
A closer examination of response for
patients with a T315I mutation is war-
ranted because these patients currently
have limited approved treatment
options. Nine patients with T315I prior to
commencing ponatinib had additional
BCR-ABL1 mutations, and 7 of these
(78%) did not achieve BCR-ABL1IS #1%
at any time. Furthermore, 5 other
patients with T315I at study entry gained
an additional BCR-ABL1 mutation during
therapy, and none of these patients
achieved BCR-ABL1IS #1% at any time.
This is consistent with prior data and sug-
gests that the occurrence of BCR-ABL1
mutations in addition to T315I could be
a powerful determinant of response to
ponatinib.8 Notably, the rate of loss of
response upon dose reduction after
achieving BCR-ABL1IS #1% was highest
for patients with T315I (54% in the
45-mg arm). Dose intensity may be
required for maintenance of response.
Therefore, the benefit and risk of dose
reduction for patients with a T315I muta-
tion must be carefully considered, and
patients must be monitored closely after
reduction. Whether maintenance of
response for a prescribed length of time
or achieving a deeper response before
dose reduction would reduce the risk of
loss of response is unknown.

The OPTIC response-based ponatinib
dose reduction strategy demonstrated
efficacy for patients who typically have
poor response to second-generation
BCR-ABL1 inhibitors. At study entry, 33%
of all patients had at least 1 cardiovascu-
lar risk factor, and the 2 deaths related to
adverse events in the 45-mg arm
occurred for patients with cardiovascular
risk factors. The overall rate of arterial
occlusive disease was 6%, with a rate of
9.6% in those on 45 mg. A starting dose
of 45 mg with response-related dose
reduction was associated with an esti-
mated 6.4 percentage-point increase in
the rate of arterial occlusive events
compared with 15 mg. However, this
was offset by a 26.3 percentage-point
improvement in the response rate by 12
months. When considering that optimal
antileukemic effects should be main-
tained while minimizing the risk of
adverse events, this benefit-to-risk data
are informative (see figure).

Despite the efficacy of ponatinib for
patients with a T315I mutation, a signifi-
cant proportion fail to respond, which is
likely related to the coexistence of other

resistance mechanisms. The OPTIC trial
provides a rich source of patient material
ripe for further investigation beyond
BCR-ABL1 mutations to better under-
stand these mechanisms and their possi-
ble connection with loss of response
upon dose reduction. Lack of patient
consent may preclude expanded studies.
However, incorporation of exploratory
analyses using new technologies, such as
next-generation sequencing, in future tri-
als involving patients with CML who have
failed prior therapy is warranted.10

Understanding genomic complexity
could provide insight for treating refrac-
tory patients in the future.
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Dopamine motivates stem
cells for reward
Owen J. Tamplin | University of Wisconsin–Madison

In this issue of Blood, Liu et al describe how dopamine produced by sympa-
thetic nerves in the bone marrow (BM) niche directly controls hematopoietic
stem and progenitor cells (HSPCs) via D2 subfamily dopamine receptors.1

The BM niche is a highly complex micro-
environment of many different coordinat-
ing cell types that support HSPCs
throughout life.2 Substantial evidence
has demonstrated that the sympathetic
nervous system innervates the BM micro-
environment and regulates hematopoie-
sis.3 Trafficking of HSPCs in and out of

the BM even follows our circadian
rhythms, with more HSPCs in circulation
during sleep.4 In this context, adrenergic
peripheral nerves control HSPCs indi-
rectly by contact with BM stromal cells.
More recently, it was shown that HSPCs
are directly regulated by the neurotrans-
mitter g-aminobutyric acid (GABA) via
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cell surface receptors, but the source of
GABA was predominantly from B cells
and not nerves.5 In the study described
in Blood, Liu et al demonstrate that
direct regulation of HSPCs can also occur
by cell surface dopamine receptors and
that dopamine-producing nerves are
near HSPCs in the niche.

Dopamine signaling is critical in the
central nervous system. It regulates
behavioral responses related to
reward, and dopamine deficiency can
lead to neurodegenerative disease.6

There are 5 dopamine receptors that
are classified as either D1 (Drd1 and -5)
or D2 type (Drd2, -3, and -4).7 After
showing that dopamine levels are high
in BM, the authors identified the dopa-
mine receptors expressed on BM cells.
They found Drd2 and Drd3 were
expressed on hematopoietic stem cells
(HSCs) and HSPCs but not on differen-
tiated hematopoietic cells. They used
Drd2 and Drd3 knockout mouse
models to determine if loss of these
dopamine receptors produced a hema-
topoietic phenotype. Single Drd2 and
Drd3 knockouts and a Drd2/3 double
knockout all had a significant decrease
in HSC and HSPC numbers. HSCs iso-
lated from Drd2/3 double-knockout
BM and transplanted into primary and
then secondary recipients showed poor
reconstitution. These transplantation
experiments demonstrated that Drd2/
3 function in HSCs is cell autonomous
and independent of global loss of
function, which could cause other sec-
ondary phenotypes in the BM.

To resolve the source of dopamine pro-
duction in the BM, Liu et al looked for
expression of tyrosine hydroxylase (TH),
which is necessary for dopamine synthe-
sis. TH was found in BM nerve fibers but
not in other stromal cell types or hemato-
poietic cells. Interestingly, analysis of
HSC distribution in the BM showed
enrichment near TH1 nerves. Ablation of
TH1 nerves using genetic tools and diph-
theria toxin reduced dopamine levels
in the BM and led to a significant
decrease in HSCs and HSPCs. The sup-
portive function of TH1 nerves in the
BM niche was further confirmed by
the lower transplantation efficiency of
wild-type lineage-negative cells when
transplanted into TH1 nerve–ablated
recipients.

An interesting aspect of studying neuro-
receptors in the hematopoietic system
is that there are already many small-
molecule modulators available for func-
tional studies. Some of these small
molecules are US Food and Drug
Administration–approved drugs that have
the potential of being repurposed for use
in the hematopoietic system, as was
shown for the GABA B receptor agonist
baclofen in a preclinical umbilical cord
blood transplantation model.5 In this
study, Liu et al used carbidopa, a drug
that inhibits the enzyme that converts
L-DOPA to dopamine, to interrogate the
function of dopamine only in tissues
peripheral to the nervous system,
because the drug does not cross the
blood-brain barrier. Consistently, carbi-
dopa treatment phenocopied Drd2/3
double-knockout mice and resulted in
reduction of HSCs and HSPCs. This was
also true for treatment of mice with the
high-affinity D2-type dopamine receptor
antagonist haloperidol. Conversely, treat-
ment of donor HSPCs with the D2-type
receptor agonist 7OH-DPAT stimulated
proliferation of wild-type but not Drd2/3
double-knockout donor cells. The agonist
7-OHDPAT was also able to rescue trans-
plantation in irradiated recipients with
reduced TH1 cells. Together these results
demonstrate that small-molecule ago-
nists and antagonists of the D2-type
receptor can have both positive and
negative effects on HSPC proliferation
and transplantation, respectively.

Next, Liu et al sought to understand the
mechanism of dopamine regulation of
HSCs and HSPCs. Drd2/3 double-
knockout HSPCs, as well as haloperidol-
treated HSPCs, had significant cell cycle
defects. Looking for a potential pathway
related to these defects in cell cycle and
proliferation, they found that ERK/MAPK
signaling was lower in Drd2/3 double-
knockout HSPCs. The authors speculated
it was unlikely these changes in ERK/
MAPK signaling occurred directly down-
stream of the G protein–coupled D2-type
dopamine receptors. Instead, they found
synergism between D2-type dopamine
receptors and the stem cell factor recep-
tor c-Kit. The authors then identified
another candidate for crosstalk between
D2-type dopamine receptors and ERK
signaling: the SFK lymphocyte protein
tyrosine kinase (Lck). Not only is Lck
expressed in HSPCs, but its messenger
RNA levels go up and down with D2-
type dopamine receptor agonism or

antagonism, respectively. Most compel-
ling was that the authors could partially
rescue loss of Drd2/3 function in double-
knockout HSPCs by overexpression of
Lck. These data begin to outline a frame-
work for D2-type dopamine receptor sig-
naling in HSPCs via regulation of Lck and
ERK and possible synergism with c-Kit
signaling.

After extensive past studies that showed
an important role for adrenergic signal-
ing in the BM niche,3 and more recently
GABA signaling,5 it is fascinating that this
new role for dopamine has emerged.
The finding that HSCs are in close prox-
imity to TH1 nerves was unexpected,
because electron microscopy data sug-
gested that nerves in the BM were in
contact only with stromal cells.3 It will be
important to learn more about how
dopamine signaling is used during
steady-state hematopoiesis and during
stress. Of particular interest will be how
dopamine signaling plays out in the BM
niche during aging, when changes in
TH1 nerves are observed.8,9 No doubt
the motivation to find out more about
dopamine signaling in the BM niche will
yield significant rewards.
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MLL-AF41 infant leukemia:
a microRNA affair
Juerg Schwaller | University of Basel Children's Hospital

In this issue of Blood, Malouf et al characterize 2 microRNAs (miRNAs) that
are effectors of malignant transformation by the MLL-AF4 fusion protein.1

Mixed lineage leukemia (MLL) gene fusions are the molecular hallmark of
infant acute lymphoblastic leukemia (ALL) and are present in tumor cells in
up to 80% of patients.2 Detection of the gene fusion in neonatal blood spots
indicates that MLL-rearranged infant ALL originates in utero. The small num-
ber of potentially cooperating genetic lesions suggests that MLL-AF4 is suffi-
cient to induce infant ALL.3 Detection of the MLL-AF4 fusion protein in
CD341/CD192 fetal hematopoietic stem or progenitor cells or in fetal cells
before hematologic specification suggests that there is a window of opportu-
nity during development for the MLL-AF4 fusion protein to immortalize
hematopoietic stem and progenitor cells (HSPCs). In an earlier study, Barrett
et al used a conditional invertor mouse line for cell-specific expression of an
Mll-AF4 fusion protein. Targeting of Mll-AF4 in early fetal HSPCs enhanced
the lymphoid potential of primed multipotent cells but was insufficient by
itself to induce leukemia.4

Malouf et al found 2 miRNAs (miR-128a,
miR-130b) that were significantly upregu-
lated in tumor cells from pediatric MLL-
AF41 ALL patients.1 MLL-AF4 binding
upstream of the miR-128a and miR-130b
transcriptional start sites suggested direct
regulation. Knockdown of miR-128a and/
or miR-130b significantly impaired prolif-
eration of human MLL-AF41 cell lines,
and inhibition of miR-130a significantly
impaired disease initiation by the pediat-
ric MLL-AF41 SEM ALL cell line in immu-
nodeficient NOD-scid IL2Rgammanull

(NSG) mice. To address the role of these
miRNAs in transformation, the investiga-
tors overexpressed them in lineage-
marker–depleted Sca11Kit1 (LSK) fetal
liver cells from targeted Mll-AF4 invertor
mice (see figure). Both miRNAs increased
the clonogenic B-cell potential of Mll-
AF41 cells. Transplantation of Mll-AF41

LSK cells virally expressing miR-128a
(pMIRH-128a) or miR-130b (pMIRH-130b)
induced a hematologic malignancy in
mice with increasing penetrance upon

propagation into secondary and tertiary
recipients. pMIRH-130b mice presented
with a mixed B-cell/myeloid malignancy,
whereas pMIRH-128a mice developed
pro–B-cell ALL. Similar to MLL-AF41

human ALL, pMIRH-128a– and pMIRH-
130b–transplanted mice showed signifi-
cant leptomeningeal tumor cell infiltra-
tion. Comparative transcriptomic analysis
of tumor cells from diseased mice
revealed the expression of several well-
known MLL-rearranged leukemia-
associated target genes, including
Meis1, Runx1 (pMIRH-128a mice),
HoxA9, Flt3 (pMIRH-130b mice), Cdk6,
and Bcl2. Knockdown experiments
showed that, although miR-128a seemed
to be critical for initiation of the disease,
miR-130b was essential for its mainte-
nance. Further transplantation experi-
ments demonstrated that lympho-
myeloid progenitors (LMPPs) allowed
the propagation of pMIRH-130b mixed
B-cell/myeloid leukemia, whereas
Lin-Sca11/2Il71Kit1 blasts maintained

pro–B-ALL disease of pMIRH-128a
mice. Malouf et al also identified sev-
eral candidate target genes that may
mediate the leukemic activity of miR-
128 (including the nuclear orphan
receptor NR2F6 gene), miR-130b, or
both (including the sphingomyelin syn-
thase 1 [SGMS1] gene). NR2F6 and
SGMS1 expression was downregulated
in tumor cells of pMIRH-128a and
pMIRH-130b mice; overexpression of
these genes decreased proliferation or
induced apoptosis of human MLL-AF41

ALL cell lines, respectively. Transplant
experiments in which miRNA knock-
down was combined with target overex-
pression suggest that induction, as well
as maintenance, of the disease pheno-
type is miRNA dependent and involves
downregulation of NR2F6 and SGMS1.
Collectively, Malouf et al identified 2
MLL-AF4–regulated and functionally rel-
evant miRNAs (miR-128a, miR-130b) tar-
geting 2 critical downstream effectors
that contribute to malignant transforma-
tion of fetal liver–derived hematopoietic
cells.

Previous studies identified several aber-
rantly expressed miRNAs in MLL-AF41

ALL. Notably, some miRNAs seem to
control expression of the MLL-AF4 fusion
protein, but no miRNA has been func-
tionally validated as a critical fusion pro-
tein downstream target.5 In addition,
being a potential ALL biomarker,
miR128a was characterized as a regulator
of stemness and differentiation of leuke-
mic cells.6 This biological activity seems
to be supported, in part, by the findings
of Malouf et al: miR-128a maintained
stemness and completely blocked the
differentiation of Mll-AF41 fetal HSPCs at
the pro–B-cell state. miR-130b has previ-
ously been linked to malignant transfor-
mation by the human T-cell leukemia
virus 1 by protecting it from apoptosis.7

Similarly, Malouf et al found that block-
ing miR-130b impaired proliferation and
induced apoptosis of human MLL-AF41

ALL cell lines.

Among multiple predicted miR-128a and
miR-130b targets that are differentially
expressed in human MLL-AF41 ALL,
Malouf et al functionally validated down-
regulation of NR2F6 and SGMS1 as
mediators of induction, as well as mainte-
nance of, Mll-AF4–driven disease. Previ-
ous studies showed that NR2F6
overexpression in murine bone marrow
cells increased colony formation, induced
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