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A microRNA prevents resistance to targeted therapy in chronic

myeloid leukemia
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The treatment of chronic phase chronic myeloid leukemia
(CML) was revolutionized by the introduction of imatinib
mesylate and later generations of tyrosine kinase inhibitors
(TKIs) that potently inhibit the chimeric BCR-ABL kinase,
whose aberrant activity both defines CML and underlies its
molecular pathogenesis (1). These novel compounds helped
establish a new paradigm for cancer treatment focused on
targeted therapies that specifically inhibit the dysregulated
or hyperactive signaling kinases that frequently drive
malignant progression, a strategy which has now been
successfully applied to many other hematologic malignancies
and solid tumors. Nevertheless, many challenges still
remain in treating CML patients including selection of
best initial therapy based on patient- and disease-specific
characteristics, managing acquired resistance to therapy,
and more effectively targeting the leukemic stem cell
population to achieve better disease control and potentially
a cure. Currently, initial treatment is generally guided by
validated risk scores such as the Sokal score or the Hasford
score which predict the aggressiveness of disease, and are
determined by the patient’s age and clinical features such
as spleen size and various hematologic parameters such as
blast count and platelet count (2,3). The first generation
TKI, imatinib, is generally reserved for patients with low-
risk disease, while the second generation TKIs, bosutinib,
dasatinib, or nilotinib, are often preferred initial therapies
for patients with intermediate- or high-risk disease, though
other factors such as patient age and comorbidities and drug
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side effect profiles also inform treatment selection (4-7).
Response to treatment is assessed by monitoring BCR-ABL
transcript levels and, if these transcript levels either do not
decline as expected or begin to increase, then evaluating for
acquired mutations in BCR-ABL that are associated with
resistance to particular TKIs, which would prompt a change
in TKI therapy. This mutation profiling is epitomized by
the T3151 mutation in BCR-ABL which predicts resistance
to all TKIs except the third generation TKI, ponatinib (7-9).
Notably, molecular features such as gene expression
or microRNA profiles have not been included in risk
stratification, therapeutic resistance profiling, or treatment
selection, though emerging research shows their great
potential in both CML and other malignancies.

A rapidly expanding literature on the contributions of
microRNAs to the development and progression of myeloid
malignancies, including CML and acute myeloid leukemia
(AML), continues to reveal new microRNA targets and their
pathologic mechanisms, such as recent reports demonstrating
the crucial function of miR-155 in FLT3-ITD AML (10,11).
Multiple molecular events can cause microRNA dysregulation
in myeloid malignancies, including dysregulated
microRNA processing, gene deletion or mutation, or
epigenetic alterations, all of which can have potential
consequences for disease behavior and prognosis (12).
Several studies investigating the roles of microRNAs in
CML have focused on those that regulate BCR-ABL
expression (13,14) or vice versa (15,16). Other studies have
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evaluated associations between microRNA expression
and responsiveness to TKI therapy, including one recent
publication that identified changes in miR-21 and miR-451
expression levels as predictive of TKI sensitivity in CML
patients (17).

In the recent paper published in Blood by Lin and
Rothe et al. (18), the authors perform deep sequencing
of microRNAs to find not only differential expression of
microRNAs between normal control bone marrow cells and
leukemic cells from CML patients, but they also compare
differential expression in CML patients who responded to
TKI therapy (“responders”) and those who did not (“non-
responders”) with the goal of identifying microRNAs as
both predictive biomarkers of TKI sensitivity and to help
elucidate potential microRNA-mediated mechanisms of
TKI resistance for possible therapeutic exploitation. Here,
and throughout most of their experiments involving patient
samples, they utilized CD34+ cells, enriched for immature
leukemic stem cells—rather than bulk leukemic cells—as
their aim is to uncover mechanisms of TKI resistance in
this particular population which is most often treatment-
refractory (19). Using this strategy, they identify miR-185
as having lower expression levels in TKI-non-responders
compared to TKI-responders, which they go on to confirm
in additional cohorts of 22 retrospective CML patients
and 58 prospective CML patients. To investigate the
possible role of miR-185 in mediating TKI sensitivity, they
demonstrate that CD34+ cells from TKI-non-responding
patients have increased sensitivity to TKIs in 7z vitro colony
forming assays when transduced with miR-185 compared to
empty vector transduction. They further show that ectopic
expression of miR-185 enhances TKI sensitivity in xenograft
models using the human CML cell line BV173 and patient
samples from TKI-non-responders, which resulted in
decreased disease burden and improved survival of recipient
mice. Using gene set enrichment analysis, they identified
differences in oxidative phosphorylation and reactive
oxygen species (ROS) pathways between non-responders
and responders suggesting an association between metabolic
perturbations and TKI resistance. With inversely correlated
gene expression profiling they found PAKG6 as a potential
target gene of miR-185 that has increased expression in
TKI-non-responders, and which appears to mediate TKI
resistance through enhanced MAPK signaling. Finally,
they show that combined inhibition of PAK6 with PF-
3758309 and BCR-ABL with first and second generation
TKIs results in reduced mitochondrial activity and ROS
production as well as decreased leukemic cell viability and
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colony formation. Thus, they conclude that reduced levels
of miR-185 can be used to predict which CML patients are
likely to have substandard responses to TKI therapy and
that this TKI resistance can be potentially overcome by
simultaneous inhibition of PAK6, whose oncogenic activity
is derepressed in the setting of low miR-185 levels (Figure I).

In this study the authors’ use of CML patient samples and
their correlation of patient outcomes with novel molecular
findings exemplify the goals of translational research
and the “bedside to bench and back again” approach. By
examining microRNA levels in the samples of more than 80
CML patients they were able to identify reduced miR-185
expression as a biomarker of inadequate response to TKI
therapy and further to show in in vitro assays and in vivo
xenograft models that restored expression of miR-185 can
confer enhanced TKI sensitivity. Thus, their findings are
not only predictive of treatment response but help elucidate
a novel mechanism of TKI resistance, which involves miR-
185-dependent regulation of the serine/threonine kinase
PAK6 and dysregulated mitochondrial activity and ROS
production, such that pharmacologic inhibition of PAK6
can cooperatively inhibit leukemic cell growth and survival
with traditional TKIs in otherwise TKI-resistant cells.
There are a number of details in the authors’ proposed
model of a miR-185-PAK6-mitochondrial dysregulation
axis that remained to be fully characterized. That CML
cells—especially those exhibiting therapy resistance—might
have enhanced or dysregulated mitochondrial oxidative
phosphorylation and ROS production is not necessarily
surprising, and there may be other contributing factors
to these metabolic aberrancies besides enhanced PAKG6
activity, which might also represent potential targetable
mechanisms of TKI resistance. Further, it is unclear how
PAKG influences mitochondrial activity in this setting. The
authors’ emphasis on leukemic stem cells and consistent
use of CD34+ cells from patient samples represents another
strength of this paper, as this immature population has
long been associated with therapy resistance both in CML
and other myeloid malignancies (19). However, the role of
the tumor microenvironment and bone marrow niche in
mediating therapy resistance in hematologic malignancies
is becoming increasingly more appreciated (20-22), and
in vitro assays and in vivo xenograft models designed to
explore cell intrinsic mechanisms of TKI resistance such
as differential microRNA expression can unfortunately
ignore cell extrinsic phenomena such as microenvironment
interactions. Patient samples can obviously provide a wealth
of relevant information about coding and non-coding gene
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Figure 1 Sensitivity to tyrosine kinase inhibitors in CML patients is regulated by a miR-185-PAK6-mitochondrial activity axis. CML

patients who do not respond to tyrosine kinase inhibitors (TKIs) have decreased miR-185 and increased expression of the miR-185 target

PAKG6 which regulates mitochondrial oxidative phosphorylation (Oxphos) and reactive oxygen species (ROS) production. Ectopic expression

of miR-185 can restore TKI sensitivity in resistant CML cell lines and patient samples from TKI-non-responders. Combined pharmacologic

inhibition of BCR-ABL and PAKG results in reduced leukemic cell viability as well as decreased mitochondrial activity and ROS production.

expression profiles but are understandably limited as models
for evaluating microenvironment interactions. Finally, it
would be interesting to know what mechanisms exist for
determining the differential expression of miR-185 in
different CML patients; somewhat counterintuitively, the
authors show that inhibition of BCR-ABL with TKIs can
increase miR-185 expression, suggesting that BCR-ABL
activity could be perhaps one of several factors contributing
to suppressed miR-185 levels that would be at least partly
relieved by TKI therapy.

Chronic phase CML can at first appear to be a fairly
homogenous disease defined by the translocation t(9;22)
that produces the oncogenic fusion protein BCR-ABL
kinase, however the clinically observed differences in TKI
sensitivity strongly suggest the existence of significant
molecular heterogeneity that determine the disease’s
behavior and response to therapy in individual cases. As
we learn increasingly more about the role of microRNAs
in various hematologic malignancies and solid tumors, we
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are finding that microRNAs and other non-coding RNAs
are crucial contributors to this molecular heterogeneity
in cancers, and accordingly, they hold great value for
prognosis and predicting responses to available therapies,
as well as revealing potential targets for new treatments or
overcoming resistance to old ones. For example, with regard
to CML, one could envision in the near future the inclusion
of microRNA profiling into risk assessment scores such
as a modified Sokal score for the selection of best initial
treatment at diagnosis, or being used to determine which
patients might benefit from the addition of other inhibitors
to standard TKI therapy. Many questions remain, however,
such as the links between microRNAs and regulation of
cellular metabolic processes, particularly in key populations
such as cancer stem cells or cancer cells that acquire
metastatic potential. Also unclear are the mechanisms by
which key microRNAs become dysregulated and what
role tumor microenvironment interactions might play
in determining microRNA function. Additionally, while
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this paper introduces miR-185 as a mediator of inherent
resistance to TKI therapy present at the time of diagnosis
and persisting for at least three months after initiation of
therapy, it will be important to explore microRNA profiles
in patients who acquire therapy resistance and lose TKI
sensitivity over time or who transition into the accelerated
phase of disease or into blast crisis, particularly in those
cases that do not harbor acquired resistance mutations
in the BCR-ABL gene. A thorough study of the clonal
evolution of resistant subpopulations could potentially
yield important insights into the dynamics of microRNA
expression and the selection pressures that define the
regulation of their function in malignant progression.
Finally, as more data accumulates on the role of microRNAs
in the pathogenesis of myeloid malignancies, it will be
interesting to see what similarities and differences exist
in the microRNA landscapes of CML and AML which
might have potential therapeutic implications for both
diseases. Especially within the broad genetic and epigenetic
heterogeneity of AML, it will be important to observe any
emerging patterns of microRNA expression and function
that may reveal common therapeutic resistance mechanisms
or even potential new targets that may lead to novel
treatment strategies for patients with myeloid malignancies.
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