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Association Between Imatinib-Resistant BCR-ABL
Mutation-Negative Leukemia and Persistent
Activation of LYN Kinase
Ji Wu, Feng Meng, Ling-Yuan Kong, Zhenghong Peng, Yunming Ying, William G. Bornmann,
Bryant G. Darnay, Betty Lamothe, Hanshi Sun, Moshe Talpaz, Nicholas J. Donato

Background

Imatinib is a tyrosine kinase inhibitor that is used to treat chronic myelogenous leukemia (CML). BCR-ABL
mutations are associated with failure of imatinib treatment in many CML patients. LYN kinase regulates
survival and responsiveness of CML cells to inhibition of BCR-ABL kinase, and differences in LYN regulation have been found between imatinib-sensitive and -resistant CML cell lines.

Methods

We evaluated cells from 12 imatinib-resistant CML patients with mutation-negative BCR-ABL and from six
imatinib-sensitive patients who discontinued therapy because of imatinib intolerance. Phosphorylation of
BCR-ABL and LYN was assessed in patient cells and cell lines by immunoblotting with activation state–
specific antibodies, co-immunoprecipitation studies, and mass spectroscopy analysis of phosphopeptides.
Cell viability, caspase activation, and apoptosis were also measured. Mutations were analyzed by sequencing. The effect of silencing LYN with short interfering RNAs (siRNAs) or reducing activation by treatment
with tyrosine kinase inhibitors was evaluated in cell lines and patient cells.

Results

Imatinib treatment suppressed LYN phosphorylation in cells from imatinib-sensitive CML patients and
imatinib-sensitive cell lines. Imatinib treatment blocked BCR-ABL signaling but did not suppress LYN phosphorylation in cells from imatinib-resistant patients, and persistent activation of LYN kinase was not associated with mutations in LYN kinase or its carboxyl-terminal regulatory domains. Unique LYN phosphorylation
sites (tyrosine-193 and tyrosine-459) and associated proteins (c-Cbl and p80) were identified in cells from
imatinib-resistant patients. Reducing LYN expression (siRNA) or activation (dasatinib) was associated with
loss of cell survival and cytogenetic or complete hematologic responses in imatinib-resistant disease.

Conclusions

LYN activation was independent of BCR-ABL in cells from imatinib-resistant patients. Thus, LYN kinase
may be involved in imatinib resistance in CML patients with mutation-negative BCR-ABL and its direct
inhibition is consistent with clinical responses in these patients.
J Natl Cancer Inst 2008;100:926–939

Targeted inhibition of BCR-ABL kinase with imatinib mesylate is
now frontline therapy for newly diagnosed patients with chronic
myelogenous leukemia (CML) and other leukemias that express
BCR-ABL kinase (1,2). However, the disease of some chronicphase patients and most patients with late-stage disease (ie, accelerated phase or blast crisis) progresses during imatinib therapy
(3,4). Several mechanisms have been proposed to explain the loss
of imatinib sensitivity, including physiological changes in the
patients and molecular changes in BCR-ABL kinase (5–10). Initial
studies (5–8) of CML patients with progressing disease concluded
that BCR-ABL mutations play a major role in imatinib resistance.
However, failure of imatinib treatment has also been described in
patients who do not have BCR-ABL mutations or ampliﬁcation
(11–16). Moreover, expression proﬁling and in vitro studies (17–19)
predict the involvement of additional genes in imatinib resistance
and disease progression, but most of those genes have not been
thoroughly investigated or described in clinical specimens from
CML patients.
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LYN and HCK are SRC family kinases that are expressed in
CML cells and activated by BCR-ABL kinase (20,21). Results of
gene knockout studies support a role for LYN, HCK, and FYN
(another SRC family kinase) in BCR-ABL kinase–mediated transformation and leukemogenesis (22–25). However, there appears to
be complex cross talk between BCR-ABL and LYN or HCK
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kinases because several studies (23–29) have shown multiple sites
of kinase interaction and cross phosphorylation. Site-speciﬁc
BCR-ABL kinase phosphorylation that is catalyzed by HCK and
LYN kinases alters the oncogenicity of BCR-ABL kinase (28,29).
Thus, the expression and activity of these SRC family kinases may
be biologically important and regulate the clinical response to the
inhibition of speciﬁc kinases.
BCR-ABL kinase controls the activation of LYN and HCK
kinases in freshly isolated primary cells from CML patients (30).
However, activation of LYN and HCK kinases may also be controlled by other mechanisms in some CML patients (30,31). For
example, LYN kinase is overexpressed in some imatinib-resistant
CML cell lines and its activation is not dependent on BCR-ABL
kinase (26–33). In animal models of imatinib resistance, inhibition
of persistently activated LYN kinase with dasatinib has been associated with suppression of tumor growth (34). Expression of a
deregulated LYN kinase may interfere with the inhibition of one
or more members of the BCR-ABL signaling complex, including
CRKL, STAT5 (signal transducer and activator of transcription
5), and MAPK (mitogen-activated protein kinase) (26–29).
In this report, the role of LYN and HCK activation was examined in CML cells derived from imatinib-sensitive and -resistant
patients and in CML cell lines. For this study, we focused on 18
CML patients who expressed either an unmutated BCR-ABL
kinase or a mutated BCR-ABL kinase that had negligible impact
on imatinib sensitivity to assess the role of SRC family kinases in
imatinib-resistant disease.

Patients, Materials, and Methods
Cell Lines
Imatinib-sensitive K562 and imatinib-resistant K562R cells originally derived from a CML patient were grown and maintained in
RPMI 1640 medium with 10% fetal bovine serum (Hyclone, Logan,
UT). Characteristics of the K562R cell line were previously described
(31). Briefly, K562R cells resist imatinib-mediated apoptosis, overexpress LYN kinase, and retain a mutation-negative BCR-ABL.
WDT-1, WDT-2, and WDT-3 are newly isolated Philadelphia
chromosome–positive cell lines established from CML patients
(30). WDT-1 cells are deficient in BCR-ABL protein and resistant
to imatinib-mediated cell death, whereas both WDT-2 and WDT3 cell lines express BCR-ABL protein and are highly sensitive to
imatinib. These cells were also grown in RPMI 1640 medium with
10% fetal bovine serum.
Cell Lysate Preparation
Lysates were prepared from CML cell lines as follows. Cells were
washed in phosphate-buffered saline and then solubilized in lysis
buffer consisting of 50 mM Hepes (pH 7.0), 150 mM NaCl, 1.5
mM MgCl2, 1 mM EGTA, 100 mM NaF, 10 mM sodium pyrophosphate, 10% glycerol, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4, leupeptin (10 µg/mL), and
aprotinin (10 µg/mL) for 20 minutes on ice. Lysates were clarified
by centrifugation (12 000 × g for 15 minutes at 4°C), and the supernatant fraction was used as a source of protein for immunoblotting.
Lysates were also prepared from mononuclear cells isolated from
CML patients as described above except that the lysis buffer also
jnci.oxfordjournals.org

CONT E XT AND CAVE AT S
Prior knowledge
The tyrosine kinase inhibitor imatinib is used to treat chronic
myelogenous leukemia (CML). Failure of imatinib treatment in
many but not all CML patients is associated with BCR-ABL mutations. LYN kinase regulates survival and responsiveness of CML
cells to inhibition of BCR-ABL kinase, and differences in LYN regulation have been found between imatinib-sensitive and -resistant
CML cell lines.
Study design
In vitro study of imatinib-sensitive and -resistant CML cell lines and
of cells isolated from imatinib-sensitive CML patients and from
imatinib-resistant patients without BCR-ABL mutations.
Contribution
Imatinib treatment suppressed LYN phosphorylation in cells from
imatinib-sensitive CML patients and cell lines but not in cells from
imatinib-resistant patients who were BCR-ABL mutation negative.
Unique LYN phosphorylation sites and associated proteins were
identified in cells from imatinib-resistant patients. Reducing LYN
expression with short interfering RNAs or activation with tyrosine
kinase inhibitors was associated with loss of cell survival and cytogenetic or complete hematologic responses in imatinib-resistant
disease.
Implication
LYN kinase appears to be involved in imatinib-resistant CML.
Limitations
Sample availability and access to patient material were limited,
and repetitive analyses were not usually possible. Although the
concentration of tyrosine kinase inhibitors used was in line with
pharmacologically achievable levels, the cellular concentration of
each inhibitor may vary widely between patients and may only
partially reflect the concentrations used. Therefore, the effects
described for kinase inhibitor activities may only partially reflect
their clinical activity.

contained phosphatase and protease inhibitor mixtures (products
P5726 and P8340, respectively; Sigma, St Louis, MO).
Expression of LYN in K562 Cells
Full-length LYN cDNA (EcoRI digest of the pcDNA3.1-LYN
expression vector) was subcloned into the EcoRI site of the pMXIRES-GFP vector, which was modified to include a puromycin
selection marker (35,36) (where IRES is internal ribosome entry
site and GFP is green fluorescent protein). The pMX-LYN-IRESGFP construct (pMX-LYN) (5 µg) or an empty vector (pMX)
(5 µg) was electroporated into 2.5 × 106 freshly washed K562 cells
in solution T (AMAXA, Gaithersburg, MD) by use of a Nucleofector
II on a setting of 017, according to the manufacturer’s (AMAXA)
instructions. Two days after electroporation, cells were cultured in
puromycin (10 µg/mL) and sorted for GFP expression by flow
cytometry. Empty vector–derived GFP-positive cells and GFPpositive cells isolated from pMX-LYN transfectants were continually cultured in puromycin (10 µg/mL). To measure drug sensitivity
and LYN expression, cells were grown in normal growth medium
in the absence of puromycin for 2 days before examination.
JNCI
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Kinase Inhibitors and Antibodies
Imatinib was synthesized as previously described (37) by our
study’s medicinal chemist (W. G. Bornmann). Synthesized product was chemically and biologically identical to the material previously provided by Novartis AG, Basel, Switzerland (38). Dasatinib
(39,40) was kindly provided by Bristol-Myers Squibb Co.
(Princeton, NJ). Antibodies used in this study were as follows:
anti-pY411-HCK (polyclonal) that is specific for the HCK phosphorylation site, anti-pY396-LYN (polyclonal) that is specific
for the LYN phosphorylation site, anti-HCK (polyclonal), and
anti-LYN (polyclonal) (Santa Cruz Biotechnology, Santa Cruz,
CA); anti-c-ABL monoclonal antibodies (8E9 clone; Pharmingen,
San Diego, CA); anti-phosphorylated tyrosine monoclonal antibodies (clone 4G10) and anti-CRKL (polyclonal) (UBI, Lake
Placid, NY); anti-phosphorylated CRKL (polyclonal), anti-pY177BCR-ABL (polyclonal) that is specific for the BCR-ABL phosphorylation site, and anti-poly(ADP-ribose) polymerase (PARP;
polyclonal) (Cell Signaling, Beverley, MA); and ␤-actin (Sigma). All
primary antibodies were used at a 1 : 1000 dilution. Secondary antibodies included goat anti-mouse horseradish peroxidase and goat
anti-rabbit horseradish peroxidase (Sigma).
Immunoblot Analysis
Immunoblot analysis was performed as previously described (31).
Briefly, equal amounts of protein lysate (30 µg) were separated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDSPAGE), and the bands were electrophoretically transferred to
nitrocellulose membranes (0.2-mm pore size; Whatman, Florham
Park, NJ). The blots were blocked with 5% nonfat dry milk (or 3%
bovine serum albumin, for phosphorylated tyrosine blotting)
in Tris-buffered saline with 0.05% Tween-20 (TBS-Tween) for
2 hours. The membrane was incubated with primary antibody for
16 hours at 4°C, washed with TBS-Tween, and incubated with
secondary antibody for 30 minutes at room temperature. After
additional washing in TBS-Tween, chemiluminescent reagent
(ECL; GE Healthcare, Piscataway, NJ) was added, and the image
was developed on x-ray film.
Cell Survival Analyses
Cell survival was estimated by use of 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assays, as previously
described (31). Briefly, K562 or K562R cells (2 × 104 cells per
well in a 96-well plate) were incubated with tyrosine kinase
inhibitor in a total volume of 100 µL of cell culture medium.
MTT (Sigma) reagent (20 µL of a solution of 10 mg/mL in phosphate-buffered saline) was added to each well, and the mixture
was incubated for an additional 2 hours at 37°C. Lysis buffer (100
µL of 20% SDS in 50% dimethylformamide and 30% water at
pH 5.8) was added to each well, and incubation continued for
6–18 hours at 37°C. Absorbance (at 570 nm) was determined with
a microplate reader (Spectra max M2, Molecular Devices,
Sunnyvale, CA). Viability of cells from clinical specimens was
determined by assessing trypan blue exclusion. Briefly, cell suspensions (20–200 µL) in culture medium were gently mixed with
an equal volume of 0.4% trypan blue (in phosphate-buffered
saline). After 5 minutes at room temperature, 10 µL of stained
cells was placed in a hemocytometer and the number of
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viable (unstained) and dead (stained) cells was determined
microscopically.
Apoptosis Analyses
Apoptosis was assessed by use of MTT assays and trypan blue
exclusion, as described above. Caspase-associated apoptosis was
assessed by determining the extent of PARP cleavage in protein
lysates (prepared as described above) by immunoblotting with antiPARP antibodies, as previously described (31).
Patients With CML and Cells Isolated From
These Patients
Sixty-eight CML patients who were treated with imatinib at
M. D. Anderson Cancer Center during the period from January 1,
2004, through October 31, 2005, contributed blood samples to
an institutionally approved tissue sample collection protocol.
Samples were collected from imatinib-treated patients who had
been off therapy for at least 2 weeks. All 59 patients whose disease progressed while they were being treated with imatinib were
screened for mutations in the kinase domain of their BCR-ABL
gene and then entered a phase 1 clinical trial of dasatinib, a
tyrosine kinase inhibitor with BCR-ABL and SRC kinase inhibitory activity (39). Of the 59 progressing patients, we found that
33 (56%) had mutations in the BCR-ABL kinase domain and 26
(44%) had mutation-negative BCR-ABL genes. For this analysis,
we selected 18 CML patients who were imatinib intolerant or
had imatinib-resistant disease, who had mononuclear cells that
carried BCR-ABL genes with no mutations in the kinase domain,
and for whom a sufficient blood sample was available for our
analyses. Mononuclear cells from four newly diagnosed CML
patients (ND1, a 44-year-old male in chronic phase; ND2, a 66year-old female in chronic phase; ND3, a 34-year-old female in
chronic phase; and ND4, a 51-year-old male in blastic phase)
who had undergone leukophoresis at the University of Michigan
Cancer Center were also used in this study. None had received
previous therapy, and three of the four began imatinib therapy
after leukophoresis.
Patient characteristics and treatment histories are presented in
Table 1. The clinical deﬁnition of acquired resistance has been
described previously (40). Brieﬂy, in chronic phase, the patient
achieved a complete hematologic response and subsequently developed higher white blood cell counts of 10 000 white blood cells per
mm3 or greater and two consecutive white blood cell counts at least
14 days apart with at least one of greater than 15 000 white blood
cells per mm3. In advanced phase, patients must achieve a major or
minor hematologic response with imatinib and then progress.
The phase 1 trial of dasatinib and this analysis were reviewed
and approved by The M. D. Anderson Cancer Center Institutional
Review Board, and all patients signed informed consent documents
before entry on study. Therapeutic responses in CML patients
have been described previously (40). Brieﬂy, the clinical deﬁnition
of a complete hematologic response for chronic-phase CML is a
white blood cell count of 11 000 cells per mm3 or less, a platelet
count of less than 450 000 platelets per mm3, no blasts or promyelocytes in peripheral blood, less than 5% myelocytes plus metamyelocytes in peripheral blood, less than 20% basophils in
peripheral blood, and no extramedullary involvement (including
Vol. 100, Issue 13
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Table 1. Characteristics of patients with chronic myelogenous leukemia*

Patient Age, y Sex

Previous therapy

Disease
stage at
imatinib
start

Duration
of imatinib Reason
response, to stop
mo
imatinib

S1
S2
S3
S4
S5
S6
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11

48
52
75
69
48
70
49
68
68
51
55
57
55
69
34
50
67

F
M
F
F
F
F
M
F
M
M
M
F
F
F
F
M
F

IFN, Ara-C, Peg-IFN, HU, HHT
CP
None
CP
IFN, Peg-IFN, HU, HHT
CP
HU, IFN
CP
Peg-IFN
CP
IFN, ATRA, Ara-C, HU
BC
HU, Ara-C
CP
IFN, Ara-C, HU, FTI
CP
IFN, HHT
CP
IFN, Ara-C, HHT
CP
IFN, Ara-C
CP
IFN, HU
CP
IFN, Ara-C, ATRA, Peg-IFN, HU
CP
IFN, HU
AP
IFN, Ara-C, HU, Nilotinib
BC
HyperCVAD
BC (lymphoid)
IFN, HHT, FTI
CP

42
4
2
4
14
10
12
18
14
16
12
36
24
12
3
5
36

R12

48

M

HU

21

CP

Disease
BCR-ABL
Best
stage at
mutational imatinib dasatinib
status
response
start

Intolerant
ND
MCyR
Intolerant
ND
CHR
Intolerant
ND
CHR
Intolerant
ND
CHR
Intolerant
ND
CHR
Intolerant
ND
CHR
HRes
ND
CHR
HRes
ND
CHR
HRes
ND
CHR
HRes
V299L (30%) CHR
HRes
ND
CHR
HRes
ND
CHR
HRes
ND
PCyR
HRes
ND
CHR
HRes
I360T (20%) CHR
HRes
V299L (70%) CHR
HRes
ND
Stable
disease
HRes
ND
CHR

Dasatinib
response

CP
CP
CP
CP
CP
AP
BC
CP
CP
BC
BC
CP
CP
BC
BC
BC
CP

CHR
CCyR
CHR
CHR
CCyR
CHR
CHR
CCyR
CHR, MCyR
CHR
CHR
CHR
CCyR
CCyR
CCyR
CCyR
CCyR

CP

CCyR

* IFN = interferon; Ara-C = cytosine arabinoside; Peg-IFN = pegylated interferon-␣ 2b; HU = hydroxyurea; HHT = homoharringtonine; CP = chronic phase;
ND = none detected; MCyR = minor cytogenetic response; CHR = complete hematologic response; M = male; CCyR = complete cytogenetic response;
ATRA = all trans-retinoic acid; BC = blast crisis; AP = accelerated phase; HRes = hematologic resistance; FTI = farnesyltransferase inhibitor; PCyR = partial
cytogenetic response; HyperCVAD = cyclophosphamide, vincristine, dexamethasone, and doxorubicin. Disease and response criteria were as defined (40).

no hepatomegaly or splenomegaly). Cytogenetic responses were
deﬁned on the basis of the percentage of Philadelphia
chromosome–positive cells in metaphase in the bone marrow as
follows: complete cytogenetic response, 0%; partial cytogenetic
response, 1%–35%; minor cytogenetic response, 36%–65%.
Mononuclear cells were isolated from patient blood samples by
density centrifugation (Ficoll–Hypaque, 400 × g, 40 minutes, and
18°C) and washed with phosphate-buffered saline; a minimum of
4 × 106 cells were either lysed immediately (2 minutes at room
temperature; for RNA extraction, as described below for mutation
analysis) or resuspended in cell culture medium (RPMI 1640
medium and 10% fetal bovine serum) and incubated overnight at
37°C in a 5% CO2–95% air incubator before treatment with tyrosine kinase inhibitors.
Analysis of Mutations in BCR-ABL, LYN, and HCK
BCR-ABL mutations were analyzed in mononuclear cells from
CML patient blood or bone marrow specimens as previously
described (5,7). In brief, total RNA was extracted from a minimum
of 4 × 106 cells by use of RNeasy Protect Mini Kit (Qiagen,
Valencia, CA) and used in a one-step reverse transcription–
polymerase chain reaction (RT-PCR; Invitrogen, Carlsbad, CA)
with the following primers: forward primer, CM10 (5′GAAGCTTCTCCCTGACATCCGT-3′ (BCR bases 2609-2630)
and reverse primer, 3′ ABL KD (5′-GCCAGGCTCTCGGGT
GCAGTCC-3′ (ABL bases 1292-1271). This reaction produced
a 1.3-kb fragment that corresponds to the BCR-ABL fusion junction and ABL kinase domain. This 1.3-kb fragment was purified
by use of the QIAuick gel extraction kit (product 28704, Qiagen)
and then used as a template to prime a second PCR with the
jnci.oxfordjournals.org

primers 5′ ABL KD (5′-GCGCAACAAGCCCACTGTCTATGG3′) and 3′ ABL KD (PCR SuperMix High Fidelity, product
10790-020; Invitrogen). This reaction amplified the ABL kinase
domain as a 0.6-kb fragment, which was isolated, as described
above, and subcloned into the pGEM-T vector (product A3600;
Promega, Madison, WI). At least 10 clones containing the ABL
kinase domain were directly sequenced with an ABI377 automated sequencer (Applied Biosystems, Foster City, CA). All
mutations are reported in the Abl-1a gene orientation (41).
Both the kinase domain and carboxyl-terminal regions of LYN
and HCK genes were also sequenced by use of an RT-PCR product
derived from the total RNA isolate described above. Primers for
the HCK analysis include 5′HCK (5′-CCTTCATCGAGCAGA
GGAAC-3′; HCK bases 1214–1223) and 3′HCK (5′-GTGGGT
GTCTGGGAGTAGGA-3′; HCK bases 1791-1772). Primers for
the LYN analysis include 5′LYN (5′-TCCTGAAGAGCGA
TGAAGGT-3′; LYN bases 1286-1305) and 3′LYN (5′-CCCG
CACATGAAATCATAAGT-3′; LYN bases 1931-1922). After the
one-step RT-PCR, the resultant approximately 0.6-kb fragments
were isolated, subcloned, and sequenced as described for the
BCR-ABL products. At least eight clones were sequenced for each
SRC family kinase gene in 12 CML patients with imatinibresistant disease.
Animal Studies
We resuspended 1 × 106 K562 cells or 1 × 107 K562R cells in
equal volumes of ice-cold Matrigel (BD Biosciences, Bedford,
MA). Two hundred microliters of cell suspension was injected
subcutaneously into the right rear flank of 6- to 7-week-old
female Swiss nude mice (Department of Experimental Radiology,
JNCI
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M. D. Anderson Cancer Center, Houston, TX). Five mice were
used in each experimental group and the control group. Ten days
after inoculation, when the tumor volume was approximately 0.3
cm3, treatment with imatinib or dasatinib began. Imatinib (50
mg/kg) was injected intraperitoneally in a 0.1-mL suspension of
dimethyl sulfoxide/polyethylene glycol 300 (1 : 1 vol : vol) every
day for 9 days. Dasatinib (15 mg/kg) was injected intraperitoneally in a 0.1-mL suspension of H2O and propylene glycol (1 : 1
vol : vol) every day for 5 days, followed by a 2-day rest, and then
dasatinib injections continued for the next 2 days, for a total of 9
days. Control mice were treated daily with equal volumes of
vehicle (dimethyl sulfoxide and polyethylene glycol 300). Each
mouse received a total of nine injections. Mice were maintained
in accordance with the Institutional Animal Care and Use
Committee procedures and guidelines. Animals were weighed
every other day and observed daily for signs of toxicity. Tumors
were measured three times a week with a digital caliper (Cel
Associates, Inc., Pearland, TX). Tumor volumes were calculated
in cubic millimeters according to the formula (L × W × D) × /6,
where L is the length, W is the width, and D is the depth. All animals were euthanized (with CO2) when control animal tumor
volumes approached the maximal allowable burden (1.5 cm3). All
tumors were excised from animals 4 hours after the final injection
of kinase inhibitor and frozen immediately in liquid nitrogen.
Tumor homogenates were prepared by use of a tissue microdisruptor (Brinkmann Instruments, Westbury, NY) at a final protein
concentration of 20 mg/mL of lysis buffer (described above) and
centrifuged (12 000 × g, for 30 minutes at 4°C). The supernatant
fraction was subjected to immunoblot analysis to determine levels
of total and phosphorylated CRKL and total and phosphorylated
LYN, as described above.
LYN and HCK Knockdown With siRNA
K562 and K562R cells were electroporated with short interfering
RNAs (siRNAs; 20–100 nM) against LYN or HCK or with a
scrambled control sequence (Dharmacon, Lafayette, CO) by use
of an AMAXA nucleoporation system. All siRNA was purchased
from Dharmacon. Electroporation was as described above. For cells
isolated from patient blood samples, we used the CD34 cell nucleoporation reagent (AMAXA) and a setting of U08 for the AMAXA
nucleoporation system, as described previously (42). Forty-eight
(for K562 and K562R cells) or 96 (cells isolated from patients R3,
R5, R10, R12, ND1, ND2, ND3, and ND4) hours after electroporation, lysates were prepared as described above and analyzed for
the expression of LYN, HCK, and phosphorylated LYN and for
PARP cleavage by immunoblotting and for cell survival by MTT
assays. Survival of cells from patient samples was determined by
trypan blue exclusion.
Immunoprecipitation and Mass Spectrometry Analysis of
LYN Kinase Tyrosine Phosphorylation in Cells Isolated
From Patients
LYN kinase was immunoprecipitated with anti-LYN (Santa Cruz
Biotechnology) and protein A-immunobeads (GE Healthcare)
from lysates prepared from mononuclear cells from two imatinibresistant CML patients (patients R10 and R12; starting with at least
500 µg of total protein from a lysate). Immune complexes were
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released from the immunobeads by heating (5 minutes at 95°C) in
50 µL of SDS sample buffer (1% SDS, 5% glycerol, 30 mM TrisHCl at pH 6.8, 0.005% bromophenyl blue, and 2.5% 2-mercaptoethanol) and resolved by SDS-PAGE. The band corresponding to
LYN kinase (as determined by immunoblotting companion lanes
from the same gel) was excised from the gel, and protein was
extracted and cleaved with modified porcine trypsin (sequencing
grade, Roche Applied Science, Indianapolis, IN). Resulting peptides were analyzed by nano-scale liquid chromatograpy (NanoLC) tandem mass spectroscopy with online desalting on a system
consisting of a Famos autosample, an Ultimate Nano-LC module,
and a Switchos precolumn switching device (LC-Packings/Dionex
Corp., Sunnyvale, CA). Electrospray ion-trap mass spectrometry
was performed on a linear ion-trap mass spectrometer to detect the
mass of tryptic peptides (LTQ, ThermoFinnegan, San Jose, CA).
Proteins were identified by searching for the fragment spectra in
the National Center for Biotechnology Information nonredundant
protein database by use of Mascot (Matrix Science, London, UK)
and Sequest (ThermoFinnegan). Modification analysis (to define
potential sites for tyrosine phosphorylation) was then performed by
use of combinations of error-tolerant searching with both search
tools as well as manual inspection of spectra.
Statistical Methods
Statistical significance of differences in tumor volumes between
control and treated mice was evaluated by using Student t test. All
statistical tests were two-sided. Five replicates and two independent
animal tumor experiments were evaluated.

Results
Analyses in Cell Lines
Imatinib-resistant K562R cells have mutation-negative BCR-ABL
but overexpress LYN kinase (31). We investigated the association
between LYN kinase and imatinib resistance by inserting a LYN
expression vector into imatinib-sensitive K562 cells by electroporation and measuring LYN levels in lysates from LYN-transfected
K562 cells and K562R cells. LYN-transfected K562 cells had
higher LYN expression and phosphorylation than untransfected
K562 cells (Figure 1, A) and lower sensitivity to imatinib (for K562
cells, imatinib IC50 = 0.6 µM; for LYN-transfected K562 cells, IC50 =
2.1 µM) (Figure 1, B). The SRC and BCR-ABL kinase inhibitor
dasatinib (40) induced a similar pattern of reduced survival in K562,
K562R, and LYN-transfected K562 cells (Figure 1, B). Thus,
decreased imatinib sensitivity that is associated with the overexpression of LYN kinase appears to be overcome by inhibiting LYN and
BCR-ABL kinases with dasatinib.
To further investigate this association, LYN kinase expression in both K562 and K562R cells was reduced by use of an
siRNA against LYN. Although LYN expression was markedly
reduced in both cell lines after treatment with LYN siRNA
(Figure 1, C), apoptosis was detected only in LYN siRNA–
transfected K562R cells, indicating that elevated LYN expression is involved in the survival of some imatinib-resistant CML
cells (Figure 1, C and D).
LYN kinase phosphorylation and caspase activation were also
examined in imatinib- or dasatinib-treated K562 and K562R cells.
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Figure 1. LYN kinase, imatinib sensitivity, and cell survival in vitro.
A) Overexpression of LYN in chronic myelogenous leukemia patient–
derived K562 cells. Proteins (30 µg) from lysates of K562 cells, control
vector (pMX)–electroporated or LYN vector (pMX-LYN)–electroporated
K562 cells, and imatinib-resistant K562R cells were separated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and probed
for phosphotyrosine (pY) content in BCR-ABL and LYN kinases and
total LYN protein expression by immunoblotting (IB). B) Imatinib and
dasatinib treatment and survival of K562 (squares), LYN-overexpressing (pMX-LYN–transfected) K562 (triangles), K562R (inverted triangles), and control K562 cells transfected with empty vector (pMX)
(diamonds). Cells were treated with the indicated concentration of
imatinib or dasatinib for 48 hours. Survival was then estimated by use
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays. Because the MTT assay does not fully discriminate between
survival and proliferation, both endpoints were included in the axis
label for accuracy. Each data point is the average of four determinations; error bars are 95% conﬁdence intervals (CIs) (some of which are
within the symbols). For the comparison of K562-pMX vs K562-pMXLYN cells, P values are as follows: at 0.5 µM imatinib, P = .045; at 1 µM

imatinib, P = .017; at 2 µM imatinib, P = .015; and at 4 µM imatinib,
P = .005. C) The effect of LYN silencing by short interfering RNA
(siRNA) on LYN activation and expression in K562 and K562R cells.
K562 and K562R cells were electroporated with 100 nM LYN siRNA or
100 nM HCK siRNA or with 100 nM scrambled control sequence (Con
siRNA). Control cells were left untreated (Control) for 48 hours. Cell
lysates were prepared and probed for phosphorylated LYN (pY396LYN) and total LYN protein levels by immunoblotting. HCK is not
expressed in K562 or K562R cells and so serves as an additional negative control. Proteins from the same lysates were also subjected to
immunoblotting for poly(ADP-ribose) polymerase (PARP), as an indicator of the activation of the caspase cascade. Actin was used as the
loading control. D) The effect of LYN silencing with LYN siRNA on the
survival of K562 and K562R cells. K562 and K562R cells were electroporated with 100 nM siRNA against HCK or LYN or 100 nM of control
siRNA as indicated, and cell proliferation and survival were measured
collectively by use of MTT assays 72 hours later. Data are the average
of four determinations; error bars are 95% CIs. Similar results were
obtained in two additional experiments. **P < .002, by a two-tailed
Student t test, for LYN siRNA in K562 vs K562R cells.

Imatinib or dasatinib treatment of K562 cells rapidly reduced
the level of tyrosine phosphorylation of BCR-ABL and CRKL
(a BCR-ABL substrate, whose phosphorylation reﬂects the level of
BCR-ABL kinase activity) (Figure 2, A). In contrast, suppression of
the phosphorylation of both BCR-ABL and CRKL was lower in
imatinib-treated K562R cells than in imatinib-treated K562 cells.
Although phosphorylation of LYN was not affected by short-term
treatment of K562R cells with imatinib, phosphorylation of LYN,
CRKL, and BCR-ABL in both K562 and K562R cells was rapidly
suppressed by dasatinib treatment. Dasatinib treatment activated
caspase cascades in both K562 and K562R cells, as shown by cleavage of PARP (Figure 2, B), whereas imatinib treatment activated
PARP cleavage only in K562 cells.
Because the suppression of LYN phosphorylation was associated with dasatinib-induced activation of PARP cleavage in K562R

cells, we examined LYN phosphorylation further in three recently
established and characterized CML cell lines, WDT-1, -2, and -3
(30). All cell lines carry the Philadelphia chromosome, a genetic
marker of CML. WDT-2 and WDT-3 cells express BCR-ABL
protein and are sensitive to imatinib, whereas WDT-1 cells are
deﬁcient in BCR-ABL protein and are resistant to imatinib. In
WDT-2 and -3 cells, imatinib treatment reduced the level of tyrosine phosphorylation of BCR-ABL, increased the mobility of
CRKL after SDS-PAGE (indicative of its dephosphorylation), and
reduced the levels of phosphorylated LYN and HCK (Figure 2, C).
In WDT-1 cells, imatinib treatment did not alter the level of
phosphorylated LYN kinase, supporting a role for BCR-ABL–
mediated activation of LYN kinase in CML cells (20,21). Thus,
LYN activation in imatinib-sensitive cells can be suppressed by the
imatinib-associated inhibition of BCR-ABL.
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Figure 2. Control of LYN activation in chronic myelogenous leukemia
(CML) cells. A) Kinase inhibitors and tyrosine phosphorylation in total
protein, CRKL, and LYN in K562 and imatinib-resistant K562R cells.
K562 and K562R cells were treated with 5 µM imatinib or 0.5 µM dasatinib as indicated. Total phosphotyrosine (p-Tyr), phosphorylated CRKL
(p-CRKL), phosphorylated LYN (p-LYN), and total LYN levels were
examined in cell lysates by immunoblotting. B) Kinase inhibitors and
activation of poly(ADP-ribose) polymerase (PARP) cleavage in K562 and
K562R cells. K562 and K562R cells were treated with imatinib or dasatinib as indicated. Cell lysates were examined by immunoblotting for
caspase cascade activation as assessed by PARP cleavage. C) BCR-ABL
kinase and the phosphorylation of LYN and HCK in imatinib-sensitive
human CML cell lines WDT-2 and WDT-3 and the imatinib-resistant
human CML cell line WDT-1. Phosphorylation of BCR-ABL, HCK, and
LYN from lysates of control or imatinib-treated (2.5 µM; 60 minutes)
WDT-1, WDT-2, and WDT-3 CML cell lines was assessed by immunoblotting with phosphorylation-site speciﬁc antibodies.

Analyses in Mice
Nude mice bearing subcutaneous K562 and K562R tumors were
treated with imatinib or dasatinib (n = 5 mice per group; each
mouse received a total of nine injections). Growth of K562 tumors
in imatinib-treated mice was statistically significantly reduced
(more than twofold) after 4 days of treatment, and, after 6 days of
treatment, no measurable K562 tumors remained in dasatinibtreated mice (Figure 3, A). The mean tumor volume at day 18 was
1.35 cm3 in control mice, 0.74 cm3 in imatinib-treated mice (difference = ⫺0.61 cm3, 95% CI = ⫺0.96 to ⫺0.25 cm3; P = .004), and
0.006 cm3 in dasatinib-treated mice (difference = ⫺1.34 cm3, 95%
CI = ⫺1.68 to ⫺1.02 cm3; P < .001). Mice bearing K562R tumors
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Figure 3. Tyrosine kinase inhibitors; in vivo antitumor activity and effects
on CRKL and LYN tyrosine phosphorylation. A) Tyrosine kinase inhibitor
treatment and K562 and K562R tumor growth in nude mice. Female
Swiss nude mice were injected subcutaneously with 1 × 106 K562 cells
(upper) or 1 × 107 K562R cells (lower) in Matrigel (day 0). On day 10, when
tumor volumes were approximately 0.3 cm3, mice were randomly
assigned to one of three treatment groups—imatinib, dasatinib, and control. Each group contained ﬁve mice. Vehicle alone was injected into
mice in the control group (blue circles). Imatinib (50 mg/kg, green
inverted triangles) was administered every day for 1.5 weeks. Dasatinib
(15 mg/kg, red diamonds) was administered for 5 days followed by a 2day rest, and then daily dasatinib injections resumed for 2 more days (for
a total of 9 days). Tumor dimensions were measured every other day,
and tumor volumes were calculated and compared with those at the initiation of therapy (day 10). Each data point is the average of measurements from ﬁve mice; error bars are 95% conﬁdence intervals. *P < .05;
**P < .005, compared with vehicle control (for control vs imatinib-treated
K562 tumors, day 12, P = .014; day 14, P = .018; day 16, P = .011; day 18,
P = .004; for control vs dasatinib-treated K562 and K562R tumors, all
P < .001; for control vs imatinib-treated K562R tumors, all P > .2.) B) The
effect of kinase inhibitors on phosphorylation of BCR-ABL and LYN
kinase in K562R tumors. Tumors were excised from two control, two
imatinib-treated, and two dasatinib-treated mice bearing K562R tumors
4 hours after the last treatment. Lysates were subjected to immunoblotting (each lane contains lysate from one tumor) for phosphorylated CRKL
(p-CRKL), total CRKL, phosphorylated LYN (p-LYN), or total LYN protein.

were initially responsive to imatinib treatment (2–4 days of treatment), but after continual therapy (6–8 days), tumors in imatinibtreated mice could not be distinguished from tumors in control
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mice. Dasatinib treatment statistically significantly reduced K562R
tumor burden, with only two of the five mice having measurable
tumor after therapy. The mean tumor volume at day 18 was 1.23
cm3 in control mice, 1.12 cm3 in imatinib-treated mice (difference =
⫺0.105 cm3, 95% CI = ⫺0.72 to ⫺0.51 cm3; P = .70), and 0.049 cm3
in dasatinib-treated mice (difference = ⫺1.18 cm3, 95% CI = ⫺1.62
to ⫺0.73 cm3; P < .001). Both phosphorylated CRKL and phosphorylated LYN were detected in K562R tumors from control mice
(Figure 3, B), only phosphorylated LYN was detected in K562R
tumors from imatinib-treated mice, and levels of both phosphorylated LYN and CRKL were reduced in K562R tumors from dasatinib-treated mice. Thus, the phosphorylation levels of LYN and
CRKL are associated with the K562R tumor burden, and the
enhanced antitumor effects of dasatinib were associated with suppression of both BCR-ABL kinase activity, as shown by the level of
phosphorylated CRKL, and LYN activation in K562R tumors.
Thus, direct inhibition of the phosphorylation of both CRKL and
LYN may be associated with reduced CML cell survival or
proliferation.
Analyses of Patient Samples
Phosphorylation of the LYN and CRKL kinases was examined in
mononuclear cells isolated from six CML patients who responded to
imatinib (patients S1–S6) and from 12 CML patients who developed
resistance to imatinib (patients R1–R12). The clinical characteristics
of these patients are summarized in Table 1. Fifteen of the 18 patients
expressed mutation-negative BCR-ABL kinase, one chronic-phase
patient had 30% clonal expression of the BCR-ABL mutation V299L,
one blast-crisis patient had 20% clonal expression of the BCR-ABL
mutation I360T, and another blast-crisis patient had 70% of the
BCR-ABL mutation V299L. From in vitro studies (43), expression of
V299L does not appear to influence imatinib sensitivity. After receiving imatinib therapy, all 18 patients entered a phase 1 clinical protocol
that evaluated dasatinib, and all patient blood samples were collected
before entering that trial (blood samples were not obtained or
available from these patients before imatinib therapy). Imatinibintolerant patients were defined as patients who had one or more
nonhematologic toxic effects (eg, skin rash or elevated liver enzymes)
that prevented their continued imatinib therapy. Seventeen of the 18
patients, the exception being patient S2, received other types of therapy before receiving imatinib treatment. Fifteen achieved a complete
hematologic response to imatinib, one achieved a partial cytogenetic
response, one achieved a minor cytogenetic response, and one had
stable disease. Most CML patients were in chronic phase when they
began imatinib therapy, and most had progressed to more advanced
disease when they began dasatinib therapy. During dasatinib therapy,
eight patients achieved at least a complete hematologic response to
dasatinib, one achieved a minor cytogenetic response and a complete
hematologic response, and nine achieved a complete cytogenetic
response.
We investigated whether LYN or HCK kinase activation in
imatinib-sensitive patients is dependent on BCR-ABL kinase by
use of the mononuclear cells from four imatinib-sensitive CML
patients (patients S1–S4). These cells were treated with imatinib
or dasatinib; control cells were untreated. Cell lysates were prepared, and the levels of phosphorylated LYN and HCK were measured. Phosphorylation of LYN and HCK, which was detected in
jnci.oxfordjournals.org

all four cell lysates, was inhibited by 5 µM imatinib (to >90%) and
0.5 µM dasatinib (100%), both of which are clinically achievable
concentrations (Figure 4, A). Next, we immunoprecipitated LYN
and HCK kinases from lysates of cells isolated from two other
imatinib-sensitive CML patients (patients S5 and S6) and assessed
each immunoprecipitate for phosphorylated LYN and HCK.
Dasatinib treatment fully suppressed phosphorylation of both
LYN and HCK, whereas imatinib treatment reduced the tyrosine
phosphorylation of LYN by 100% and of HCK by 74%–79%
(Figure 4, B). On the basis of the speciﬁcity of imatinib for BCRABL kinase, we conclude that the activation of LYN and HCK
kinases by phosphorylation appears to be regulated by BCR-ABL
in imatinib-responsive CML patients, as noted in imatinib-treated
cell lines (Figures 1 and 2).
We next examined LYN or HCK activation in mononuclear
cells isolated from four imatinib-resistant CML patients (patients
R1–R4) who retained a mutation-negative BCR-ABL (Table 1).
Cells were treated with clinically achievable concentrations of
imatinib (1 or 5 µM) or dasatinib (0.5 µM), and lysates were
examined for the phosphorylation of LYN and HCK kinases.
Imatinib (1 µM) suppressed the phosphorylation of LYN and
HCK by 32% or less (mean = 14.3%, 95% CI = ⫺8.9% to 37.4%)
in lysates from patients R1, R2, and R4, whereas 5 µM imatinib
was required to inhibit phosphorylation by 55% in the lysate
from patient R3 (Figure 4, C) and had less inhibitory activity in
the other three patient (R1, R2, and R4) samples (mean = 29.2%,
95% CI = ⫺8.9% to 67.4%). These values were obtained from a
single experiment (due to sample availability) and averaged across
four patients. We failed to detect consistent distinctions in the
level of LYN and HCK protein expression between imatinibsensitive and -resistant patients but commonly detected distinctions in control of their phosphorylation after treatment with
imatinib.
Mononuclear cells isolated from ﬁve additional imatinibresistant patients (patients R5–R9) were then treated with a high
concentration of imatinib (5 µM) or with dasatinib (0.5 µM), and
the maximal suppression of kinase activation was assessed in cell
lysates. Because cells were isolated from imatinib-resistant patients
(or nilotinib resistant for patient R9; nilotinib is a higher-afﬁnity
ABL kinase inhibitor than imatinib, and it is currently undergoing
clinical studies) who carried mutation-negative BCR-ABL genes,
we anticipated that imatinib would suppress essentially all BCRABL kinase signaling, as assessed by CRKL phosphorylation. After
treatment with imatinib, phosphorylation of CRKL was inhibited
78%–100% in each lysate (mean = 92%, 95% CI = 77% to 100%),
but phosphorylation of LYN and HCK was inhibited by less than
15% in lysates R5–R7 (mean = 9%, 95% CI = ⫺10% to 28%) and
by approximately 50% in lysates R8 and R9 (mean = 50%, 95%
CI = 25% to 75%) (Figure 4, D). In contrast, dasatinib treatment
completely blocked the phosphorylation of CRKL, LYN, and
HCK in all ﬁve lysates (R5–R9). Again, these values were obtained
from a single experiment (due to sample availability) and averaged
across ﬁve patients. Thus, LYN and HCK kinases appear to be
phosphorylated by a mechanism that is independent of BCR-ABL
kinase in some CML patients because imatinib-mediated inhibition of BCR-ABL substrate phosphorylation (CRKL) had little
effect on LYN or HCK phosphorylation.
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Figure 4. Regulation of LYN activation in imatinib-sensitive and
imatinib-resistant chronic myelogenous leukemia (CML) patients.
A) The role of BCR-ABL kinase and phosphorylation of LYN and HCK
in CML cells from four imatinib-sensitive (intolerant) patients (S1–S4).
Mononuclear CML cells isolated from these four patients were treated
with 5 µM imatinib or 0.5 µM dasatinib for 2 hours. Phosphorylation of
LYN and HCK kinases was then assessed by immunoblotting ﬁrst with
phosphorylation site-speciﬁc antibodies pY411-HCK and pY396-LYN,
respectively, and then with antibodies against total LYN and HCK protein. B) Densitometric analysis of the effect of imatinib or dasatinib
treatment on LYN and HCK phosphorylation in CML cells from two
imatinib-sensitive CML patients (S5 and S6). Mononuclear cells were
treated with 5 µM imatinib or 0.5 µM dasatinib for 1 hour. Lysates were
prepared, and 250 µg of protein from each lysate was immunoprecipitated with anti-HCK or anti-LYN as indicated. The immunoprecipitates
were subjected to immunoblot analysis by ﬁrst probing for tyrosine
phosphorylation of LYN or HCK by immunoblotting with antibodies
against phosphotyrosine (pY) and then by reprobing for total LYN or
HCK with anti-LYN or anti-HCK, respectively. C) Kinase inhibitors and
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LYN and HCK phosphorylation in CML cells from four imatinibresistant patients (R1–R4). Mononuclear cells from imatinib-resistant
patients who expressed a mutation-negative form of BCR-ABL
(Table 1) were treated with 1 or 5 µM imatinib or with 0.5 µM dasatinib
for 2 hours. Phosphorylation of LYN and HCK was examined by immunoblotting ﬁrst with phosphorylation site-speciﬁc antibodies pY411HCK or pY396-LYN, respectively, and then with antibodies against
total LYN or HCK protein. D) LYN and HCK activation and BCR-ABL
kinase activity in ﬁve imatinib-resistant CML patients (R5–R9).
Mononuclear cells from patients R5–R9 were treated with imatinib or
dasatinib, and phosphorylation of CRKL, LYN, and HCK was measured
by immunoblotting with anti-pY-CRKL, anti-pY396-LYN, and antipY411-HCK antibodies. In addition, total CRKL, total LYN, and total
HCK were measured by immunoblotting with anti-CRKL, anti-LYN, and
anti-HCK antibodies. Actin was used as the protein loading control for
interpatient comparison. In panels B–D, band density was measured
by densitometry and the percentage inhibition, compared with control
cells, was calculated for each kinase inhibitor and is presented at the
bottom of the panel.
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Figure 5. BCR-ABL–independent LYN kinase
activation in myeloid and lymphoid chronic
myelogenous leukemia (CML) cells. A) Kinase
inhibition in an imatinib-resistant patient with
CML in blast crisis (T-cell lymphoblastoid) (R10),
whose disease progressed during imatinib
treatment. Mononuclear cells isolated from this
patient were incubated with 5 µM imatinib or 1
µM dasatinib for 1 hour. Lysates were prepared
from these cells, and phosphorylation of BCRABL, CRKL, LYN, and HCK was measured by
immunoblotting with antibodies for phosphorylation of BCR-ABL (pY-BCR-ABL), site-speciﬁc
phosphorylation at tyrosine-177 in BCR-ABL
kinase (pY177-BCR-ABL), phosphorylated CRKL
(pCRKL), as well as total CRKL, LYN, HCK, and
actin. K562R cell lysate (lane K562R) was used
as a positive control for phosphorylation of
BCR-ABL, LYN, and CRKL. B) Imatinib and
dasatinib treatment and phosphorylation of
LYN or HCK in CML cells from patient R10. Cells
were treated with imatinib or dasatinib, and
lysates were prepared. Protein (0.5 mg) from
each lysate was immunoprecipitated (IP) with
anti-LYN or anti-HCK bound to immunobeads.
The location of any antibody bands was identiﬁed by use of controls containing only immunobeads (lanes Beads alone). Immunoprecipitates
were assessed by immunoblotting (IB) ﬁrst for
phosphorylated tyrosines in LYN and HCK with
antibodies against phosphorylated tyrosine
(bands pY-LYN and pY-HCK, respectively) and
then for total LYN and HCK protein with antibodies against LYN or HCK protein. C) Phosphorylation of LYN and HCK
in cells from imatinib-resistant CML patients R11 and R12. Mononuclear
cells from these patients were treated with 5 µM imatinib or 0.5 µM
dasatinib for 1 hour. Lysates were prepared and 30 µg of protein was
separated by electrophoresis and examined for CRKL expression and
phosphorylation (electrophoretic mobility) by immunoblotting with
anti-CRKL. Another 400 µg of lysate protein was immunoprecipitated
with antibodies against total HCK or total LYN and then immunoblotted
for phosphorylated HCK or LYN (pY-HCK and pY-LYN, respectively) and
then total LYN and total HCK with anti-LYN and anti-HCK, respectively.
D) The effect of silencing LYN expression on survival of mononuclear

cells from imatinib-resistant CML patients (R3, R5, R10, and R12) and
newly diagnosed CML patients (N1–N4). Cells from each patient were
subjected to electroporation with 100 nM LYN short interfering RNA
(siRNA) or with a control siRNA (Con). After 48 hours, cell lysates were
prepared from some cells from each patient and LYN and actin levels
were measured by immunoblotting. LYN bands were quantitated by
densitometry and normalized to actin levels to estimate the percentage
reduction in LYN expression in treated vs control cells. After 96 hours,
cell survival was estimated in the remaining cells by counting total and
trypan blue–stained cells. Data are the average of triplicate samples,
with no more than 5% variability between samples.

Because SRC family kinase knockout mice that lack LYN, HCK,
and FGR have been used to demonstrate a critical role for one or
all three kinases in lineage-speciﬁc stem-cell BCR-ABL transformation (22), we examined the phosphorylation of LYN and HCK
in mononuclear cells from imatinib-resistant patient R10, who was
in lymphoid blast crisis and who expressed the V299L mutant p190
form of BCR-ABL kinase. Survival of these cells 48 hours after
treatment was reduced to 42% of that of untreated cells by 5 µM
imatinib and to 50% by 100 nM dasatinib (data not shown).
Treatment with either imatinib or dasatinib inhibited phosphorylation of BCR-ABL kinase and CRKL (Figure 5, A). Phosphorylation
at tyrosine-177, the activation-speciﬁc site in BCR-ABL kinase,
was partially inhibited by imatinib treatment but was inhibited
completely by dasatinib treatment, as previously reported (26,29).
LYN and HCK phosphorylation were assessed individually by
immunoprecipitation from control and kinase inhibitor–treated
cells followed by immunoblotting for phosphorylated tyrosine residues (Figure 5, B). Imatinib treatment did not alter phosphorylation of LYN or HCK, but dasatinib treatment fully suppressed
phosphorylation of CRKL, LYN, and HCK (Figure 5, A and B).
We next investigated whether phosphorylation of LYN and
HCK differs in CML cells from lymphoid lineages (R10) and

myeloid lineages; myeloid cells from two imatinib-resistant CML
patients (patients R11 and R12) with mutation-negative BCR-ABL
genes were studied. Although both LYN and HCK proteins were
detected in cell lysates from both patients, only phosphorylated
HCK could be detected in the lysate from patient R11, and phosphorylated LYN was more prominent than phosphorylated HCK
in the lysate from patient R12 (Figure 5, C). Both imatinib and
dasatinib suppressed phosphorylation of the BCR-ABL substrate
CRKL in cells from patients R11 and R12, but imatinib had minimal effect on LYN or HCK activation (Figure 5, C). As described
above (Figure 5, A and B), dasatinib fully suppressed phosphorylation of both proteins, indicating that the phosphorylation of LYN
and HCK activation was independent of BCR-ABL kinase in
imatinib-resistant myeloid and lymphoid disease.
Persistent activation of LYN and/or HCK kinase may result
from a structural change induced by point mutation, and so we
sequenced the regions encoding the kinase and carboxyl-terminal
(negative regulatory) domains of LYN and HCK genes from all
cells isolated from imatinib-resistant patients (R1–R12). No
mutations in these domains in either gene were detected in cells
from any patient. Tyrosine phosphorylation was then directly
assessed with phosphorylation site–speciﬁc antibodies against
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Figure 6. Phosphotyrosyl protein complexes
containing phosphorylated LYN and HCK from
a patient with chronic myelogenous leukemia
(CML). Mononuclear cells were isolated from
imatinib-resistant patient R10 with CML in blast
crisis (T-cell lymphoblastoid). Cells were treated
as described in Figure 5, A. Lysates (0.5 mg of
protein) from untreated and treated cells were
immunoprecipitated (IP) with antibodies against
LYN or HCK and immunobeads. Controls containing only immunobeads (lanes Beads) were
used to assess nonspeciﬁc binding and identify
locations of immunoglobulin heavy chain proteins [IgG(H)]. First, proteins containing phosphotyrosine that were complexed with either
LYN or HCK were detected by immunoblotting
(IB) with antiphosphotyrosine antibodies (pY),
blots were stripped, and then total LYN and
HCK were detected with anti-LYN antibodies or
anti-HCK antibodies, respectively. Positions of
molecular weight standards are indicated on
the left; molecular weights of the bands are
indicated on the right.

LYN and HCK and mass spectroscopy analysis of tryptic
peptides derived from LYN immunoprecipitates. From these
analyses, we found evidence for unique site modiﬁcations in
lysates of cells isolated from patients R10 and R12.
Phosphorylation of LYN at residue tyrosine-396 in the activation site was detected in untreated specimens from all resistant
patients (R1–R12), but phosphorylation at residue tyrosine-507
in the negative regulatory site was not detected in any patient.
In two specimens, LYN tyrosine phosphorylation at an additional site—tyrosine-459 in patient R10 and tyrosine-193 in
patient R12—was detected. The importance of phosphorylation
at these sites is unknown. However, a homologous site in the
SH2 domain of c-SRC (tyrosine-215) has been associated with
the persistent activation of c-SRC kinase and with poor prognosis in breast cancer patients (44).
Decreased expression of LYN kinase mediated by siRNA
induced CML cells taken from imatinib-sensitive and -resistant
patients to apparently undergo apoptosis (42). We have previously
noted (31) similar activity in cells overexpressing LYN kinase that
were treated with LYN antisense oligonucleotide and have now
conﬁrmed these results by use of LYN siRNA silencing (Figure 1,
C). We investigated whether LYN kinase affects survival of CML
cells from both imatinib-sensitive and -resistant patients by use of
mononuclear cells isolated from four imatinib-resistant CML
patients (R3, R5, R10, and R12) and from four newly diagnosed
CML patients (N1–N4). Cells from each patient were electroporated with a control or LYN siRNA, and then LYN kinase expression and cell survival were measured. LYN expression levels in all
cell lysates were reduced 45%–85% by LYN siRNA treatment.
For imatinib-resistant patients, LYN expression was reduced by
73% (95% CI = 43% to 100%), and for newly diagnosed CML
patients, LYN expression was reduced by 63% (95% CI = 39% to
87%). Survival of cells from imatinib-resistant patients was
reduced 48% (95% CI = 26% to 70%); however, survival of cells
from newly diagnosed CML patients was reduced only 10% (95%
CI = ⫺5% to 24%) (Figure 5, D). These results were obtained
from a single experiment (due to sample availability) and are averaged across all four patients. These results support an association
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between LYN expression and/or activation in the survival of cells
from imatinib-resistant patients but not from newly diagnosed
patients.
Because the mechanisms of action and key substrates associated
with LYN-mediated CML cell survival have not been described,
we examined the phosphoproteins complexed with LYN or HCK
kinases in primary mononuclear cells from imatinib-resistant
CML patient R10. Cells from this patient were treated with imatinib or dasatinib, and lysates were prepared. Complexes containing LYN and/or HCK kinases were isolated by use of immunobeads
and anti-LYN or anti-HCK antibodies; phosphotyrosine-containing
proteins, as well as LYN and HCK kinases, were identiﬁed by
immunoblot analysis of the immunoprecipitates. Phosphorylation
of both HCK and LYN was not affected by imatinib treatment but
was suppressed by dasatinib treatment (Figure 6). Phosphoproteins
of 80 and140 kDa were detected in both LYN and HCK complexes, indicating that common SRC family kinase phosphoprotein
clusters may be present in primary CML cells. The association of
the 140-kDa protein with LYN and HCK complexes or
its tyrosine phosphorylation appeared to be more sensitive to
imatinib treatment than the association or phosphorylation of the
80-kDa protein. In contrast, dasatinib treatment reduced the phosphorylation of both LYN and HCK kinases as well as the association or phosphorylation of both 80- and 140-kDa phosphoproteins.
We have identiﬁed the 140-kDa protein as the E3-ligase, c-Cbl
(through tryptic-phosphopeptide analysis by mass spectrometry of
the excised phosphoprotein band) but have not been able to identify the 80-kDa phosphoprotein.

Discussion
In this report, we describe an association between LYN activation
and imatinib resistance in some CML patients who had mutationnegative BCR-ABL genes. In the 12 imatinib-resistant CML
patients studied, we detected highly activated LYN kinase and
HCK kinase that was not suppressed by imatinib treatment. In the
six imatinib-sensitive (intolerant) patients studied, imatinib fully
suppressed phosphorylation of LYN and HCK kinases. Thus, the
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failure of some CML patients to respond to imatinib appears to be
associated with a BCR-ABL–independent mechanism of LYN and
HCK activation. Activated LYN appears to play a direct role in the
survival of imatinib-resistant CML cells but not in the survival of
CML cells from newly diagnosed patients, for whom we do not
have sufficient follow-up to determine imatinib response. These
studies expand the spectrum of cellular changes that occur during
imatinib therapy beyond outgrowth of cells with BCR-ABL point
mutations and support the use of other tyrosine kinase inhibitors to
treat a broad spectrum of imatinib-resistant CML patients. CML
patients who do not respond to imatinib therapy (ie, hematologic
resistance) frequently express a nonmutated form of BCR-ABL
(12–16). Although we previously demonstrated (31) LYN overexpression and activation in cells isolated from CML patients with
progressing disease and acquired resistance to imatinib, the role and
extent of LYN associated with clinical response to imatinib was not
fully defined.
Overexpression of LYN kinase in CML cells results in loss of
imatinib sensitivity and characteristics (Figure 1, B) that resemble
speciﬁc mutations in the BCR-ABL kinase domain (41). A threeto fourfold reduction in imatinib sensitivity was previously
described for several common BCR-ABL mutations (including
M244I, F317L, M351I, and E450K), which can be mimicked by
LYN overexpression (Figure 1, B). However, a change in sensitivity to kinase inhibitors was not detected in LYN-overexpressing
imatinib-resistant cells treated with dasatinib, indicating that
agents targeting LYN and BCR-ABL kinases appear to overcome
LYN-mediated imatinib resistance. This observation does not
support previous hypotheses (32) that LYN overexpression induces
global changes in apoptotic responsiveness and cell survival.
It has been proposed (45) that BCR-ABL expression in hematopoietic stem cells induces “oncogene addiction,” which ultimately underlies the clinical activity of agents such as imatinib.
When cells are able to survive BCR-ABL inhibition, this addiction
may be transferred to other targets (46). In imatinib-resistant cells,
LYN kinase may play a role in this phenomenon because its targeted silencing induces apoptosis, as observed in imatinib-resistant
K562R cells (Figure 1) and imatinib-resistant cells from patients
R3, R5, R10, and R12 (Figure 5, D), all of which have high levels
of LYN expression. Others have shown (42) that LYN silencing
decreases survival of CML cells from patients who are resistant to
imatinib treatment or chemotherapy. However, we could not link
LYN silencing to decreased survival of cells from newly diagnosed
CML patients N1–N4 (Figure 5, D), indicating a distinct role for
LYN in imatinib-resistant patients compared with imatinib-naive
patients. The level of LYN expression may be an important
threshold determinant of “addictive” LYN activity because,
although full or partial LYN silencing was achieved by LYN
siRNA in K562 cells and cells from imatinib-naive patients,
respectively, there was limited apoptotic or proliferative change in
these cells when compared with control cells (Figures 1 and 5, D).
Analyses of LYN expression and LYN silencing in CML cells with
distinct lineage characteristics from other well-characterized
patients may resolve some of these issues because threshold LYN
expression could have been altered by previous chemotherapies,
exposure to imatinib, coexpression of other kinases, and other
stress mechanisms (31,32,47,48). The use of compounds with a
jnci.oxfordjournals.org

broader spectrum of action may prevent transferred addiction to
other pathways, such as those involving LYN kinase and other
SRC-family kinases.
Before enrollment in a clinical trial of dasatinib, we obtained the
disease status of 68 CML patients and determined their BCR-ABL
mutation status to assess whether LYN or HCK kinase was involved
in clinical imatinib resistance. For the study of LYN regulation, we
compared imatinib-sensitive patients with imatinib-resistant patients
who expressed a nonmutated form of BCR-ABL, a mutated form
that was not predominant (ie, 30% or less of the sequenced clones
express the mutation) (patients R4 and R9), or a mutated form that
was predicted from in vitro studies (43) to not affect imatinib activity (patients R4 and R10). In all imatinib-sensitive cell lines and
patients, LYN and/or HCK activation was suppressed by imatinib
(Figure 4, A–C). However, in mononuclear cells from imatinibresistant patients who expressed nonmutated BCR-ABL, phosphorylation of BCR-ABL was inhibited by imatinib, whereas LYN
and HCK phosphorylation was fully (or partially) independent of
BCR-ABL. The inability of imatinib to inhibit LYN or HCK phosphorylation in these cells may prevent disengagement of all survival
or “addictive” signals (Figures 1 and 6) (32,42). The higher clinical
activity of dasatinib than of imatinib or inhibitors with higher BCRABL afﬁnity (49) in patients with speciﬁc types of imatinib-resistant
CML (41,50,51) indicates that SRC-family kinase inhibition may be
an important therapeutic determinant.
Our analysis of patient specimens had several limitations. First,
sample availability and access to patient material were limited and
repetitive analyses were not usually possible. Therefore, sample
analysis and response to kinase inhibitors were largely based on
single experiments averaged across a patient population with similar clinical characteristics. Second, the concentration of tyrosine
kinase inhibitors used in these ex vivo experiments to affect BCRABL and other kinases was in line with pharmacologically achievable levels of imatinib and dasatinib. However, the cellular
concentration of each inhibitor may vary widely between patients
and may only partially reﬂect the concentrations used in our
experiments. Therefore, the effects described for kinase inhibitor
activities in our patient specimen analysis may only partially reﬂect
the clinical activity of imatinib or dasatinib.
Our analysis indicates that BCR-ABL kinase is not the primary
upstream mediator of LYN or HCK activation in some CML
patients. We did not detect LYN or HCK gene mutations or deletions but did detect unique LYN tyrosine phosphorylation sites—
tyrosine-193 and -459—in cells from imatinib-resistant CML
patients with myeloid or lymphoid disease, respectively. The clinical signiﬁcance of this observation is unknown, but at least one
homologous tyrosine phosphorylation site in c-SRC at tyrosine215 has been associated with elevated kinase activity, increased
tumorigenicity, and poor patient prognosis (44). It should be noted
that these two LYN phosphotyrosine sites were recently detected
by phosphoproteomic analysis of leukemic cells and normal and
other tumor tissues (http://www.phosphosite.org), but no additional experimental details have been reported.
Two tyrosine phosphoproteins were detected in LYN and
HCK immunoprecipitates from CML cells. One phosphoprotein
was identiﬁed as the E3-ligase, c-Cbl, which has previously been
shown to complex with BCR-ABL (52) and, through site-speciﬁc
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tyrosine phosphorylation, to mediate the formation of signaling
complexes (53). Other SRC-family kinases, including LYN, have
been shown to regulate c-Cbl phosphorylation and stability
(49,54,55), indicating some association among LYN, BCR-ABL,
and c-Cbl (p140) (Figure 6). Evidence for a primary role for
BCR-ABL in c-Cbl tyrosine phosphorylation was obtained with
a CML primary specimen because c-Cbl phosphorylation was
inhibited by both imatinib and dasatinib (Figure 6) (56). Tyrosine
phosphorylation of both LYN and HCK kinases and their association with an 80-kDa protein was sensitive only to dasatinib;
the importance of the latter observation has not yet been
determined.
In this study, we observed BCR-ABL–independent activation
of LYN in imatinib-resistant patients who had mutation-negative
BCR-ABL. We also observed that LYN appears to play a direct
role in CML cell survival. These results support the presence of
more complex mechanisms of targeted drug resistance in CML
patients than was expected from mutational studies of BCR-ABL.
The association and mechanism of LYN activation in imatinib
resistance warrants further study in additional patients.
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