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PF-114, a novel selective inhibitor of BCR-ABL tyrosine kinase,
is a potent inducer of apoptosis in chronic
myelogenous leukemia cells
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Abstract. A t(9;22) chromosomal translocation which
forms the chimeric tyrosine kinase breakpoint cluster
region (BCR)-Abelson murine leukemia viral oncogene
homolog 1 (ABL) is a key mechanism underlying the
pathogenesis of chronic myelogenous leukemia (CML).
Pharmacological inhibition of BCR-ABL with imatinib
(Gleevec) has been reported as an effective targeted therapy;
however, mutations (including the kinase domain of ABL)
suppress the efficacy of inhibitors. PF-114, a derivative of the
third generation BCR-ABL inhibitor ponatinib, demonstrated
a high inhibitory activity against wild-type and mutant
BCR-ABL forms, such as the clinically important T315I.
Furthermore, PF-114 exhibited preferential kinase selectivity,
safety, notable pharmacokinetic properties and therapeutic
efficacy in a murine model. Investigation into the mechanisms
of CML cell death revealed an exceptional potency of PF-114
(at low nanomolar concentrations) for the CML-derived K562
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cell line, whereas leukemia cell lines that lack the chimeric
tyrosine kinase were markedly more refractory. The molecular
ordering of events mechanistically associated with K562 cell
death included the dephosphorylation of CrkL adaptor protein
followed by inhibition of ERK1/2 and Akt, G1 arrest,a decrease
of phosphorylated Bcl-2-associated death promoter, Bcl-2-like
protein 11, BH3 interacting-domain death agonist, Bcl-extra
large and Bcl-2 family apoptosis regulator, and reduced
mitochondrial transmembrane potential. Increased Annexin V
reactivity, activation of caspases and poly(ADP-ribose)
polymerase cleavage were proposed to lead to internucleosomal
DNA fragmentation. Thus, PF-114 may be a potent inducer of
apoptosis in CML cells. Nevertheless, activation of STAT3
phosphorylation in response to PF-114 may permit cell rescue;
thus, a combination of BCR-ABL and STAT3 inhibitors should
be considered for improved therapeutic outcome. Collectively,
the targeted killing of BCR-ABL-positive cells, along with
other beneficial properties, such as in vivo characteristics,
suggests PF-114 as a potential candidate for analysis in clinical
trials with CML patients.

Introduction

The breakpoint cluster region (BCR)-Abelson murine leukemia
viral oncogene homolog 1 (ABL) chimeric tyrosine kinase
has been mechanistically associated with in the pathogenesis
of Philadelphia chromosome positive malignancies (1,2).
Signaling initiated by BCR-ABL involves a number of
pathways that regulate the survival and proliferation of
chronic myelogenous leukemia (CML) cells (Fig. 1). Inhibition
of BCR-ABL with imatinib mesylate, also known as Gleevec,
has been reported to be notably efficient in patients with
CML. Indeed, the use of imatinib markedly improved clinical
outcome, with a 10 year survival of >80% of patients (3).
Nevertheless, genetic and epigenetic mechanisms within
imatinib-resistant cells can lead to relapse; thus, it is necessary
to develop novel BCR-ABL inhibitors. A major criterion to
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which these drugs must fit is the potency against both wild-type
(native) and mutated BCR-ABL with minimal interaction
with other protein kinases. Ponatinib, a Food and Drug
Administration (FDA) approved, third generation BCR-ABL
inhibitor for CML, is unique in its ability to downregulate
native and all known clinical mutations (including the most
frequent T315I) in the ABL kinase domain (4). However,
side effects, particularly cardiovascular toxicity, have been
associated with the limited target selectivity of ponatinib due
to the attenuation of unrelated protein kinases (4-7).

Aiming to design an optimized compound that combines
the potency of ponatinib (against the wild-type and mutant
BCR-ABL CML cells) with an improved kinase selectivity
profile, Chilov and Titov have developed 3-([1,2 4]triazolo[4,3-a]
pyridin-3-ylethynyl)-4-methyl-N-(4-((4-methylpiperazin-1-yl)
methyl)-3-(trifluoromethyl)phenyl)benzamide (PF-114) (8.9).
PF-114 demonstrated excellent inhibitory potency against the
wild-type and a number of clinically relevant ABL mutations,
including T3151, E255K, Y253F and others in in vitro kinase
assays; PF-114 exhibited notable selectivity in inhibiting ABL
compared with other kinases. The nanomolar kinase inhibitory
potency of PF-114 was paralleled by its efficacy against cultured
leukemia cells and in murine xenografts (8). Importantly, at
tolerable doses of orally administered PF-114, BCR-ABL
positive human CML transplants in immunocompromised mice
were completely inhibited for <240 days without tumor
re-growth (8).

In the present study, we investigated the molecular
mechanisms of CML cell death induced by PF-114. It was
demonstrated that this compound is highly cytotoxic (at
subnanomolar to low nanomolar concentrations) against
the CML derived K562 cell line (native BCR-ABL), but not
BCR-ABL negative leukemia cell lines, indicating notable
target selectivity. Dephosphorylation of Crk-like protein (CrkL)
adaptor protein (a BCR-ABL substrate) in K562 cells preceded
the inhibition of pro-proliferative/pro-survival Akt-ERK1/2
signaling, and cell cycle arrest in G1 phase. Apoptotic signaling
involved mitochondrial mechanisms, caspase activation,
poly(ADP-ribose)polymerase (PARP) cleavage and DNA
fragmentation. These results indicated that PF-114 is a potent,
CML cell specific inhibitor of BCR-ABL signaling.

Materials and methods

Cell lines, culture conditions and drug treatment. Reagents
were purchased from Sigma-Aldrich (Merck KGaA) unless
specified otherwise. Human leukemia cell lines K562 (CML,
BCR-ABL-positive), HL60 [FAB-M2 acute myeloblastic
leukemia with maturation; (10)], U937 (monoblastic) and Jurkat
(T-lymphocytic; all three harbor no BCR-ABL fusion protein)
obtained from the American Type Culture Collection, were
cultured in RPMI-1640 (PanEco) supplemented with 5% fetal
calf serum (HyClone; GE Healthcare Life Sciences), 2 mM
L-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin
at 37°C, 5% CO, in a humidified atmosphere. Cells in the
logarithmic phase of growth were used in the experiments. The
synthesis of PF-114 was conducted as reported previously (8).
This compound was dissolved in dimethyl sulfoxide as 10 mM
stock solution and stored at -20°C. Aqueous dilutions in water
were made immediately before experiments.
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CrkL phosphorylation assays. The total intracellular pool of
CrkL protein [phosphorylated (p) and non-phosphorylated
forms) was determined by flow cytometry (11). Cells were
incubated for 2 h at 37°C in the absence (control) or presence
of 10, 30 and 100 nM PF-114, fixed with 2% buffered
paraformaldehyde (10 min, 37°C), then washed twice with
saline and placed on ice. Cells were permeabilized with
methanol for 30 min, washed with saline supplemented with
1% bovine serum albumin (BSA) and resuspended in 100 ul
of 10% human serum (30 min, 4°C) to prevent non-specific
antibody binding. Then, cells were pelleted (2,700 x g, 5 min
atroom temperature), and the antibody to non-phosphorylated
CrkL (Table S1; Santa Cruz Biotechnology, Inc.; 1:50) was
added for 30 min at room temperature. Secondary antibody
conjugated with AlexaFluor® 488 (Invitrogen; Thermo Fisher
Scientific, Inc., cat. no. A27034; 1:1,000) was added, cells
were incubated for 30 min at room temperature and washed
with saline. For the detection of pCrkL, phycoerythrin (PE)
conjugated antibody (Table S1; BD Biosciences, 1:5) was
added followed by incubation for 30 min at room temperature
and washing in saline with 1% BSA. Samples were analyzed
by flow cytometry using FACSCanto II (BD Biosciences).
Total CrkL was determined based on AlexaFluor 488
fluorescence in a fluorescein isothiocyanate-A channel
whereas pCrkL positive cells were detected in a PE channel.
A total of 20,000 fluorescent ‘events’ were collected per each
sample. Data were analyzed with FACSDiva software 6.0
(BD Biosciences).

Cell death assays. The cytotoxicity of PF-114 was determined
via an MTT assay (12). The assays were performed in
96-well microtiter plates (SPL Life Sciences). To each well,
5x10° cells and PF-114 (up to 50 uM, 2-fold dilutions) were
added. Cells were incubated for 72 h at 37°C in a humidified
CO,-controlled atmosphere. The half-maximal inhibitory
concentration (ICs,) was determined. Analysis of cell cycle
distribution, as well as Annexin V-propidium iodide (PI;
Thermo Fisher Scientific, Inc.) staining were conducted
according to our previous study (12). The mitochondrial
transmembrane electric potential was determined by flow
cytometry using MitoTrackerRed (Thermo Fisher Scientific,
Inc). Briefly, K562 cells (5x10* in 2 ml of culture medium)
were treated with 10 nM PF-114 for 24 or 48 h at 37°C,
5% CO,) MitoTracker Red (1 M) was added to the cells
2 h prior to the completion of drug exposure. Cells were
washed with ice cold saline, resuspended in fresh saline and
immediately analyzed by flow cytometry in PE-A channel.
At least 30,000 fluorescent events were acquired per each
sample. Data were processed using FACSDiva software.

For the detection of DNA fragmentation (13), K562 cells
(2x10% in 10 ml of culture medium) were treated with PF-114
and lysed for 30 min on ice in buffer containing 0.35 M NaCl,
20 mM Tris-HCI pH 7.4, 2 mM MgCl,, 1 mM dithiothreitol
and 0.5% NP-40. Buffered phenol (pH 8.0, 1:1 v/v) and
chloroform (1:5 v/v) were added to the lysates. Samples were
centrifuged for 10 min at 15,300 x g at 4°C. Sodium acetate
(3 M, pH 5.2; 0.1 v/v) and 1.5 v/v of ethanol were added to
the aqueous phase. Samples were incubated overnight at -20°C
and centrifuged at 15,300 x g, 4°C for 10 min. Pellets were
dissolved in TAE buffer containing 10 yg/ml RNase A. DNA
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Figure 1. Signaling pathways regulated by BCR-ABL chimeric tyrosine kinase. Adapted from (10). AKT, protein kinase B; ABL, Abelson murine leukemia
viral oncogene homolog 1; BCR, breakpoint cluster region; BCL-XL, B-cell lymphoma 2-extra large; BAD, BCL-2-associated death promoter; CRKL,
Crk-like protein; MAPK, mitogen-activated protein kinase; MEK, MAPK kinase; mTOR, mammalian target of rapamycin; PI3K, phosphoinositide 3-kinase;

STATS, signal transducer and activator of transcription 5.

fragments were resolved by electrophoresis in 1% agarose gel,
stained with ethidium bromide and visualized under UV light.

Immunoblotting. K562 cells (1x10° in 2 ml of culture
medium) were treated with 0.1, 1, 10 and 100 nM PF-114
for 24 or 48 h, washed with ice cold saline and lysed for
30 min on ice in the buffer containing 50 mM Tris-HCI
pH 7.4, 1% NP-40, 0.1% sodium dodecylsulfate, 150 mM
NaCl, 1 mM EDTA, protein inhibitor cocktail and 2 mM
phenylmethylsulfonyl fluoride. Total protein concentration
in lysates was determined by the Bradford method. Proteins
were resolved in 10-15% SDS-PAGE (30 ug total protein per
lane) and transferred onto a 0.2 ym nitrocellulose membrane
(GE Healthcare). Non-specific protein-antibody interactions
were blocked with 5% skimmed milk for 30 min. at room
temperature. Primary antibodies (Table SI) were diltuted
in Tris buffered saline with Tween-20 (TBST; 1:1,000)
supplemented with 1% BSA. Membranes were incubated with
primary antibodies overnight at 4°C. Secondary antibodies
conjugated with horseradish peroxidase were obtained from
Cell Signaling Technology, Inc. (cat. nos. 7074 and 7076; Cell
Signaling Technology, Inc.) and diluted in 5% skimmed milk
in TBST (1:1,000). Membranes were incubated with secondary
antibodies for 1 h at room temperature. Proteins were detected
via enhanced chemiluinescence using the Image Quant
LAS 4000 system (GE Healthcare).

Statistical analysis. Data are presented as the mean of four
repeats + standard deviation. Comparisons were performed
using one-way ANOVA test with a Dunnett's post-hoc
test (GraphPad Prism 6.0; GraphPad Software, Inc.) Each

experimental group was compared to control cohort. P<0.05
was considered to indicate a statistically significant difference.

Results

PF-114, a novel BCR-ABL inhibitor. A variety of chemotypes
have been developed to inactivate BCR-ABL chimera. The
tyrosine kinase ABL can be downregulated by targeting the
ATP binding pocket and/or allosterically via interactions with
the myristoil binding site [reviewed in (14)]. PF-114 is a fourth
generation inhibitor of the BCR-ABL protein kinase and a close
structural analog of the FDA approved drug ponatinib. The
molecular design of PF-114 was based on the ponatinib scaffold
to weaken the interactions of the inhibitor with off-target
protein kinases, a major reason for the insufficient selectivity
of ponatinib and a probable cause of its toxicity (7,15-17). The
triazolopyridine moiety of PF-114 (Fig. 2A) that replaced the
bioisosteric pyrazolopyrimidine moiety of ponatinib (Fig. 2B)
has been designed to disfavor the hydrogen bonds between the
inhibitor and protein kinases other than ABL. No hydrogen
bonding with water molecules in the active site of B-Raf and other
enzymes (but not ABL) was possible after replacing the nitrogen
atom (an H bond acceptor) in ponatinib with the carbon atom in
PF-114. Additionally, the formation of the CH..O=C hydrogen
bond became unlikely due to the exchange of the CH moiety
for the N atom in PF-114 that is repulsed from the main chain
O=C. These modifications resulted in a more selective kinase
inhibitory profile and an improved in vivo safety of PF-114 (8).

Preferential cytotoxicity of PF-114 to the BCR-ABL positive
CML cell line. We compared the ability of PF-114 to induce
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Figure 2. Chemical structures of breakpoint cluster region-Abelson murine leukemia viral oncogene homolog 1 inhibitors. (A) PF-114 and (B) ponatinib.
Framed are the moieties in the ATP-binding pocket (triazolopyridine in PF-114 and pyrazolopyrimidine in ponatinib) that interact with the kinase hinge region.
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Figure 3. Differential cytotoxicity of PF-114 for breakpoint cluster
region-Abelson murine leukemia viral oncogene homolog 1 positive and
-negative leukemia cell lines. Human leukemia cell lines were treated with
PF-114 for 72 h. Cell viability was analyzed via an MTT assay. Shown is one
representative experiment of six with similar results. Each value is the mean
of three independent measurements.

the death of leukemia cell lines depending on whether the cells
carry the chimeric BCR-ABL protein. As presented in Fig. 3,
PF-114 was notably potent (IC5,=1-5 nM after 72 h exposure)
for the BCR-ABL-positive K562 cell line. The cytotoxic
effect was time dependent: By 24 h, the percentage of viable
cells (by MTT data conversion) remained high, whereas by
48 h the ICs, values peaked at their lowest levels in the low
nanomolar range (Fig. S1). Conversely, the HL60, U-937
and Jurkat leukemia cell lines that lack BCR-ABL chimera
were significantly less sensitive to PF-114, with ICs, values
that were larger by three orders of magnitude. Furthermore,
human donor lymphocytes were resistant to concentrations of
PF-114 >1 uM (data not shown). These results indicated that
PF-114 was preferentially cytotoxic against BCR-ABL positive
cells.

PF-114 attenuates CrkL phosphorylation. In addition,
whether the cytotoxicity of PF-114 arises due to the prevention
of BCR-ABL mediated phosphorylation of its substrates was
investigated. The CrkL adaptor protein is phosphorylated at
Tyr207 by BCR-ABL (18); this event generates a scaffold

for downstream proteins, thereby inducing BCR-ABL
activated signaling. To determine the effects of PF-114
on CrkL phosphorylation, we treated K562 cells with this
compound; the intracellular amounts of phosphorylated and
non-phosphorylated CrkL pools were then measured. Intact
K562 cells contained pCrkL whereas in the BCR-ABL
negative leukemia cell lines (U937, HL-60 and Jurkat), only the
non-phosphorylated protein was detected (Fig. 4A). Within 2 h
following treatment with 30 nM PF-114 the amount of pCrkL
in K562 cells decreased to ~25% of its initial level, indicating
that PF-114 significantly attenuated BCR-ABL mediated
CrkL phosphorylation compared with the control (Fig. 4B).
Interestingly, this effect was reversible as the percentage of
pCrkL was gradually restored following the removal of PF-114
and incubation of cells in drug free medium for =20 h. By this
time pCrkL was detectable in ~80% of cells (data not shown).

PF-114 attenuates Akt-ERK1/2 and induces Gl arrest in
BCR-ABL-positive CML cells. Non-phosphorylated CrkL
fails to form dimers, which prevents the induction of signaling
cascades. Accordingly, the phosphorylation of Akt and
ERK1/2, the serine/threonine protein kinases generally known
for their pro-survival and pro-proliferation activities (19-21),
was markedly attenuated by exposure of K562 cells to
nanomolar concentrations of PF-114 (Fig. 5A). Total amounts
of Akt and ERK1/2 were markedly unchanged, indicating that
the attenuation of Akt and ERK1/2 phosphorylation was a
post-translational event. Importantly, the inhibition of Akt and
ERK1/2 phosphorylation was paralleled by an increase in p27
expression (Fig. 5A) and cell arrest in Gl phase within 24 h
exposure (Fig. 5B and C). These effects were observed at 1, 10
and 100 nM PF-114.

PF-114 induces apoptosis in K562 cells. Time course analysis of
individual markers of programmed cell death in PF-114-treated
K562 cells demonstrated the ordering of cell death-executing
processes. By 24 h following treatment, Bad dephosphorylation
was observed (Fig. 6A), an event that allows this protein to enter
mitochondria, and interfere with the pro-survival Bcl-2 family
proteins (22). Inthe same time period,changes in the mitochondrial
transmembrane potential were measurable, with a notable portion
of cells (>40%) exhibiting a decrease in this parameter (Fig. 6B).
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Figure 5. Effects of PF-114 on Akt and ERK1/2 phosphorylation, and the cell cycle. K562 cells were treated with various concentrations of PF-114 for 24 and
48 h. (A) A dose-dependent decrease in Akt and ERK1/2 phosphorylation, and the expression of p27 was observed. (B) Cell cycle distribution and (C) cell cycle
arrest in G1 phase. Akt, protein kinase B; Erk, extracellular signal-regulated kinase.

By 48 h, the decreased mitochondrial transmembrane potential
was detected in a predominant portion of cell population.
Concomitant with this phenomenon was increased Annexin V
staining (Fig. 6C), a marker of phosphatidylserine translocation
across the plasma membrane of apoptotic cells (23). The
processes of caspase-9 and PARP cleavage were revealed by
48 h; PARP cleavage generated a typical 89 kDa product and a
55 kDa band characteristic of later stages of death cascades (24).

The proteolytic processing of caspase-3 was detectable by 24 h
(data not shown). These events culminated to late apoptotic DNA
degradation as indicated by the characteristic DNA fragments
of 140-170 bp (Fig. 6E). The activation of caspase cascades led
to a decrease in the expression of mitochondrial proteins BH3
interacting-domain death agonist (Bid), Bcl-extra large (XL)
and Bcl-2 family apoptosis regulator (Mcl-1) achievable with
notably high PF-114 concentrations (Fig. 7A). Bak expression
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Figure 7. Effects of PF-114 on death/survival signaling. K562 cells were treated with various concentrations of PF-114 for 24 h. Proteins were analyzed by
immunoblotting. (A) Mitochondrial and JAK/STAT proteins; (B) phosphorylation of STAT3 at Tyr705. Bcl-2, B-cell lymphoma-2; Bcl-XL, Bcl-2-extra
large; Bid, BH3 interacting-domain death agonist; Bim, Bcl-2-like protein 11; Jak, Janus kinase-signal transducer; Mcl-1, Bcl-2 family apoptosis regulator; p,
phosphorylated; STAT, signal transducer and activator of transcription.

was markedly unchanged, whereas that Bax levels markedly  of transcription proteins (JAK-STAT) has been reported to be
decreased at 100 nM PF-114 (Fig. S2). Collectively, typical  associated with cell responses to various cytotoxic stimuli (25).
apoptotic mechanisms may be implicated in PF-114-induced  As presented in Fig. 7A, pJAK?2 at Tyrl007/1008 was markedly
death of BCR-ABL positive, CML-derived K562 cells. downregulated with 1 nM PF-114. Downregulation of pJAK3

An imbalance between individual members of the was observed following treatment with higher concentrations
superfamily of Janus kinase-signal transducer and activator  of PF-114. Furthermore, individual amino acid residues within
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the STAT3 phosphorylation sites were determined to be
differentially sensitive to PF-114. We observed a dose-dependent
increase in pSTAT3 Tyr705 with 1-100 nM PF-114 (Fig. 7B)
whereas less pronounced Ser727 phosphorylation was detectable
at 100 nM (Fig. 7A). Conversely, STATS phosphorylation
appeared to be notably sensitive; low nanomolar concentrations
of PF-114 abrogated STATS5 phosphorylation at Tyr694 (Fig. 7A).
The expression of total STAT3 was markedly unchanged;
total STATS protein expression decreased with higher PF-114
concentrations (10 and 100 nM).

In the present study, the effects of PF-114 and ponatinib
were analyzed in K562 cells. The latter drug essentially
induced similar responses at similar concentrations and time
intervals as PF-114 (data not shown), which indicated the
potential of the novel compound as a therapeutic agent for
treating CML.

Discussion

The present study revealed that blocking BCR-ABL with the
novel inhibitor PF-114 induced a tightly regulated ensemble of
molecular events in K562 cells. Cell responses were manifested
in a manner of cascades, suggesting a network involving protein
kinases, and mitochondrial and transcriptional processes.
Of note, dysregulation of signaling is not linear since several
pathways are affected. This multiplicity of death mechanisms
requires the inactivation of a key target downstream of
BCR-ABL, that is, the CrkL adaptor protein; this can impair a
number of kinase cascades. As aresult, the divergent inactivation
of pro-survival signaling was detectable in PF-114-treated
CML cells. Downregulation of pAkt was concomitant with a
decrease in pERK1/2, caspase activation, downregulation of
mitochondrial proteins (Bid, Bcl-xL and Mcl-1) and reductions
in the mitochondrial transmembrane potential. Collectively,
these events may contribute to cell growth arrest and apoptosis.
Therefore, targeting CrkL, an upstream (or proximal)
coordinator of various pro-proliferative and pro-survival
pathways, is therapeutically advantageous providing that certain
mechanisms of cytotoxicity are non-functional as a result of a
tumor genotype and/or preceding treatment.

Molecular ordering of signaling events in response to
BCR-ABL inhibition revealed that cell cycle arrest preceded
cell death. An elevation in p27 expression may be a candidate
mechanism of G1 arrest in PF-114 treated K562 cells. This
pivotal finding requires further investigation as p27 emerges
as a therapeutic target in CML. Matrine, a plant alkaloid,
significantly inhibited the proliferation of K562 cells, induced
cell cycle arrest in GO/G1 and promoted apoptosis (26). These
effects were regulated by a number of mechanisms, including
p27 upregulation (27). Importantly, Liu er al (28) have
demonstrated that this protein was critical for the maintenance
of leukemia stem cells in CML-bearing mice. Furthermore,
a combination of p27 silencing and a compound potent
against imatinib-resistant K562 cells was synergistic (28).
The complex regulation of p27 involves transcriptional
and posttranscriptional events, including its translocation
between the nucleus and the cytoplasm. The activity of
Ca?*-calmodulin dependent kinase ITy reduces the amounts of
nuclear p27, promoting the accumulation of this protein in the
cytoplasm (29). Thus, p27-mediated GI1 arrest and leukemia
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stem cell quiescence are alleviated, leading to blast crisis
and disease progression (29). The mechanisms underlying
the upregulation of p27 in response to PF-114 require further
investigation. The results of the present study may provide
suggests the necessity of drug combinations to increase the
efficacy of targeted CML treatments.

Downregulation of the individual members of the
JAK-STAT families by PF-114 requires further investigation.
Lee et al (30) demonstrated that a variety of signaling cascades
mediated by oncogenic protein kinases converge to STAT3.
This transcription factor has been implicated in the protection
of CML cells from apoptosis via several mechanisms (31-33).
STAT3 undergoes a plethora of posttranslational modifications,
in particular, phosphorylation, which regulate its genomic
and non-genomic functions (34,35). STAT3 phosphorylation
has been mechanistically associated with the emergence of
resistance to imatinib (36). Eiring er al (37) reported a potent
and selective SH2 domain inhibitor capable of reducing
STATS3 phosphorylation and nuclear transactivation. This
novel compound restored the sensitivity of CML cells to
imatinib, including those from patients, otherwise resistant
to tyrosine kinase inhibitors (37). Ruxolitinib, an inhibitor of
JAK?2, synergized with nilotinib in inducing CML cell death
in a Phase I clinical trial (38). These findings favor for the
combined use of BCR-ABL inhibitors with antagonists of
various signaling cascades (39).

In pancreatic adenocarcinoma cells, imatinib and ponatinib
exhibited no effect on pSTAT3 levels, but were elevated in
response to an ERK blocker (40); however, as to which site
in the STAT3 protein was phosphorylated remains unknown.
In the present study, we observed opposing effects of PF-114
on two forms of pSTATS3; the levels of pSer727 decreased,
whereas those of pIyr705 were elevated. The latter form was
increased following treatment with >1 nM PF-114; however,
pSer727 was attenuated only at 100 nM. In contrast, Ser727
but not Tyr705 phosphorylation was proposed as an important
factor of glioblastoma radioresistance; pharmacological
downregulation of pSTAT3 Ser727 markedly sensitized these
cells to radiation (41). The phosphorylation at these two sites
in STAT3 signifies the induction of differential epigenetic
pathways in response to BCR-ABL inhibitors, including
PF-114. Therefore, further investigation into the intracellular
signaling mechanisms in PF-114-treated cells is required. Our
future studies of the genome-wide transcriptional effects of
PF-114 aim to identify genes that may influence the responses
of CML cells to BCR-ABL inhibition.

Signaling events downstream of BCR-ABL inhibition
may include mechanisms other than the ones described
above. The present study reported that pAkt levels were
decreased by PF-114; however, the levels of total glycogen
synthase kinase-3 (GSK-3p) or its phosphorylated form were
markedly unaltered in PF-114-treated cells (Fig. S3). In K562
cells, the role of GSK-3 as one of various substrates of Akt
phosphorylation has been addressed by Zhou et al (42). The
pharmacological inhibition of PI3K led to decreased pAkt
levels, whereas the subsequent downregulation of pGSK-3f
was less pronounced (42). This observation suggests, at least
indirectly, that in K562 cells, GSK-3f3 could be phosphorylated
by other kinases in addition to Akt. This hypothesis is in line
with the synergistic effects of PI3K inhibitor and imatinib.
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Furthermore, the PI3K-Akt-GSK-3p and the BCR-ABL-Akt
pathways were proposed to act in concert, which suggests the
role of signaling mechanisms that remain functional in cells
treated with an BCR-ABL inhibitor. This further supports the
need for combinations of the BCR-ABL inhibitor with other
inhibitors of signal transduction.

In the present study, the effects of PF-114 on K562 cells that
carry wild-type Abl in the context of BCR-ABL fusion protein
were analyzed. To further evaluate the potential of PF-114 the
cellular effects of the novel compound should be investigated
against mutant forms of ABL kinase. As PF-114 potently
inhibited different ABL mutants (including T3151) in vitro,
in cell based assays and in animal models (8), the growth
arrest/death mechanisms associated may be similar or identical
in CML cells carrying wild-type or mutant Abl. However, the
mutants may function beyond CrkL/BCR-ABL interactions,
thereby circumventing its downstream cascades. Additionally,
the T3151 mutant is capable of restoring ERK1/2 signaling,
STATS phosphorylation, factor-independent CML cell growth
and leukemogenic potential in tetramerization-incompetent and
other loss-of-function BCR-ABL mutants (43). These effects
have been attributed to transphosphorylation of BCR protein by
T315I mutants (44). These critical findings highlight the interplay
between serine-threonine and tyrosine phosphorylation of BCR
as an important mechanism of CML recurrence. Providing
that T3151 mutants confer growth advantages in the absence of
the wild-type BCR-ABL variant that otherwise have notably
increased transformation potential, T315I-driven phenomena
may emerge after cells with wild-type BCR-ABL are eliminated
by treatment (44). It is therefore critical to elucidate whether
PF-114 can attenuate BCR transphosphorylation.

Our findings require further investigation. The present study
aimed to identify the molecular mechanisms that comprise
the response of one CML cell line to PF-114; however, which
mechanism is closely associated with CML cell responses to
PF-114 remains unknown. Thus, experiments involving the
inactivation of individual pathways should be performed.
Furthermore, our future efforts will be focused on mechanistic
investigations using other BCR-ABL-positive cell lines and
patient samples. Although Mian et al (8) demonstrated a high
potency of PF-114 against CML cells possessing wild-type
and different mutant forms of BCR-ABL, whether individual
mechanisms of cell death are supported by our findings
with K562 cells remains unknown. Finally, the mechanisms
underlying cell death in cells with mutant BCR-ABL should
be determined.

PF-114 is structurally similar to the FDA approved
pan-BCR-ABL antagonist ponatinib. This compound is
capable of inhibiting the wild-type as well as various clini-
cally relevant mutant forms of chimeric BCR-ABL tyrosine
kinase. We demonstrated that the CML-derived human K562
cell line that carries wild-type BCR-ABL was notably sensi-
tive to PF-114. This agent at nanomolar concentrations rapidly
blocked the phosphorylation of CrkL adaptor protein, thereby
inhibiting a number of downstream signaling pathways,
inducing cell cycle arrest and subsequent apoptosis. Together
with favorable pharmacokinetics and good therapeutic
efficacy in a murine model (8), this novel inhibitor may be
considered as a potential therapeutic drug candidate for the
treatment of CML (45).
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