presented at the American Society of
Hematology annual meeting in 201013 and on
the possible involvement of GATA2 in mono-
cytedendritic cell development,4-6 Hsu et al
guided a search for GATA2 lesions in 20 pa-
tients with MonoMAC syndrome.1 Astonish-
ingly, all of the patients presented mutations
that altered the domain of GATA2 encoding
the carboxy-terminal zinc finger.

Exome sequencing is emerging as a power-
ful tool to identify genes mutated in human
disorders. Dickinson et al applied this tech-
nique to identify mutations involved in a syn-
drome that they call DCML deficiency with
a phenotype similar to MonoMAC.2 They

A model for the effect of stress on the hematopoietic compartments in the presence of wild-type GATA1 and
GATA2 genes or in the presence of loss-of-function GATA1 and GATA2 mutations. In vitro models of stress
erythropoiesis indicate that the stress signal increases the erythroid output by amplifying the hematopoietic
progenitor cell compartments (HPCs) through increased levels of GATA2 expression.16 Surprisingly, in spite of
the purity of CD34pos populations used to start the culture and the exclusively erythroid-permissive culture
conditions used, macrophages are always detected in these cultures and erythroblastic-island–like structures
(inset, kindly provided by Migliaccio laboratory) are frequently observed on smears prepared with erythroid
cells expanded under stress conditions. In the presence of GATA1mut, which impairs the maturation potential of
the precursor compartments, stress must induce an even greater expansion of the HPC compartment leading to
the development of myeloproliferative neoplasms (MPNs)8,16; however, the amplification potential of the HPCs
is sufficient to increase the precursor cell demand necessary to respond to stress, leaving the hematopoietic
stem cell compartment (HSC) unstimulated. In contrast, the presence of a loss-of-function GATA2 mutation
hampers HPC proliferation, reducing in turn the numbers of precursor cells generated by the HPCs. An effective
response to the increased precursor cell demand induced by stress requires the generation of new HPCs from
the HSC compartment, resulting, if the stress is prolonged, in HSC exhaustion and MDS. Professional
illustration by Debra T. Dartez.

2648 8 S E P T E M B E R 2 0 1 1 I V O L U M E 1 1 8 , N U M B E R 1 0 blood

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/118/10/2647/1316019/zh803611002647.pdf by guest on 19 M

ay 2023



sequenced the exomes of 4 patients with the
familial form of the disease and identified
exactly the same mutations found by Hsu and
colleagues. Given the different geographic
origin of the patients, it is unlikely that the
patients analyzed in the 2 studies are related.
Therefore, overall these 2 papers establish a
strong correlation between the presence of
mutations in the GATA2 gene and disease
manifestation. The fact that these 2 studies
independently identified the same gene also
provides strong validation for the efficacy of
the exome sequencing approach as tool for
gene mutation discovery.

As far as a mechanism that could subse-
quently lead to development of MDS, it can be
argued that hyperstimulation of a stem cell
clone that produces hematopoietic progenitor
cells with reduced expansion potential (after
haploinsufficient reduction in levels and/or
optimal activity of GATA2 as described in the
present studies) may lead to stem cell exhaus-
tion (see figure). MonoMAC/DCML patients
described in these 2 studies have had to deal
with an extended onslaught of infection from
the immunodeficiency, yielding a highly
stressed bone marrow with a low capacity for
mounting an adequate response in the absence
of additional acquired mutation(s).

Of interest, the mutations associated with
congenital anemia and thrombocytopenias are
located in the amino-terminal zinc finger do-
main of GATA1 while those found in Mono-
MAC and in DCML deficiency are located in
the carboxy-terminal zinc finger of GATA2.
This suggests that, in spite of the stringent
similarities of the primary structure of the 2
proteins, there must be subtle but important
differences in the tertiary structure of GATA1
and GATA2 zinc fingers that determine the
unique biologic functions of the 2 proteins.
Related to this point, the 2 zinc fingers of all
GATA proteins are critical for establishing
proper DNA binding and protein interac-
tions.15 As a result, the nonhaploinsufficient
category of GATA2 mutations described in
both studies (R398W and T354M) suggests
that at least one, if not both, of these critical
functions are likely altered. Structural model-
ing suggests how the point mutants can alter
GATA2 interaction with DNA, either by loss
of stabilizing hydrogen bonds or steric issues
with large side chains.2 Related to this, a more
extreme case is the del 340-381 mutation
(again seen in patients in both studies), which
removes a large portion of zinc finger 2. It will

be of interest to quantitatively verify the pre-
dicted lower DNA binding affinity of these
GATA2 variants. By analogy to GATA1,
other regions of the GATA2 protein are likely
associated with positive cofactors. Given that
these GATA2 variants are expressed in the
presence of a normal allele, dominant negative
effects may be operant as a result of nonpro-
ductive interactions, a suggestion supported
by the recent abstract linking the T354M mu-
tation to MDS/AML.13

The work of Hsu et al and Dickinson et al
breaks ground on numerous fronts, as they
(1) identify a previously nonrecognized corre-
lation between GATA2 and development of
bone marrow derived immune cells, including
macrophages (see figure); (2) suggest there are
important functional differences between
2 factors (GATA1 and GATA2) whose bio-
logic activity have typically been considered to
be almost identical; and (3) establish a link
between the stress response of donors with a
genetically impaired ability to expand hemato-
poietic/stem progenitor cells (based on re-
duced GATA2 activity) and development of
MDS. In this regard, it would be informative
to evaluate whether hypomorphic GATA2
mice12 will develop a myelodyspastic-like
phenotype when challenged with mycobacte-
ria (or other stimuli) and would therefore rep-
resent an animal model for this mysterious
disease.

In conclusion, these papers represent a
satisfying conclusion to the long scientific
journey that began with the recognition of a
human genetic disease and ends with identifi-
cation of the genetic lesion that caused the
disease.
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● ● ● RED CELLS & IRON

Comment on Zhang et al, page 2868

Can erythroblasts donate iron?
----------------------------------------------------------------------------------------------------------------

Carole Beaumont BICHAT BEAUJON BIOMEDICAL RESEARCH CENTER

In this issue of Blood, Zhang and colleagues propose the novel concept that when
serum hepcidin is low, it increases ferroportin at the erythroblast membrane,
thereby shutting down erythropoiesis when iron is scarce to favor its usage by cells
sensitive to iron deprivation.1
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