
without DS, ML-DS is highly sensitive to
chemotherapy, with excellent cure
rates.4,5 It is particularly sensitive to the
nucleoside analog cytarabine. Research
from Taub’s laboratory suggests that the
absence of the full-length GATA1 leads
to higher intracellular concentration and
activity of cytarabine.6

High toxicity from infection has been a lim-
iting factor in the treatment of children
with DS and leukemia (both AML and
acute lymphoblastic leukemia). Children
with DS and leukemia are particularly sus-
ceptible to respiratory viruses, in addi-
tion to being particularly susceptible to
bacterial infections.4,7 Many of these
severe infections occurred during
HD-AraC courses in the prior Children’s
Oncology Group AAML0431 protocol.4

This observation and previous reports
of the ultrasensitivity of ML-DS to lower
doses of cytarabine8,9 led Hitzler et al
to eliminate the HD-AraC block from
therapy for the majority of patients with
ML-DS with an excellent response to
induction therapy. This resulted in a
reduction of the total dose of cytarabine
from 27.8 g/m2 in the AAML0431 to 3.8
g/m2. In addition, because of the rarity
of central nervous system (CNS) involve-
ment by ML-DS, intrathecal (IT) cytara-
bine was reduced from 2 doses to a
single dose.

The interim analysis revealed decreased
survival compared with the previous
protocol (2-year event-free survival [EFS]
of 85.6% compared with 93.5% in
AAML0431), highlighting the necessity
of HD-AraC for the optimal outcome in
ML-DS.1 Although the reported percen-
tages appear disappointing, it is impor-
tant to note that EFS of 85% and overall
survival of 91% for children with ML-DS,
while receiving only an intermediate
dose of cytarabine, is remarkable, and
achieving so high a cure rate is a highly
desirable goal for children with non-DS
AML. Thus, children with ML-DS and
severe comorbidities, for whom therapy
for the AML is fraught with difficulty, might
benefit from a treatment protocol lacking
the more toxic HD-AraC. For other
patients, additional work is needed to
reduce the problem of infectious
complications.

Relapse/refractory ML-DS, although rare,
remains a major unmet need. In the
current protocol, 12 standard risk (SR)
patients (out of 114) experienced a

relapse, 11 in the bone marrow and one
in the CNS.Only 2 survived, despite inten-
sive relapse treatment and stem cell trans-
plant. CNS relapses are extremely rare in
ML-DS, and the occurrence of isolated
CNS relapse could suggest that the 1 IT
cytarabine dose administered in the cur-
rent protocol was insufficient. A complex
karyotype and detectable GATA1s by
next-generation sequencing were more
frequent among SR patients who
relapsed. Future studies should focus on
the pathogenesis of relapse of ML-DS,
on its early detection, possibly by next-
generation sequencing quantification of
GATA1s levels during remission, and on
novel therapies for this extremely poor
prognosis subgroup of ML-DS.
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Comment on Kollman et al, page 2347.

STAT5B, the dominant twin,
in hematopoietic stem cells
Yuhong Chen and Demin Wang | Versiti Blood Research Institute

In this issue of Blood, Kollmann et al used single-cell RNA sequencing (scRNA-
seq) to identify a unique and dominant role for STAT5B in self-renewal of hema-
topoietic stem cells (HSCs) and leukemia stem cells (LSCs). Moreover, they
found that the cell surface marker CD9 is an important STAT5B target gene,
implicating CD9 as a novel therapeutic target for STAT5-driven leukemia.1

STAT5A and STAT5B are 2 of the 7
members of the STAT family, and both
are activated by a broad spectrum of
cytokines and growth factors.2 STAT5A
and STAT5B are 95% identical at the
amino acid sequence level. They are
commonly believed to have redundant
roles in the hematopoietic system,
because both are required for

lymphocyte development and T-cell pro-
liferation and function.3-5 Both STAT5A
and STAT5B are important for the repo-
pulating potential of HSCs6; However, it
is not known whether they play distinct
roles in HSCs or uniquely activate target
genes in rare HSC populations. Kollmann
et al identified the unexpected predomi-
nant role of STAT5B in controlling the
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expression of genes associated with qui-
escence and self-renewal of HSCs and
LSCs (see figure).

To determine the unique functions of
STAT5A and STAT5B in HSCs, Kollmann
et al used scRNA-seq to reveal that 2 cell
clusters with gene signatures representa-
tive of dormant HSCs were decreased in
Stat5b-deficient mice relative to wild-
type or Stat5a-deficient mice. Flow cytom-
etry analysis confirmed the reduction of
dormant HSCs in Stat5b-deficient mice.
Cell cycle analysis, as well as single-cell
culture and replating assays, demon-
strated that Stat5b-deficient HSCs exhib-
ited a drastically reduced self-renewal
potential. Overexpression of Stat5b, but
not Stat5a, enhanced HSC growth. In
addition, serial bone marrow transplanta-
tion assays revealed that the repopulating
ability of Stat5b-deficient HSCs decreased
gradually, which confirmed that STAT5B
intrinsically drives HSC self-renewal. These
findings demonstrate that STAT5B, but
not STAT5A, plays a distinct and dominant
role in self-renewal of normal HSCs (see
figure). LSCs, which initiate and maintain
leukemia, share many characteristics with
HSCs. Therefore, Kollmann et al further
investigated whether the dominant role

of STAT5B extends to LSCs. In vitro serial
plating and in vivo serial transplantation
experiments showed that BCR/ABLp210-
induced proliferation and transformation
of HSC-containing Lin2Sca-12cKit1 (LSK)
cells depended on STAT5B but not
STAT5A. Furthermore, the oncogenes
JAK2V617F and FLT3-ITD predominantly
activated STAT5B in LSK cells. Human
acute myeloid leukemia (AML) and chronic
myelogenous leukemia cell lines also had a
higher level of STAT5B activation relative
to STAT5A activation. These data demon-
strate that STAT5B plays the dominant role
in driving LSC self-renewal (see figure).

STAT5B-regulated genes might be thera-
peutic targets for specifically eradicating
LSCs. Kollmann et al performed differen-
tial gene-expression analysis of the most
dormant and other HSC subpopulations
in wild-type, Stat5a-deficient, and Stat5b-
deficient mice and discovered that 35
genes were specifically regulated by
STAT5B in HSCs. Interestingly, among
the STAT5B target genes identified, CD9
was the only one that correlated nega-
tively with overall survival of human
patients with STAT5-driven, but not
non–STAT5-driven, leukemia. Relative to
patients with AML with low CD9

expression, those with high CD9 expres-
sion had higher levels of expression of
STAT5 target genes. Conversely, CD9
expression was reduced in Stat5b-defi-
cient, but not Stat5a-deficient, LSK cells.
Moreover, chromatin immunoprecipita-
tion quantitative polymerase chain reac-
tion demonstrated that STAT5B binds
directly to the CD9 promoter. Hyperactive
STAT5B, but not STAT5A, in LSK cells or
activated STAT5B by oncogenes in LSK
cell lines was associated with enhanced
CD9 expression. Thus, STAT5B directly
drives the expression of CD9. Importantly,
blocking CD9 by antibodies could induce
differentiation and apoptosis of STAT5B-
driven LSCs in mouse models and human
patient samples. Taken together, these
findings suggest that targeting CD9 may
enable eradication of LSCs while largely
sparing HSCs and implicate the STAT5B
target gene CD9 as a new therapeutic tar-
get for STAT5-driven leukemia (see figure).

Why is STAT5B the dominant twin for self-
renewal of HSCs and LSCs? Previous stud-
ies demonstrated that STAT5A and
STAT5B can have distinct functions,
despite their high degree of sequence
homology.2 STAT5A uniquely regulates
prolactin-mediated mammary gland
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Quiescence Self-renewal
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Quiescence
genes and CD9

Quiescence
genes and CD9
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CD9

STAT5B

STAT5B

STAT5B

STAT5B

HSC LSC

Only STAT5B plays a distinct and dominant role in self-renewal of HSCs and LSCs. Left panel: receptor engagement predominantly activates STAT5B in HSCs. STAT5B, in
turn, selectively activates a set of “quiescence” genes that drive self-renewal and quiescence of HSCs. One of the STAT5B target genes is CD9. Right panel: the dominant
role of STAT5B extends to LSCs. Oncogene stimulation predominantly activates STAT5B in LSCs. Subsequently, STAT5B selectively activates a set of “quiescence” genes
that drive self-renewal of LSCs. CD9 expression levels are higher in LSCs than in HSCs. Blocking CD9 by antibodies can induce differentiation and apoptosis in STAT5B-
driven LSCs, leading to their eradication. Professional illustration by Somersault18:24.
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function, whereas STAT5B is critical for
growth hormone–regulated functions.7

STAT5B also plays a dominant role in the
development and function of lympho-
cytes.8 Unique functions of STAT5A vs
STAT5B correlate with tissue-specific dif-
ferences in their relative levels of expres-
sion.7,8 Intriguingly, Kollmann et al found
that STAT5A and STAT5B were expressed
atsimilar levelsinHSCsandthatstimulation
of HSCs with growth factors mostly acti-
vated STAT5B, and oncogenes preferen-
tially activated STAT5B in hematopoietic
malignancies.1 STAT5A and STAT5B
differ primarily in their Src-homology 2
(SH2) domains, which bind specific
phosphotyrosine-containing motifs in the
receptorswithwhich theyassociate.2How-
ever, SH2 domain dissimilarities between
STAT5A and STAT5B cannot account for
the selective activation of STAT5B in HSCs
because growth factor stimulation acti-
vates STAT5A and STAT5B in megakaryo-
cytes.1 Differences in the nature/extent of
posttranslational modifications of STAT5A
and STAT5B and/or the presence of spe-
cific regulators in HSCs and LSCs could
impact the receptor interactions or activa-
tion states of STAT5A or STAT5B. These
findings suggest that selective activation
of STAT5B underlies its unique and domi-
nant role in self-renewal of HSCs and
LSCs. Proteomic analysismight help to fur-
ther elucidate the molecular mechanism
underlying selective activation of STAT5B
in these cells.

The different transcriptional signatures
of STAT5A and STAT5B further compli-
cate understanding of the dominant
role of STAT5B in HSCs and LSCs.
Selective activation of “quiescence”
genes by STAT5B could explain why
STAT5B, but not STAT5A, is able to
drive self-renewal and quiescence. Dis-
similarities located in the transactiva-
tion domains of STAT5A and STAT5B
might contribute to the distinct tran-
scriptional signatures of STAT5B in
HSCs and LSCs.2 Thus, the STAT5B
transactivation domain might specifi-
cally recruit a unique partner in HSCs
and LSCs to facilitate its promoter binding
and/or transcriptional activation of
“quiescence” genes, which may also
be influenced by the distinct epigenetic
landscape of HSCs and LSCs. Future
proteomic and epigenetic analyses of
HSCs and LSCs might help to reveal
the molecular mechanism by which
STAT5B, but not STAT5A, activates
“quiescence” genes in these cells.
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Comment on Kittai et al, page 2372

The more complex, the
worse outcome in CLL
Richard Rosenquist | Karolinska Institutet

In this issue of Blood, Kittai and colleagues investigate the impact of a complex
karyotype on outcome in a large cohort of patients with chronic lymphocytic
leukemia (CLL) treated with the BTK inhibitor ibrutinib.1 As in prior studies,
they confirm that a complex karyotype, defined as $3 or $5 chromosomal
alterations, is a high-risk marker in ibrutinib-treated patients. They propose
using karyotypic complexity as a continuous variable for predicting outcome,
as increasing numbers of aberrations correlated with decreasing survival.

By the early 1990s, Juliusson et al
reported that the higher the number of
chromosomal aberrations detected, the
worse the outcome in patients with CLL.2

This finding was confirmed in studies
applying genomic arrays, where increas-
ing genomic complexity was associated
with shorter time to first treatment and
overall survival (OS).3 Because of the
inherent difficulties to generate meta-
phase chromosomes for cytogenetic anal-
ysis in CLL, it was not until newer culturing
protocols that included CpG and IL2 were
introduced that most CLL samples could
be karyotyped.4 In a series of studies,
complex karyotype, defined as $3 chro-
mosomal alterations, was found to be a
high-risk factor4; also, the presence of
unbalanced structural aberrations was
linked to a more dismal prognosis

In a recent study published inBlood, Balia-
kas et al investigated the impact of a

complex karyotype in more than 5200
patients with CLL.5 In this cohort, they
found that for patients without TP53 aber-
rations, a complex karyotype was associ-
ated with high-risk disease if $5
chromosomal aberrations were present.
On the other hand, if a patient carried a
TP53 aberration [ie, del(17p) and/or TP53
mutation], the association with a worse
outcome was already reached, if the
patient had 3 or more alterations.
Although few patients were treated with
newer agents in their retrospective cohort
study, the presence of a complex karyo-
type has been shown to be a high-risk fac-
tor in patients treated with BTK or BCL2
inhibitors, albeit mostly in smaller patient
series.6

In the current study, Kittai et al explored
the impact of complex karyotypes in a
large, single institution cohort (n 5 456),
including both treatment naive (22%)
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