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Mitochondria on the move:
BMSCs
fuel AML energy
----------------------------------------------------------------------------------------------------Rosa Lapalombella

THE OHIO STATE UNIVERSITY

In this issue of Blood, Marlein et al1 identify a tumor-speciﬁc NOX2-dependent
transfer of mitochondria from bone marrow stromal cells (BMSCs) to acute
myeloid leukemia (AML) cells via AML-derived tunneling nanotubes (see ﬁgure),
supporting inhibition of NOX2 as a novel therapeutic strategy in AML.

T

he treatment of AML, the most common
type of leukemia in adults, has not
improved over the past several decades, with
outcomes remaining poor and most patients

dying of relapse.2-4 The bone marrow
microenvironment, which consists of different
noncancerous, nonhematological cell types
labeled as BMSCs, plays a vital role in the

Model for NOX2-driven mitochondrial transfer from BMSCs to AML cells. Schematic representing proposed mechanism by which AML cells generates reactive oxygen species (ROS) and creates hypoxic conditions in the bone marrow
that are necessary for the mitochondrial transfer from AML cells. NOX2 expressed by AML cells generates high levels of
superoxide, which increases the oxidative stress in the BMSCs and stimulates the formation of TNTs from the membrane
of AML cells to the BMSCs. The increased oxidative state in the BMSC triggers the mitochondrial transfer from BMSCs
to AML cells, which will in turn increase mitochondria respiration and adenosine triphosphate (ATP) generations in the
AML cells. Cytochalasin (inhibitor of actin polymerization) and diphenyleneiodonium (DPI, an inhibitor of NOX2) block
mitochondrial transfer. Hydrogen peroxide (H2O2) and the chemotherapy agent daunorubicin increase mitochondrial
transfer. Professional illustration by Patrick Lane, ScEYEnce Studios.
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development and progression of AML and
contributes to chemotherapy resistance.5 This
suggests that understanding the metabolic
cross-talk between AML cells and BMSC
could give rise to more effective therapeutic
approaches directed not only at the malignant
cells but also at microenvironment in which
they live and thrive.
AML cells have an increased mitochondrial
mass compared with their normal
counterparts6 and display more robust
mitochondrial activity and higher oxygen
consumption, consistent with the ﬁnding that
AML cells are mainly dependent on oxidative
phosphorylation for survival.7 This introduces
the important question of how these extra
mitochondria arise: are they actively generated
within the AML cells or are they taken up from
neighboring cells, as suggested by earlier
studies?8 This is a fascinating and timely topic
because mitochondrial transfer from bone
marrow cells to AML cells was recently
documented as a mechanism to rescue
respiration and cell survival after exposure
to chemotherapy.9 However, the molecular
mechanisms facilitating mitochondrial transfer
and the therapeutic relevance of blocking
this process remain largely unknown.
Marlein et al present additional evidence
in support of the previously documented
mitochondrial transfer from bone marrow cells
to AML cells9 and take this concept 1 step
further by providing mechanistic evidence
for how this occurs. The authors begin by
assessing mitochondrial transfer between
patient-derived AML cells and BMSC.
They demonstrate that, unlike their normal
counterparts, AML cells uptake mitochondria
from the stromal cells under coculture
conditions in vitro. However, this is not
just an in vitro phenomenon; the authors
further conﬁrm the acquisition of murine
mitochondrial DNA but not murine genomic
DNA in patient-derived AML cells isolated
from the marrow of NOD.Cg-Prkdcscid
IL2rgtm1Wjl/SzJ (NSG) mice that had been
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engrafted with these cells. The newly acquired
mitochondria are functional and provide AML
cells with a metabolic advantage as shown by
an increase in oxidative phosphorylation and
ATP production. Although these experiments
nicely conﬁrm what has been previously shown
by others, the authors dug deeper into
the dynamic and molecular mechanisms
stimulating this transfer and their therapeutic
potential. Although mitochondrial transfer in
AML was recently described to occur via
endocytosis,9 the authors show that, in human
AML cells, this occurs primarily by direct
cytoplasmic transport through protrusions
that extend from the plasma membrane of the
AML cells called tunneling nanotubes
(TNTs). Cytochalasin B, an inhibitor of actin
polymerization, was indeed able to prevent
TNT formation and mitochondrial transfer,
further supporting this hypothesis. Through
a small pharmacological screen, the authors
found that mitochondrial transfer was
also inhibited by N-acetyl cysteine, DPI, and
glutathione, and was enhanced by H2O2 and
the hypoxia-mimetic agent cobalt chloride.
Similar to what was previously described with
cytarabine, the authors also found that the
chemotherapy agent daunorubicin increases
mitochondrial transfer. These observations led
to the hypothesis that the existence of an altered
redox state was at the basis of the mitochondrial
transfer and, ultimately, resistance to therapy.
The authors identiﬁed that coculture of
BMSC with AML cells causes a contactdependent increase of ROS and oxidative
stress in BMSC, and that this occurs in a
NOX2-dependent fashion. Interestingly,
NOX2 knockdown (NOX2 KD) via short
hairpin RNA in AML cells considerably
reduces the production of ROS in BMSC,
the BMSC-to-AML directional transfer of
mitochondria, and the basal and maximum
mitochondrial respiration in AML cells. To
evaluate the therapeutic potential of NOX2
inhibition in AML, the authors engrafted
parental or NOX2 KD AML cell lines into
NSG recipient mice. Mice transplanted with
NOX2 KD AML cells exhibited reduced
engraftment and disease progression as well
as an extended overall survival.
Overall, these results identify an oncogenic
role of active, NOX2-driven mitochondrial
transfer in AML. This study represents a
signiﬁcant step forward in the understanding of
metabolic crosstalk between AML cells and
BMSC, which offers new opportunities to
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deliver improved AML treatments alone
or in combination with current therapies.
Hopefully, the data provided by Marlein et al
will bring us closer to being able to manipulate
the AML microenvironment to the beneﬁt
of patients.
Conﬂict-of-interest disclosure: The author declares
no competing ﬁnancial interests. n

eradicates quiescent human leukemia stem cells. Cell Stem
Cell. 2013;12(3):329-341.
5. Shafat MS, Gnaneswaran B, Bowles KM, Rushworth SA.
The bone marrow microenvironment - home of the leukemic
blasts [published online ahead of print 12 March 2017].
Blood Rev. doi:10.1016/j.blre.2017.03.004.
6. Boultwood J, Fidler C, Mills KI, et al. Ampliﬁcation of
mitochondrial DNA in acute myeloid leukaemia. Br J
Haematol. 1996;95(2):426-431.

REFERENCES

7. Suganuma K, Miwa H, Imai N, et al. Energy
metabolism of leukemia cells: glycolysis versus oxidative
phosphorylation. Leuk Lymphoma. 2010;51(11):
2112-2119.

1. Marlein CR, Zaitseva L, Piddock RE, et al. NADPH
oxidase-2 derived superoxide drives mitochondrial transfer
from bone marrow stromal cells to leukemic blasts.
Blood. 2017;130(14):1649-1660.

8. Islam MN, Das SR, Emin MT, et al. Mitochondrial
transfer from bone-marrow-derived stromal cells to
pulmonary alveoli protects against acute lung injury. Nat
Med. 2012;18(5):759-765.

2. Tallman MS, Gilliland DG, Rowe JM. Drug therapy
for acute myeloid leukemia. Blood. 2005;106(4):1154-1163.

9. Moschoi R, Imbert V, Nebout M, et al. Protective
mitochondrial transfer from bone marrow stromal cells to
acute myeloid leukemic cells during chemotherapy. Blood.
2016;128(2):253-264.

3. Sriskanthadevan S, Jeyaraju DV, Chung TE, et al.
AML cells have low spare reserve capacity in their
respiratory chain that renders them susceptible to oxidative
metabolic stress. Blood. 2015;125(13):2120-2130.
4. Lagadinou ED, Sach A, Callahan K, et al. BCL-2
inhibition targets oxidative phosphorylation and selectively

DOI 10.1182/blood-2017-08-798504
© 2017 by The American Society of Hematology

l l l THROMBOSIS AND HEMOSTASIS

Comment on Kamikubo et al, page 1661

Maestro tissue factor
reaches
new hEIGHT
----------------------------------------------------------------------------------------------------Edward L. G. Pryzdial
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In this issue of Blood, Kamikubo et al broaden the already diverse tissue
factor (TF) repertoire to include activation of anti–hemophilia A clotting
factor VIII (FVIII), which ampliﬁes coagulation initiation.1

T

F is a stimulus-induced protein cofactor.
Found on the cell surface, it is best known
as the trigger of localized blood clot formation
and the keystone of the extrinsic branch of
coagulation.2 Whether clotting is initiated
or not is predominantly orchestrated by
the availability of protein cofactors, like the
initiator TF, but also includes the chorus of
amplifying cofactors FVa and FVIIIa. This
cofactor trio enhances the production of
functional clotting proteases by hundreds
of thousand fold. In this context, TF increases
the activity of FVIIa for localized proteolytic
activation of FX to FXa (see ﬁgure panel A) and
FIX to FIXa (see ﬁgure panel B).3 Once FXa
releases from the TF/FVIIa complex, it
combines with the cofactor FVa for generation
of thrombin, and FIXa combines with its
respective cofactor FVIIIa to amplify the
FXa production originated by TF/FVIIa.

Thrombin is the principal biological effector
within the coagulation pathway and escalates its
own production by activating FV and FVIII to
form FVa and FVIIIa, respectively. When
sufﬁcient thrombin accumulates to overcome
the constitutive anticoagulant threshold in
plasma, clot formation occurs.
Dissociation of the enzymatic product FXa
from the binary cofactor/protease complex,
TF/FVIIa, is relatively slow. As a constituent
of the nascent ternary complex, TF/FVIIa/FXa,
TF has an additional important cofactor
role in cell stimulation via protease-activated
receptor 2 (PAR2) (see ﬁgure panel C). This
accounts for its links to a myriad of pathologies,
including cancer,4 obesity,5 pain,6 and viral
infections,7 in addition to vascular disease. The
roles of TF taken together make it the grand
conductor of the physiological hemostatic and
inﬂammatory responses.
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