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Despite the success of tyrosine kinase inhibitor (TKI) therapy in chronic myelogenous leukemia (CML),
leukemic stem/progenitor cells remain detectable even in the state of deep molecular remission. Mechanisms
that allow them to persist despite continued kinase inhibition remain unclear. We have previously shown that
prolonged exposure to imatinib mesylate (IM) results in dysregulation of Akt/Erk 1/2 signaling, upregulation of
miR-181a, enhanced adhesiveness, and resistance to high IM. To characterize the molecular basis and re-
versibility of those effects, we applied gene and protein expression analysis, quantitative phosphoproteomics,
and direct miR-181a inhibition to our cellular model of CML cells subjected to prolonged exposure to IM.
Those cells demonstrated upregulation of pluripotency markers (SOX2, SALL4) and adhesion receptors (CD44,
VLA-4, CXCR4), as well as downregulation of Hippo signaling and upregulation of transcription coactivator
YAP. Furthermore, inhibition of miR-181a using a microRNA sponge inhibitor resulted in decreased tran-
scription of SOX2 and SALL4, decreased activation of YAP, and increased sensitivity to IM. Our findings
indicate that long-term exposure to IM results in dysregulation of stem cell renewal–regulatory Hippo/YAP
signaling, acquisition of expression of stem cell markers and that experimental interference with YAP activity
may help to restore chemosensitivity to TKI.
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Introduction

In the last decade, the use of tyrosine kinase inhibitor
(TKI)-based therapy for the treatment of BCR-ABL1-

dependent chronic myelogenous leukemia (CML) redefined
this disease from recalcitrant cancer to a manageable, chronic
disorder with life expectancy approaching that of the general

population [1]. In the randomized CML-Study IV,
progression-free and overall survival rates, after 10 years of
treatment with imatinib mesylate (IM), reached 82% and
84%, respectively [2]. However, IM treatment requires con-
tinuous administration of the drug, with a 76% cumulative
incidence of adverse reactions at 8 years. Even though the
rate of molecular remission (MR) reaches 59–92%, leukemic
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stem/progenitor cells (LS/PCs) are still detectable in the bone
marrow of patients with deep MR defined as more than 4-log
reduction of BCR-ABL1 mRNA from a standardized baseline
[3–5]. It is, therefore, not surprising that attempts to stop TKI
treatment in patients with MR consistently show relapse rates
of about 60% within the first 6 months after TKI discontin-
uation [6,7]. These findings indicate that measurement of
BCR-ABL1 transcript levels in the peripheral blood does not
reflect eradication of the malignant clone, but also that the
long-term effects of prolonged exposure to TKI at the mo-
lecular and stem cell levels are unknown. Since patients with
CML are at present committed to life-long TKI therapy,
understanding the long-term molecular effects of TKI treat-
ment is of importance to the development of strategies to
preserve and enhance chemosensitivity to these drugs.

Primitive cells that survive chemotherapy and contribute
to tumor progression were first identified in human leukemia
in 1960. CML stem cells were the first to be characterized as
surviving in the presence of chemotherapeutics [8]. Detailed
mechanistic studies of IM on stem cell survival have shown
that BCR-ABL1-containing hematopoietic stem cells (HSCs)
can survive in the absence of Bcr-Abl1 kinase activity [5,9].
These studies suggested that persistent LS/PCs, which are
resistant to or unaffected by TKIs, may be responsible for
relapse after TKI discontinuation [10]. This issue gains
particular importance in the light of recent reports providing
evidence that TKIs not only do not eliminate LS/PCs, but
that prolonged TKI treatment may also paradoxically sup-
port their presence [11,12].

Signaling pathways that are essential for embryonic de-
velopment and adult tissue homeostasis are often dysregu-
lated in cancers. A population of rare cells termed cancer
stem cells (CSCs) or cancer-initiating cells has been con-
firmed to exist in the majority of solid or hematological
cancers. CSCs possess characteristics similar to normal stem
cells, including the capacity for self-renewal and differen-
tiation, which is thought to be responsible for sustained
cancer growth and relapse [13,14]. Mounting evidence
suggests that altered developmental signaling networks,
such as those involving JAK/STAT, TGFb, Wnt, Notch1,
and Hedgehog, play an important role in maintaining CSCs
and, thereby, the tumors themselves [15–17]. The Hippo
pathway was recently identified as a mediator of develop-
mental signals with a major role in organ homeostasis and
stem-cell self-renewal [18]. It has also been found to have a
role in carcinogenesis and CSCs biology [19,20]. More than
35 proteins have been identified in the human Hippo path-
way. Upstream regulatory proteins control Yes-associated
protein (YAP) and a transcriptional coactivator with PDZ-
binding motif (TAZ or WW Domain-Containing Tran-
scription Regulator 1 (WWTR1)) activity. This occurs
through the regulation of the core kinase module, which
consists of mammalian STE20-like protein kinase 1/2
(Mst1), Salvador homologue 1 (Sav1), Mob kinase activator
1A (Mob1A/B), and large tumor suppressor 1/2 (Lats1/2).
Alternatively, upstream components, including tight/adherens
junction proteins, members of the 14-3-3 family, scribble, or
a catenin, can act directly on YAP and/or TAZ.

MicroRNAs are a class of small, noncoding RNAs about 22
nucleotides in length that are involved in the control of mRNA
transcript stability [21]. Among 100 different miRNAs ex-
pressed in the hematopoietic system, the miR-181 family is

the most highly conserved and the most preferentially ex-
pressed [22,23]. It includes six members encoded by three
independent paralog precursors located on three separate
chromosomes. The mature forms of miR-181a-1, miR-181a-
2, miR-181b-1, and miR-181b-2 are identical. Together with
miR-181c and miR-181d, they share the same 5¢ seed se-
quence of 5¢-AACAUUCA(A/U)(C/U)GCUGUCGGUG(A/
G)GU-3¢, indicating a high degree of functional redundancy
between the members of the family. miR-181, which is
strongly expressed in the thymus, is involved in T cell de-
velopment, differentiation, and metabolic regulation [24–
26]. It is also upregulated in mature B lymphocytes, sug-
gesting a role in their differentiation [22]. Interestingly,
miR-181 expression was also detected in lineage markers
negative, undifferentiated progenitor cells [22], and in CD34+

cells, where it is involved in the inhibition of differentiation
[27]. The miR-181 family also plays a significant role in the
enhancement of OCT4, SOX2, and KLF4-driven repro-
gramming and promotion of pluripotency [28], consistent
with its engagement in stem cell renewal and maintenance.
These findings are consistent with our observations made
using IM-resistant CML cells that were generated by pro-
longed exposure to IM. Microarray analysis of these cells
showed significant upregulation of miR-181a that correlated
with increased levels of NANOG and SOX2 [29]. However,
the mechanism that links upregulation of miR-181a to in-
creased expression of stem cell markers and IM resistance is
unclear. In this study, we present evidence that long-term
exposure to IM, while leading to a significant downregulation
of Bcr-Abl1 protein level and its activity, results in inacti-
vation of the Hippo pathway kinase module and upregulation
of YAP, and that these changes correlate with increased ex-
pression of stem cell markers and acquired insensitivity to
IM. Our observations are in agreement with a recent report
showing increased levels of miR-181a in the plasma of CML
patients who discontinued IM (STOP-IM group) [30]. In the
present studies, we have observed that inhibition of miR-181a
resulted in a decrease in YAP levels, an increase in its
phosphorylation, and a modest but statistically significant
increase in sensitivity to IM. Based on these data, we spec-
ulate that downregulation of the Hippo signaling kinase
module and upregulation of YAP represents a new mecha-
nism involved in maintenance of the LS/PC phenotype and
leukemia recurrence after TKI discontinuation.

Materials and Methods

Cell lines and cell culture

The human chronic myeloid leukemia (CML) K562 cell
line and its IM-resistant counterpart, clone K562-STI-R,
were grown at 37�C, 5% CO2 in RPMI 1640 medium
(HyClone) supplemented with 10% fetal bovine serum
(Corning cellgro) and 2 mM GlutaMAX (Gibco). The K562-
STI-R cell line was established by culture in incremental
concentrations of IM (Cayman Chemicals). The adhesive
phenotype of these cells was originally noted at around the
20th passage. All experiments were performed on cells
maintained for 60–75 passages in the presence of 0.6 mM
IM. Adherent cells were grown to achieve no more than
70% confluency. About 70–80% of K562-STI-R cells re-
main adherent at any given time [29]. Cells in a logarithmic
growth phase were used for all experiments. For IM
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sensitivity experiments, cells were grown in 1, 10, 25, 50, or
100 mM IM. The number of apoptotic cells was evaluated by
FACS using the Annexin V-FITC Early Apoptosis Detec-
tion Kit (#6592) from Cell Signaling Technology. Cell
number was determined by counting in a hemocytometer
using Trypan Blue dye exclusion.

Potassium EDTA-anticoagulated bone marrow cells were
obtained from patients before initiation of IM therapy.
CD34+ cell-enriched populations were isolated before
cryopreservation using the MicroBeads-Based Kit from
Miltenyi (>85% purity). Informed consent was obtained in
accordance with the Declaration of Helsinki and procedures
were approved by the Institutional Research Board of the
Rhode Island Hospital. For suspension cultures: CD34+ cells
were suspended in StemSpan Serum-Free Expansion Med-
ium (SFEM II) supplemented with 10 ng/mL GM-CSF,
10 ng/mL G-CSF, 100 ng/mL SCF, 50 ng/mL LIF, 100 ng/
mL MIP-1a, and 10 ng/mL hIL-6 (Stem Cell Technologies).
A total of 5 · 104cells was then added to each well of a 24-well
plate with or without 5mM IM. Viable cell numbers were
determined after 1 week of incubation by hemocytometer
counts of Trypan Blue-excluding cells. For in vitro colony
assays: 2 · 103 CD34+ cells were plated in quadruplicate in
methylcellulose-based medium with recombinant cytokines
SCF, IL-3, EPO, and GM-CSF (H4434; Stem Cell Technolo-
gies) in the presence or absence of 5mM of IM. Colonies de-
rived from burst-forming units erythroid (BFU-E), multilineage
granulopoietic, erythroid, macrophage, and megakaryo-
cytic colony-forming units (CFU-GEMM), granulocyte–
macrophage colony-forming units (CFU-GM), and macrophage
colony-forming units (CFU-M) were scored in situ after
14 days of incubation using an inverted microscope.

Immunophenotyping

Cell samples were analyzed by FACS using a LSRII flow
cytometer (Becton Dickinson). Data were analyzed with
FACSDiva software v8.0 and FlowJo v10.1. Cell viability
was assessed by Trypan Blue dye exclusion. In no case did
apoptosis for either the K562 or K562-STI-R cells exceed
5%. The percentage of CML CD34+ cells cultured for 1 week
in the presence of 5mM IM undergoing apoptosis was 39%.
The following antibodies were used: human CD49d (9F10)
APC, mouse/human CD44 (IM7) FITC, human NOTCH1
(MHN1-519) PE, human CD184 (12G5) PE, human CD34
(561) FITC (BioLegend), human CD133/1 (AC133) PE, hu-
man CD44 (DB105) APC, human CD24 (32D12) APC, and
human CD34 (AC136) FITC (Miltenyi Biotec, Inc.). Isotype
controls included mouse IgG1, k (MOPC-21) APC, rat
IgG2b, k (RTK4530) FITC, mouse IgG1, k (MOPC-21) PE,
mouse IgG2a, k (MOPC-173) PE, mouse IgG2a, k (MOPC-
173) FITC (BioLegend), and mouse IgG2a (S43.10) FITC
(Miltenyi Biotec, Inc.). Unstained cells, isotype controls, and
single-stained controls were used to determine gating.

Quantitative RT-PCR analysis

Total RNA from human K562 or K562-STI-R cells was
purified using an RNeasy Mini Kit (Qiagen GmbH). Residual
DNA was removed by on-column DNase I treatment (Qiagen
GmbH). The iScript Advanced cDNA Synthesis Kit from
Bio-Rad was used for reverse transcription according to the
manufacturer’s protocol. Relative levels of RNA were mea-

sured by quantitative real-time PCR using the C1000�
Thermal Cycler with CFX96� Real-Time System (Bio-Rad)
following the SsoAdvanced� Universal SYBR� Green
Supermix and Bio-Rad gene expression assay protocol. The
following primers were designed for transcript quantification:

ABI1: For: 5¢CTGGCACACTGTCGAGAACAA3¢ and
Rev: 5¢CTTGGCGGTTTCTGAGTAGGA3¢;

SALL4: 5¢AGCACATCAACTCGGAGGAG3¢ and Rev:
5¢CATTCCCTGGGTGGTTCACTG¢3¢;

TDGF1: 5¢TTTGAACTGGGATTAGTTGCCG3¢ and Rev:
5¢GGGGCCAAATGCTGTCATCT3¢;

DNMT3B: For: 5¢AGGGAAGACTCGATCCTCGTC3¢ and
Rev: 5¢GTGTGTAGCTTAGCAGACTGG3¢;

TAL1: For: 5¢AGCCGGATGCCTTCCCTAT3¢ and Rev:
5¢GGGACCATCAGTAATCTCCATCT3¢;

RUNX1: For: 5¢CTGCCCATCGCTTTCAAGGT3¢ and
Rev: 5¢GCCGAGTAGTTTTCATCATTGCC3¢;

SOX2: For: 5¢GCCGAGTGGAAACTTTTGTCG3¢ and
Rev: 5¢GGCAGCGTGTACTTATCCTTCT3¢;

NANOG: For: 5¢TTTGTGGGCCTGAAGAAAACT3¢ and
Rev: 5¢AGGGCTGTCCTGAATAAGCAG3¢;

CITED2: For: 5¢CCTAATGGGCGAGCACATACA3¢ and
Rev: 5¢GGGGTAGGGGTGATGGTTGA3¢;

POU5F1: For: 5¢GACAGGGGGAGGGGAGGAGCTAG
G3¢ and Rev: 5¢CTTCCCTCCAACCAGTTGCCCCAAAC3¢;

AREG: For: 5¢GTGGTGCTGTCGCTCTTGATA3¢ and
Rev: 5¢CCCCAGAAAATGGTTCACGCT3¢;

BIRC5: For: 5¢AGGACCACCGCATCTCTACAT3¢ and
Rev: 5¢AAGTCTGGCTCGTTCTCAGTG3¢;

CTGF: For: 5¢CAGCATGGACGTTCGTCTG3¢ and Rev:
5¢AACCACGGTTTGGTCCTTGG3¢;

STAT3: For: 5¢CAGCAGCTTGACACACGGTA3¢ and
Rev: 5¢AAACACCAAAGTGGCATGTGA3¢;

YAP1: For: 5¢TAGCCCTGCGTAGCCAGTTA3¢ and Rev:
5¢TCATGCTTAGTCCACTGTCTGT3¢;

WWTR1: For: 5¢GATCCTGCCGGAGTCTTTCTT3¢ and
Rev: 5¢CACGTCGTAGGACTGCTGG3¢;

NOTCH1: For: 5¢GAGGCGTGGCAGACTATGC3¢ and
Rev: 5¢CTTGTACTCCGTCAGCGTGA3¢’;

CD44: For: 5¢CTGCCGCTTTGCAGGTGTA3¢ and Rev:
5¢CATTGTGGGCAAGGTGCTATT3¢;

S18: For: 5¢GGGCGGAGATATGCTCATGTG3¢ and Rev:
5¢TCTGGGATCTTGTACTGTCGT3¢;

ACTB: For: 5¢CATGTACGTTGCTATCCAGGC3¢ and
Rev: 5¢CTCCTTAATGTCACGCACGAT3¢;

GAPDH: For: 5¢TCATTGACCTCAACTACATGGTTT3¢
and Rev: 5¢GGCATGGACTGTGGTCATGAGTC3¢.

All primers were purchased from IDT DNA. Results were
normalized to the level of human ACTB, S18, or GAPDH.
Human miR-181a, RNU19, and RNU6B were amplified
using TaqMan Universal PCR Master Mix and miR-181a-
specific and control TaqMan probes (Applied Biosystems by
Life Technologies) [29]. Relative quantitation of gene ex-
pression was evaluated by CFX96 Real-Time System (Bio-
Rad). Results were evaluated using Bio-Rad CFX manager.

Phosphopeptide enrichment and LC-MS/MS analysis

K562 or K452-STI-R cells in a logarithmic growth phase
were harvested (five independently revived and grown cellular
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clones per cell line) and lysed (8 M urea, 1 mM sodium or-
thovanadate, 20 mM HEPES, 2.5 mM sodium pyrophosphate,
1 mM b-glycerophosphate, pH 8.0, 20 min, 4�C), sonicated,
and cleared by centrifugation (14,000 g, 15 min, 4�C). Protein
concentration was measured (Pierce BCA Protein Assay;
Thermo Fisher Scientific) and a total of 100mg of protein per
sample was subjected to trypsin digestion. The tryptic digested
peptides were lyophilized and phosphopeptide enrichment was
done using Titansphere Phos-TiO tips (GL Sciences) follow-
ing the manufacturer’s protocol with minor modifications.
LC-MS/MS was performed on a fully automated proteomic
technology platform [31]. Experiments were performed with
an Agilent 1200 Series Quaternary HPLC system (Agilent
Technologies) connected to a Q Exactive Plus Mass Spectro-
meter (Thermo Fisher Scientific).

Bioinformatics analysis

Peptide spectrum matching of MS/MS spectra of each file
was searched against a human-specific database (UniProt;
downloaded 2/1/2013) using MASCOT v. 2.4 (Matrix Science
Ltd.). A concatenated database containing 144,156 ‘‘target’’
and ‘‘decoy’’ sequences was employed to estimate the false
discovery rate (FDR). Msconvert from ProteoWizard (v.
3.0.5047), using default parameters and with the MS2Deiso-
tope filter on, was employed to create peak lists for Mascot.
Search parameters permitted variable modification of methio-
nine oxidation (+15.9949 Da), and static modification of car-
bamidomethylation (+57.0215 Da) on cysteine. To identify the
phosphoresidues’ additional variable modification of phos-
phorylation (+79.9663 Da) on serine, threonine and tyrosine
residues were included. Peptide assignments from the database
search were filtered down to 1% FDR by a logistic spectral
score, as previously described [32,33]. To validate the position
of the phosphorylation sites, the Ascore algorithm [34] was
applied and the reported phosphorylation site position reflected
the top Ascore prediction.

Relative quantitation of the phosphopeptides

Relative quantitation of phosphopeptide abundance was
performed through calculation of selected ion chromato-
gram (SIC) peak areas. Retention time alignment of indi-
vidual replicate analyses was performed as previously
described [35]. SIC peak areas were determined for every
phosphopeptide that was identified by MS/MS. In the case
of a missing MS/MS for a particular peptide in a particular
replicate, the SIC peak area was calculated according to the
peptide’s isolated mass and retention time calculated from
retention time alignment. A minimum SIC peak area equiv-

alent to the typical spectral noise level of 1,000 was required
of all data reported for label-free quantitation. Individual SIC
peak areas were normalized to the peak area of the standard
phosphopeptide DRVpYHPF that was added before phos-
phopeptide enrichment and reversed-phase elution into the
mass spectrometer.

Proteomic result data analysis

Functional analysis of phosphoproteomics data was per-
formed using MetaCore� software suite. Volcano plot was
calculated from the log 2 of the ratio of the fold change of
each peptide peak area compared with the natural log of the
q-value of each peptide.

Immunoblotting and immunofluorescence

Whole cell lysates were used in all experiments. Protein
levels were equalized based on b-actin protein level. Wes-
tern blotting was performed as described previously [29].
The following antibodies were used: rabbit polyclonal anti-
Abi-1 #NB100-59845 (Novus Biologicals), mouse mono-
clonal anti-Abi-1 #D147-3 (MBL International Corporation),
mouse monoclonal anti-SSH3BP1 [4E2] #ab11222 (Abcam),
Mouse monoclonal anti-Abi1 (clone 2G8) unpublished (kind
gift from L. Kotula, Upstate Medical University in Syracuse,
NY), mouse monoclonal anti-c-Abl #OP20 (Calbiochem/
Millipore), rabbit monoclonal phospho-anti-c-Abl (Tyr412) #
2865, rabbit polyclonal anti-Mst1 #3682, rabbit monoclonal
anti-Sav1 #13301, rabbit monoclonal anti-Lats1 #3477, rabbit
monoclonal anti-Mob1 #13730, rabbit monoclonal phospho-
anti-YAP(S127) #1308, rabbit monoclonal phospho-anti-
YAP(S397) #13619, mouse monoclonal anti-CrkL #3182, and
rabbit polyclonal anti-phospho-CrkL (Tyr207) #3181 were
from Cell Signaling Technology. Rabbit monoclonal anti-YAP/
TAZ was from Abcam #ab52771. Mouse monoclonal anti-b-
actin #A1978 was from Sigma-Aldrich. Peroxidase-conjugated
AffiniPure goat anti-rabbit (H+L) and goat anti-mouse (H+L)
were from Jackson ImmunoResearch Laboratories, Inc. Im-
munofluorescence was performed as described [36]; rabbit
monoclonal anti-YAP/TAZ #ab52771 followed by goat anti-
rabbit conjugated with AlexaFluor 555 were used, phalloidin
conjugated with AlexaFluor 555 was used to visualize F-actin
(Invitrogen). Confocal images were acquired with a Nikon
C1si confocal (Nikon, Inc.) using diode lasers 402, 488, and
561. Serial optical sections were performed with EZ-C1
software (Nikon, Inc.). Z series sections were collected at
0.2 mm with a 60 · PlanApo objective and scan zoom of 2.
Images were processed and projected in Elements software
(Nikon, Inc.).

‰

FIG. 1. NOTCH1, STAT3, and CD44 expression in hematopoietic progenitor cells obtained from CML patients. (A)
Affymetrix Human Genome U219 Array results for NOTCH1, STAT3, CD44 expression were analyzed. Analyses were carried
out on CD34+ cells obtained from the bone marrow of CML patients at diagnosis (n = 6, pre-IM) and 1 week after the initiation
of therapy (n = 6, post-IM; top three panels), and at diagnosis (n = 9, pre-IM), and 4 weeks after initiation of therapy (n = 9,
post-IM; lower three panels). The following probe sets were evaluated using the deposited GEO GSE12211 and GSE33075
databases (GPL571 and GPL570 platforms, respectively). The status of expression of probes 218902_at for NOTCH1,
208991_at for STAT3, and 204489_s_at for CD44 is presented as interquartile range and median of normalized, log-
transformed raw data. P-values are denoted on the graphs. (B) Hematopoietic progenitor cells were obtained from CML
patients (n = 3) before initiation of TKI therapy. NOTCH1, STAT3, and CD44 expression was determined on CML CD34+ cells
cultured with or without 5mM IM for 1 week. Normalized expression relative to ACTB expressed as fold change, is presented.
Samples were cultured and run in triplicate **P < 0.01. CML, chronic myelogenous leukemia; IM, imatinib mesylate.
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MicroRNA sponge design

To construct the miR-181a sponge, oligonucleotides were
designed to contain two miR-181a binding sites. Each binding
site was composed of a 22-nucleotide long sequence comple-
mentary to the sequence of miR-181a. Each binding site con-
tained a central mismatch at positions 11–14, in which the
nucleotide at position 14 was deleted. The two miR-181a binding
sites were separated by a sequence of four nucleotides (AATT).
Control sponges were designed to have a scrambled sequence at
positions 3–8, the region that corresponds to the miR-181a seed
sequence. Sense and antisense oligomers were synthesized,
PAGE purified at a 100 nmol scale, and phosphorylated at the 5¢
ends. The oligomers had overhangs compatible with the restric-
tion endonuclease SanDI. Complementary oligomer pairs were
mixed in a 1:1 ratio and annealed. T4 ligase was used for olig-
omer duplexes ligation into multimers. Empty pcDNA3-SanDI
or pcDNA3-SanDI-GFP mammalian expression vectors (kind
gift from Dr. Kluiver, University Medical Center, The Neth-
erlands) were digested with SanDI restriction endonuclease
and dephosphorylated with alkaline phosphatase (Fermentas).
T4 Ligase (New England BioLabs, Inc.) was used to ligate the
multimers into the pcDNA3-SanDI or pcDNA3-SanDI-GFP.
The number of oligomers ligated into the expression vector
was verified in a digestion reaction using EcoRI and BamHI
restriction endonucleases. Vectors containing 8, 6, and 4
oligomer duplexes for control or miR-181a sponge (16-, 12-,
8-mers) were sequenced and tested for the effect on miR-181a.
Vectors containing octamer control or octamer miR-181a
sponge were selected for subsequent experiments.

Electroporation

Vectors used for electroporation were purified using the
EndoFree Plasmid Maxi Kit (Qiagen GmbH). DNA purity
and integrity were determined spectroscopically (OD260nm/
OD280nm = 1.90–2.0), (OD260nm/OD230nm > 2.00). DNA elec-
troporation was performed with Neon� Transfection System
(Life Technology) according to optimized manufacturer’s
instruction. After electroporation, cells were seeded into 10-
cm plates with 10 mL of prewarmed RPMI 1640 containing
IM and incubated at 37�C in a humidified CO2 incubator
for the next 24 h.

Statistical analyses

We performed statistical analyses using two-tailed unpaired
Student’s t-test. We considered values of P < 0.05 to be sta-
tistically significant (*P < 0.05, **P < 0.01, and ***P < 0.001).
For phosphoproteomic analyses P-values were calculated from
five replicates. To select phosphopeptides that show statisti-
cally significant change in abundance between K562-STI-R
cells and K562 cell lines, two-tailed unpaired Student’s t-test
and q-values for multiple hypothesis tests were calculated
based on the determined P-values using the R package
QVALUE as previously described [37].

Results

Exposure to IM results in increased expression
of stem cell markers and acquired insensitivity to IM

Recent reports suggest that TKI therapy not only fails to
eliminate LS/PCs, but that it may also actually support their

presence and contribute to upregulation of certain stem cell
markers [11,12]. To determine the effect of IM on the genes
that are associated with the stem cell and CSC phenotypes
(SALL4, OCT4, SOX2, NANOG, CD44, CD133, and
STAT3), we analyzed published microarray data that had
examined gene expression in CML CD34+ cells isolated
from the bone marrow at diagnosis and after IM initiation.
Two data sets were analyzed: NCBI/GEO/GSE12211, in-
cludes data on six patients from whom samples were ob-
tained before IM initiation, and six patients from whom
samples were obtained 7 days after IM initiation [38];
NCBI/GEO/GSE33075, includes nine patients from whom
samples were obtained before IM initiation and nine patients
from whom samples were obtained 4 weeks after imatinib
initiation [39]. In both studies, patients received a standard
IM daily dose of 400 mg. Our analysis of these data (Fig. 1A)
showed a significant increase in transcripts for NOTCH1,
STAT3, and CD44 1 and 4 weeks following initiation of IM
therapy. This suggested that both short and prolonged expo-
sure to IM may result in upregulation of gene transcripts
associated with the CSC phenotype.

We also assessed the direct effect of IM on the expression
of NOTCH1, STAT3, and CD44 in the CML CD34+ cells
isolated from the bone marrow of CML patients prior ini-
tiation of IM therapy and cultured in vitro for 1 week in
5 mM IM in serum-free expansion medium supplemented
with cytokines. The presence of 5 mM of IM for 1 week
resulted in a five-fold decrease in CML CD34+ cell number
(Supplementary Fig. S1A; Supplementary Data are available
online at www.liebertpub.com/scd) and a five-fold decrease
in the colony formation capacity of CML CD34+ cells
(Supplementary Fig. S1B). Thirty-nine percent of surviv-
ing CML CD34+ cells were apoptotic. These observations
are in line with previously described findings [5,40,41].
One week-long exposure to IM also resulted in increased
expression of NOTCH1 (Fig. 1B), in agreement with find-
ings presented on Fig. 1A. Notably, transcript levels of
STAT3 remained unaffected, whereas mRNA levels of
CD44 were significantly reduced (Fig. 1B). These data
indicate that exposure to IM may directly affect expression
of stem cell markers.

We extended these observations to our established cel-
lular model of long-term exposure to IM. This model, the
K562-STI-R cell line, was established by culturing K562
CML cells in concentrations of IM that were increased until
selection resulted in cells that were viable in the presence
of 10 mM IM. K562-STI-R cells were maintained in 0.6 mM
IM for 60–75 passages; 70–80% of these cells persisted in
being adherent. K562-STI-R cells display significant down-
regulation of Bcr-Abl1 protein levels and activity (Supple-
mentary Fig. S2 and also [29]). We examined the K562-STI-R
expression pattern of the pluripotency markers OCT4
(POU5F1), NANOG, SOX2, TDGF1, and DNMT3, and of
the HSC markers SALL4, CITED2 (regulators of human
hematopoiesis), and TAL1 (regulator of HSC quiescence).
ACTB, S18, and GAPDH were used as controls. Results
(Fig. 2A) showed upregulation of SOX2 and SALL4 in the
K562-STI-R cells. NANOG, CITED2, DNMT3A, and TAL1
were downregulated (Supplementary Fig. S3A, B). Since
both SOX2 and SALL4 are well-established regulators of cell
fate during development whose upregulation is associated
with maintenance of CSCs [42,43], we interpreted our data as
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FIG. 2. Stem cell markers and sensitivity to IM in K562 and IM-resistant K562-STI-R cells. (A) Expression of NANOG,
POU5F1, SOX2, CITED2, SALL4, and TAL1 was determined in K562 or IM-resistant K562-STI-R cells. Data represent
normalized expression relative to ACTB, S18, and GAPDH. Samples were run in triplicate. Representative data from three
independent analyses are shown. ***P < 0.001 (B) Expression of CD45, CD44, CXCR4, VLA-4, CD24, NOTCH1, and
CD34 was determined by FACS in K562 and K562-STI-R cells. 3D histograms and a bar graph summary of the quantitative
results are presented. Representative data from three independent analyses are shown. ***P < 0.001 (C) Coexpression of
CD44 and CD24 by FACS was determined for K562 and K562-STI-R cells. Analyses were performed in quadruplicate.
Representative data are shown. (D) FACS analyses were used to determine the percentage of apoptotic cells in a population
of K562 and K562-STI-R cells subjected to incremental concentrations of IM for 24 h. The percent Annexin V-FITC-
positive cells was determined. Representative data from three independent analyses are shown *P < 0.05.
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indicating that long-term exposure to IM may promote the
stem cell phenotype and acquisition of a CSC phenotype.

We then examined the expression of adhesion receptors
that regulate interactions between HSCs and their micro-
environment, and are associated with adhesion-mediated
drug resistance and the CSC phenotype [44]. These include
CD34, CXCR4 (C-X-C chemokine receptor type 4), VLA-4
(Very Late Antigen 4, CD49f), NOTCH1, CD44, CD24, and
CD133. We found a significant upregulation of CD44
and VLA-4, a modest increase in expression of CXCR4 and
NOTCH1, and a modest decrease in the expression of CD24
(Fig. 2B). The CD44hi/CD24low phenotype, present in the
K562-STI-R cells (Fig. 2C), is associated with the CSC
phenotype [45,46]. These results indicated that long-term
exposure to IM induces upregulation of adhesion receptors
that may contribute to an increase in adhesion.

Finally, we evaluated the sensitivity of K562-STI-R cells
to incremental concentrations of IM. K562-STI-R cells that
overexpressed genetic and surface markers associated with
stem cell potential and the adhesive phenotype showed
significant resistance to IM treatment. These cells were able
to withstand very high concentrations of the drug, with an
increase in apoptotic cells occurring only at IM concentra-
tions in excess of 25mM (Fig. 2D). These data indicate that
cells exposed to long-term IM treatment display a high
degree of resistance to IM and upregulate genetic (SOX2,
SALL4) and surface (CD44, VLA-4, CXCR4) markers as-
sociated with the stem cell phenotype.

Long-term exposure to IM results in the inhibition
of Hippo signaling kinase module and increased
YAP activity

To investigate the signaling pathways involved in the
phenotype associated with long-term exposure to IM, we
performed label-free, quantitative phosphoproteomic analysis
of K562 and K562-STI-R cells. For each cell type, a total of
five biological replicates were analyzed using LC–MS/MS
(experimental strategy presented in Supplementary Fig. S4).
Using a 1% FDR, we quantified 4,807 unique phosphopep-
tides derived from 1,559 proteins. The complete list of the
identified phosphopeptides subjected to quantitative analysis
is presented in Supplementary Table S1. The pairwise anal-
ysis of replicate peak areas indicated a high degree of

quantitative reproducibility between individual LC–MS runs
used for label-free, intensity-based quantitation. Among all
identified phosphopeptides, a total of 2,593 phosphopeptides
representing 1,175 phosphoproteins showed a statistically
significant difference between the two cell lines. Detection of
significantly altered phosphopeptides was carried out by ap-
plying Student’s t-test with a q-value correction for multiple
comparisons. A volcano plot representing the relationship
between fold change and q-value (Fig. 3A) illustrates that
among 36.9% of identified phosphopeptides with an absolute
fold change greater than 2, 88.3% of peptides showed lower
abundance in the K562-STI-R cells, whereas 11.7% showed
higher peak abundance. We performed a functional analysis
of the significantly different phosphopeptides using MetaCore
software. The top five identified pathways included cell cycle
(chromosome condensation), cytoskeleton remodeling, Erk1/
2 signaling, transport (AVP regulation of aquaporin 2), and
development (negative regulation of Hippo pathway and
positive regulation of YAP/TAZ function) (Fig. 3B). Based
on its potential role in the K562-STI-R phenotype that we
observed, we focused on the Hippo pathway.

The list of top five identified pathways-associated phos-
phopeptides that differed in abundance in the K562-STI-R cells
relative to K562 cells is presented in Table 1. In Fig. 3C, we
present a schematic outline of the Hippo cascade, with phos-
phosites identified in our phosphoproteomic analysis high-
lighted. Immunoblotting for components of the Hippo pathway
(Fig. 3D) showed significantly decreased expression levels of
Lats1, Sav1, and Mob in the IM-resistant cells. This was as-
sociated with an increase in YAP protein levels and a marked
reduction in the stoichiometry of phosphorylation of YAP on
Ser 127 and Ser 397. Evaluation of the expression levels of
YAP targets showed downregulation of AREG and BIRC5 and
upregulation of CTGF (Fig. 3E and Supplementary Fig. S5).

The human CML CD34+ samples did not disclose changes
in YAP or WWTR1 (TAZ) expression after 1 week of IM
treatment (GEO/GSE12211) [38], however an increase in
WWTR1(TAZ) transcript levels was present in CML CD34+

samples obtained after 4 weeks of IM administration (Fig. 4A)
(GEO/GSE33075) [39]. In CML CD34+ cells cultured in the
presence of 5mm of IM in vitro we observed a two-fold in-
crease in transcript levels of both YAP and WWTR1 after 1
week culture in the presence of the drug (Fig. 4B). We inter-
preted these data as indicating that exposure to IM results in

FIG. 2. (Continued).
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FIG. 3. Effect of long-term exposure to IM on the Hippo pathway and YAP. (A) Volcano plots showing fold change
versus q-value of phosphopeptide peak areas were generated. Of the 4,807 unique phosphopeptides identified, 36.9%
peptides (red in inset pie chart) showed a statistically significant (q < 0.05) difference and an absolute fold change greater
than 2 comparing the K562-STI-R cells to control K562 cells. Within this group of significantly different peptides, 88.3%
showed lower abundance in the K562-STI-R cells. (B) The five most highly scored pathways identified in K562-STI-R cells
reflect the enrichment analysis of gene IDs corresponding to the proteins for which identified phosphopeptides showed
statistically a significant (q < 0.05) fold change >2. (C) This schematic representation of Hippo/YAP cross-talk shows
phosphosites that were significantly different in K562-STI-R cells versus control K562 cells. (D) Western blot analysis was
performed on K562 and K562-STI-R whole cell lysates. Levels of Sav1, Lats1, Mob, and YAP along with phosphorylation
of YAP on Ser127 and 397 were evaluated. Data from three independent, replicate cultures of each cell line representing
three independent experiments are shown. (E) RT-PCR was performed to quantify AREG, BIRC5, and CTGF expression in
K562 and IM-resistant K562-STI-R cells. Data are presented as normalized expression relative to ACTB. Samples were run
in triplicate. Representative data from three independent analyses are shown *P < 0.05.
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FIG. 4. The effect of IM exposure on ex-
pression of YAP1 and WWTR1 (TAZ) (A)
Affymetrix Human Genome U219 Array
data were used to examine YAP1 and
WWTR1 (TAZ) transcript expression.
CD34+ cells obtained from the bone marrow
of CML patients at diagnosis (n = 6, pre-IM)
and 1 week after the initiation of therapy
(n = 6, post-IM), and at diagnosis (n = 9, pre-
IM) and 4 weeks after the initiation of therapy
(n = 9, post-IM). The following probe sets were
evaluated in GEO GSE12211 and GSE33075
213342_at for YAP1 and 202134_s_at for
WWTR (TAZ)1, expression of the probes is
presented as interquartile range and median
of normalized, log-transformed raw data. P-
values are denoted on the graphs. (B) YAP
and WWTR1 expression in CML CD34+

cells cultured in the presence of 5 mM IM
was determined. CML CD34+ cells were
obtained from the bone marrow of three
CML patients prior initiation of TKI ther-
apy. Normalized expression relative to
ACTB expressed as fold change, is pre-
sented. Samples were cultured and run in
triplicate. Representative data from three
independent analyses are shown **P < 0.01.
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inactivation of Hippo signaling and increased activation of
YAP/TAZ.

Long-term exposure to IM results in increased
levels of miR-181a in the plasma of CML patients

We have previously shown that K562 CML cells subjected
to prolonged exposure to IM exhibit a decrease in Bcr-Abl1
protein and activity while maintaining high Akt/Erk 1/2 sig-
naling, enhanced proliferation, and an adhesive phenotype
([29] and Supplementary Fig. S2). MicroRNA profiling of
these cells indicated significant downregulation of miR-663b
and -4726, and upregulation of miR-181a, -182, -183, -438a,
-513a, -847–1587, -4537, 4539, and -4690 [29]. We focused
our subsequent studies on miR-181a as miR-181 family is
the most highly conserved and the most preferentially ex-
pressed in the hematopoietic system [22,23]. To explore the
association of miR-181a upregulation with long-term ex-
posure to IM, we analyzed a published microarray data set:
GEO GSE75392; seven CML patients from STOP-IM group
and seven healthy volunteers [30]. We found that miR-181a
was significantly upregulated in plasma isolated from CML
STOP-IM group patients (Fig. 5). These data, which corre-
spond to our published findings, are consistent with an as-
sociation of miR-181a overexpression with prolonged
exposure to IM. We, therefore, pursued studies to investi-
gate the functional significance of these changes.

Inhibition of miR-181a does not significantly affect
proliferation or apoptosis

Upregulation of one of the micro RNAs from miR-181a
family, miR-181c, was recently shown to inactivate the
Hippo pathway, leading to hyperactivation of YAP/TAZ
and chemoresistance in pancreatic cancer [47]. Interest-
ingly, upregulation of the stem cell transcription factor
SOX2 antagonizes the Hippo pathway leading to exagger-
ated YAP function [48]. The upregulation of miR-181a
and SOX2 transcripts that we observed in K562-STI-R
cells, and the positive regulation of YAP in these cells,
indicated a mechanistic relationship between these ele-
ments. To elucidate that relationship, we designed a miR-
181a sponge inhibitor according to the method established
by Kluiver et al. [49] (Fig. 6A). Effectiveness of the
sponge was evaluated by measuring the intracellular levels
of miR-181a transcript by RT-PCR. The miR-181a sponge
induced a 50% percent decrease in miR-181a transcript
levels (Fig. 6B). As we had already shown that miR-181a
targets the 3¢ untranslated region of ABI1 (positions 131–
137) [29], we quantified ABI1 transcript levels by RT-PCR.
In K562-STI-R cells expressing the miR181a sponge, we
observed a nearly 35% increase in ABI1 mRNA levels
accompanied by an increase in Abi-1 protein levels (Sup-
plementary Fig. S6A, B). To analyze the impact of miR-
181a inhibition on cell proliferation and apoptosis, we
evaluated the number of cells electroporated with a control
sponge or with the miR-181a sponge, and the percentage of
phosphatidylserine exposing early apoptotic cells at 24 h
after electroporation. We noted no significant effect of
miR-181a inhibition on proliferation or apoptosis (Fig. 6C,
D). Electroporation efficiency in K562-STI-R cells was
50–55% as evaluated by FACS (Supplementary Fig. S7).

Inhibition of miR-181a results in decreased
expression of stem cell markers SOX2
and SALL4 and negatively regulates YAP

To test the hypothesis that overexpression of miR-181a is
associated with increased expression of the SOX2 and
SALL4 stem cell markers, we evaluated the effect of miR-
181a inhibition on the transcript levels of these genes using
RT-PCR. We observed a negative effect of miR-181a in-
hibition on the expression of SOX2 and SALL4 (Fig. 7A),
with transcript levels decreased by 20% and 30%, respec-
tively, in K562-STI-R cells expressing the miR-181a
sponge. Inhibition of miR-181a had no effect on the ex-
pression of adhesion receptors measured by FACS (Fig. 7B).
Examination of the effect of miR-181a inhibition on the
Hippo pathway showed positive effect on phosphorylation
of YAP on Ser 127 and 397 and a decrease in the levels of
YAP protein (Fig. 7C). Evaluation of the effect of miR-181a
inhibition on cellular localization of YAP showed its pref-
erential nuclear and perinuclear localization in K562-STI-R
cells electroporated with control sponge, and increased cy-
toplasmic sequestration of YAP in K562-STI-R cells elec-
troporated with miR-181a sponge (Fig. 7D). No actin stress
fibers were observed in adherent K562-STIR cells and no
significant effect of the miR-181a inhibition on cell shape
and spreading was observed (Fig. 7E). Inhibition of miR-
181a was associated with downregulation of the YAP target

FIG. 5. Effect of long-term exposure to IM on levels of
miR-181a. Taqman Human MicroRNA A (Card v2.0) Array
data were used to examine miR-181a expression in unse-
lected CML patients from the STOP-IM group (n = 7) and 7
healthy volunteers (n = 7). The hsa-miR-181a-4373117 probe
set data were extracted from the GEO GSE75392 (platform
GPL13987) data set. The geometric mean of normalized,
log-transformed raw data is presented. P-value is denoted on
the graph.
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gene CTGF (Fig. 7F). We also evaluated the effect of miR-
181a inhibition on responsiveness to IM treatment. K562-
STI-R cells that expressed the miR-181a-inhibiting sponge
showed modest, but significant increase in their sensitivity to
IM treatment (Fig. 7G), indicating that inhibition of miR-
181a may at least partially restore sensitivity to IM. In sum,
these data suggest that inhibition of miR-181a can contribute
to a decrease in the expression of stem cell markers and
downregulation of YAP activity, consistent with a regulatory
function of miR-181a in Hippo/YAP signaling and, ulti-
mately, the adaptation of CML cells to tonic TKI exposure.

Discussion

It is estimated that about 40% of patients who remain on
IM for more than 5 years will achieve the status of unde-
tectable minimal residual disease (UMRD), as defined by
undetectable levels of BCR-ABL1 transcript in peripheral
blood, and that 40% of those with UMRD will remain in
MR upon TKI discontinuation [7]. However, TKI discon-
tinuation in patients with 2-year UMRD resulted in a 53%
rate of relapse within the first 4 months of stopping IM [7].
These and similar studies [6,10,50] demonstrate that TKI
therapy is not able to eradicate CML-initiating cells, and
that the measurement of BCR-ABL1 transcript levels in
peripheral blood may not be the optimal criterion for
treatment discontinuation. It is thought that rare LS/PCs that
are insensitive to TKI therapy may be the cause of relapse
[5,7]. At the same time, accumulating evidence points to a

paradoxical involvement of TKI in induction of the stem cell
phenotype and promotion of an adhesion-dependent pheno-
type [11,12,29].

We interpret our data as providing support for the
emerging concept of therapy-dependent selection for cells,
which, by upregulating certain clusters of markers typically
associated with the stem cell phenotype and cell plasticity,
are able to survive in the presence of the chemotherapeutic
insult and retain disease-initiating capacity. Several reports
that suggest chemotherapy-induced transition to a stem cell-
like state [12,47,51–54] point to the role of multidrug re-
sistance proteins, Wnt signaling, epithelial–mesenchymal
(EMT) transition, and the Hippo/YAP/TAZ pathway in the
acquisition of the chemoresistance-induced stem cell phe-
notype [47,54,55]. In this study we show that even short
exposure to IM, both in vivo and in vitro may, within a
population of CML CD34+ BM isolated cells, induce ex-
pression of genes such as NOTCH1, STAT3, or CD44. Since
the population of CD34+ cells contains both CD38- and
CD38+ fractions, a shift toward increased levels of stem cell
markers may be associated with IM-induced reduction of the
CD34+CD38+ population in favor of more primitive, IM-
insensitive CD34+CD38- cells. Regardless of whether IM
directly induces an increase in stem cell markers or spares
the population of CML stem cells, its effect of protecting
cells with a stem cell phenotype seems apparent.

In our cellular model of long-term exposure to IM, both
genetic and surface markers that are typically associated
with the stem cell-like phenotype (SOX2, SALL4, CD44,

FIG. 6. The effects of an miR-181a sponge inhibitor on IM-resistant K562-STI-R cells. (A) Schematic representation of the
miR-181a sponge and the control sponge. The central mismatch at positions 11–14 (in which the nucleotide at position 14 was
deleted) in each miRNA-binding site is shown in blue. The scrambled sequence for the control sponge is shown in red.
Overhangs compatible with the restriction endonuclease SanDI are shown in underlined, bold font. (B) RT-PCR analyses of
the levels of miR-181a in K562-STI-R cells electroporated with the control vector or that encoding the miR-181a sponge
inhibitor. Expression relative to RU19 and RU6B is shown as fold difference. Triplicate analyses representative of data from
three independent experiments are shown. ***P < 0.001 (C) FACS analyses of the percentage of apoptotic, Annexin V-FITC-
positive K562-STI-R cells electroporated with the control vector or the miR-181a sponge inhibitor. Data represent four
independent experiments. (D) K562-STI-R cells electroporated with the control vector or the miR-181a sponge inhibitor were
cultured for 24 h. Cell count was determined. Data from three independent experiments are presented.
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VLA-4, and CXCR4) are upregulated. With the goal of
identifying a molecular mechanism that may be involved
in the transition to a stem-like phenotype, we performed
unlabeled quantitative phosphoproteomics. This approach
identified the Hippo/YAP pathway as a dysregulated path-

way induced by long-term IM exposure. Comparing our data
to the published Hippo pathway interaction networks de-
termined by affinity purification mass spectrometry [56,57],
we were able to confirm dysregulation of 9 out of 52 Hippo
core interactors and 146 out of 715 Hippo pathway

FIG. 7. Effect of miR-181a on SOX2 and SALL4 expression, YAP activity, and sensitivity to IM. (A) Analysis of
expression of POU5F1, SOX2, CITED2, and SALL4 in K562-STI-R cells expressing the control sponge or the miR-181a
sponge inhibitor. Normalized expression relative to ACTB, S18, and GAPDH is presented as fold difference. Triplicate
analyses representing three independent experiments are shown. *P < 0.05 (B) Analyses of CD45, CD44, CXCR4, VLA-4,
CD24, NOTCH1, and CD34 expression by FACS in K562-STI-R expressing the control sponge or the miR-181a sponge
inhibitor. Representative data from three independent analyses are shown. (C) Western blot analysis was performed on the
whole cell lysates prepared from K562-STI-R cells expressing the control sponge or the miR-181a sponge inhibitor. Levels
of Lats1, Mob, and YAP along with phosphorylation of YAP on Ser127 and 397 were evaluated. Data from two independent
electroporation reactions using control (ctrl sp: 1, 2) and miR-181a sponge (miR-181a sp: 1, 2) are presented. The results are
representative of three independent experiments. Immunofluorescent analysis was performed to examine the cellular dis-
tribution of YAP (D) and F-actin (E). K562-STI-R cells were electroporated with GFP-tagged control sponge or miR-181a
sponge. Anti-YAP followed by secondary antibody conjugated with AlexaFluor 555 and phalloidin conjugated with
AlexaFluor 555 were used to visualize YAP and F-Actin, respectively (red), and DAPI (blue) was used to stain the nucleus.
Confocal images were acquired with a Nikon C1si confocal. Z series sections were collected at 0.2 mm with a 60 · PlanApo
objective. (F) RT-PCR analysis of AREG, BIRC5, and CTGF expression in K562-STI-R cells expressing the control sponge
or the miR-181a sponge inhibitor. Normalized expression relative to ACTB and GAPDH is presented as fold difference. The
triplicate analyses are representative of data from three independent experiments. *P < 0.05 (G) FACS analyses of the
percentage of apoptotic cells in a population of K562-STI-R cells expressing control or miR-181a sponge inhibitor sub-
jected to the incremental concentrations of IM. Cells 16 h after electroporation with vectors encoding the control sponge or
the miR-181a sponge inhibitor were cultured for 24 h in the presence of IM. The percent of Annexin V-FITC-positive cells
was determined. Representative data from three independent analyses are shown *P < 0.05.

(Continued/)
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interactors in K562-STI-R cells (Supplementary Table S2).
Having seen high levels of expression of YAP and TAZ, one
would expect YAP/TAZ target genes to be significantly
upregulated (eg, CTGF, AREG, and BIRC5 [58–60]). The
fact that we only observed increased transcript levels of
CTGF may be associated with the mechanism by which
YAP and TAZ regulate expression. Both translocate to the
nucleus and bind to sequence-specific transcription factors
TEAD1–TEAD4 and other transcription factors, such as
SMAD, RUNX, TP73, TBX5, and PAX, thus enabling the
transcription of target genes. That is, YAP/TAZ activity
depends on the presence of other transcription factors. These
other factors may be absent or inactive in IM-resistant cells.

Although we observed upregulation of NOTCH1 in CML
CD34+ cells cultured in the presence of IM in vitro, we did
not see the same trends in STAT3 or CD44 transcript levels.
These markers are clearly upregulated in CML CD34+ cells
isolated from the bone marrow after systemic treatment with
the drug. This discrepancy may indicate involvement of the
microenvironment or the bone marrow stroma in regulation
of the expression of these stem cell markers.

The Hippo pathway was first defined in Drosophila
melanogaster. It is crucial for tissue homeostasis, cell pro-
liferation, development, and stem cell renewal [61]. It has
recently been recognized to have a role in cancer and che-
moresistance [55,62]. Although the core Hippo pathway has
been characterized, the regulatory mechanisms that affect

this signaling cascade are poorly understood. Recent reports
point to a role of miR-181 in the negative regulation of
Hippo signaling resulting in hyperactivity of YAP and ac-
crual of chemoresistance [47].

The role of miR-181 in malignant hematopoiesis remains
unclear. In acute myeloid leukemia (AML), upregulation of
miR-181a was associated with a higher complete remission rate
and better survival [63,64]. In other studies, inhibition of miR-
181 family members reversed a differentiation block [65]. In
chronic lymphocytic leukemia (CLL), a decrease in miR-181a
expression is implicated in disease pathogenesis [66]. miR-181a
was also shown to be downregulated in del17p-CLL, an ultra
high-risk subtype of CLL, and upregulated in a subset of tri-
somy 12-associated CLL [67]. Conflicting results have been
reported regarding the role of miR-181a in CML. Some reports
show low levels of miR-181a in CML cells [68,69], whereas
other reports show increased levels of miR-181a in CML blast
crises [70]. Taken together, these studies support a role for miR-
181 in leukemogenesis. Inconsistencies in its reported expres-
sion levels may be a result of the genetic and cytogenetic
complexity of these malignancies as well as variation in cell
sources (peripheral blood vs. bone marrow) and cell types.

Given the significant miR-181a upregulation in plasma of
IM-exposed CML patients and in K562-STI-R cells, and the
significant increase in levels of YAP, we reasoned that this
microRNA may be involved in the regulation of Hippo
pathway activity. Indeed, direct and specific inhibition of

FIG. 7. (Continued).
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miR-181a resulted in downregulation of YAP levels along
with decreases in SOX2 and SALL4 transcripts. Furthermore,
miR-181a inhibition was associated with an increase in re-
sponsiveness to IM. However, it should be noted that the
observed effect of miR-181a inhibition, while significant,
remains relatively modest. This may reflect a high degree of
functional redundancy between the members of the family,
particularly miR-181a, -c, and -d.

In summary, our studies provide evidence that TKI
treatment, while highly efficient in eradicating BCR-ABL1-
positive progenitor cells, may be paradoxically involved in
protecting a population of rare leukemic stem cells, and
promoting or maintaining their stem cell potential. Our
findings are consistent with a mechanism that involves
downregulation of Hippo signaling and increased activity
of the transcriptional coeffector YAP. Our observations
indicate a role for miR-181a, and identify miR-181a and
components of the Hippo/YAP pathway as potential tar-
gets to enhance the therapeutic effectiveness of TKIs in
leukemia.
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