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Imatinib induces H2AX phosphorylation and 
apoptosis in chronic myelogenous leukemia cells in 
vitro via caspase-3/Mst1 pathway
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Aim: Histone H2AX is a novel tumor suppressor and its phosphorylation at the C terminus (Ser139 and Tyr142) is required for tumor 
cell apoptosis.  The aim of the present study was to elucidate the mechanisms underlying imatinib-induced C-terminal phosphorylation 
of H2AX in chronic myelogenous leukemia cells in vitro.
Methods: BCR–ABL-positive K562 cells were used.  Microscopy, Western blotting and flow cytometry were used to study the signaling 
pathways that regulate imatinib-induced H2AX phosphorylation and the apoptotic mechanisms.
Results: Treatment of K562 cells with imatinib (1–8 µmol/L) induced phosphorylation of H2AX at Ser139 and Tyr142 in time- and 
dose-dependent manners.  In contrast, imatinib at the same concentrations did not affect H2AX acetylation at Lys 5, and the acety-
lated H2AX maintained a higher level in the cells.  Meanwhile, imatinib (1–8 µmol/L) activated caspase-3 and its downstream mam-
malian STE20-like kinase 1 (Mst1), and induced apoptosis of K562 cells.  The caspase-3 inhibitor Z-VAD (40 µmol/L) reduced imatinib-
induced H2AX phosphorylation at Ser139 and Tyr142 and blocked imatinib-induced apoptosis of K562 cells.  Imatinib (4 µmol/L) 
induced expression of Williams–Beuren syndrome transcription factor (WSTF), but not wild-type p53-induced phosphatase 1 (Wip1) in 
K562 cells.
Conclusion: The caspase-3/Mst1 pathway is required for H2AX C-terminal phosphorylation at Ser139 and Tyr142 and subsequent 
apoptosis in Bcr-Abl-positive K562 cells induced by imatinib.
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Introduction
Chronic myelogenous leukemia (CML) is a myeloprolifera-
tive disorder of the hematopoietic stem cells, caused by a 
t(9; 22) (q34; q11) translocation that generates a BCR–ABL 
fusion gene encoding a BCR–ABL fusion oncoprotein[1–3].  
BCR–ABL fusion protein possesses constitutively active 
tyrosine kinase activity, which plays an essential role in the 
initiation of CML.  Multiple signaling pathways including 
Ras, Stat 5, Erk/MAPK, Jak2, PI3K, and others are activated 
by BCR–ABL, leading to excessive and uncontrolled prolif-
eration of differentiated myeloid cells[4].  Clinically, CML has 

been successfully treated with imatinib mesylate, a selective 
small-molecule protein kinase inhibitor that specifically tar-
gets the oncogenic BCR–ABL fusion protein kinase, although 
the regulation mechanism involved in imatinib-induced CML 
cell apoptosis is only partially understood[5, 6].  However, new 
difficulties have challenged clinicians.  It has also been found 
that many CML patients have resistance to imatinib treatment 
because of a high frequency of BCR–ABL fusion gene muta-
tions[5–7].  Thus, identifying the signaling pathways or bio-
chemical mediators of imatinib-induced CML cell death may 
help to develop innovative strategies to overcome imatinib 
resistance.   

Histone variant H2AX is a major regulator of the cellular 
response to DNA damage and is associated with cell death[8, 9].  
Increasing evidence has demonstrated that the function of 
H2AX is mainly regulated by its C-terminal phosphorylation 
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at Ser139[10, 11].  The phosphorylated form of H2AX at Ser139 
has also been referred to as γH2AX[12].  We have previously 
reported that γH2AX is required for DNA degradation medi-
ated by caspase-activated DNase (CAD) in apoptotic cells[9].  
Recently C-terminal Tyr142 of H2AX has been found to be 
a phosphorylation site[13, 14].  Tyr142 phosphorylation is not 
a prerequisite for Ser139 phosphorylation but cooperates to 
regulate DNA damage repair or apoptosis.  In vitro and in 
vivo experiments have both already provided compelling 
evidence that H2AX phosphorylation is related to tumor 
development[15–17].  It has been reported that deletion of H2AX 
attenuates the apoptotic response of gastrointestinal stromal 
tumors (GISTs) to imatinib and induces blast crisis of CML in 
a transgenic mouse model[16, 18].  Taken together, these pub-
lished data indicate that H2AX plays an important role in 
regulation of tumor cell apoptosis and acts as a novel human 
tumor suppressor protein.  However, it is still unknown how 
H2AX phosphorylation at Ser139 and Tyr142 is regulated in 
CML cells.  Therefore, identification of the signaling pathways 
involved in imatinib-induced H2AX phosphorylation and 
apoptosis may provide new molecular targets for imatinib-
resistant CML or other cancer therapy.  

In this study, we used imatinib to induce apoptosis of 
BCR–ABL-positive K562 cells and investigated the signaling 
pathways involved in regulation of H2AX phosphorylation 
(Ser139/Tyr142).  We demonstrated that imatinib induced 
strong phosphorylation of H2AX (Ser139/Tyr142) in a time- 
and dose-dependent manner.  However, H2AX acetyla-
tion (Lys 5) was not induced by imatinib.  Caspase-3 and 
its downstream Mst1 could be activated by imatinib during 
apoptosis, coinciding with H2AX phosphorylation at Ser139 
and Tyr142.  Inhibition of the caspase-3/Mst1 pathway with 
caspase-3 inhibitor Z-VAD reduced H2AX phosphorylation at 
Ser139 and Tyr142 and blocked K562 cell apoptosis.  In addi-
tion, we found that expression of WSTF, which is reported 
to regulate H2AX phosphorylation at Tyr142, was increased 
by imatinib.  However, expression of Wip1, which has been 
shown to dephosphorylate H2AX at Ser139, was not affected 
by imatinib.  Overall, these data show that the caspase-3/Mst1 
pathway is required for imatinib-induced H2AX C-terminal 
phosphorylation (Ser139 and Tyr142) and subsequent apopto-
sis of Bcr−Abl-positive K562 cells.
 

Materials and methods
Reagents
Imatinib mesylate and caspase-3 inhibitor Z-VAD were pur-
chased from Axon Medchem (Groningen, Netherlands) and 
Calbiochem (La Jolla, CA, USA), respectively.  The antibod-
ies against γH2AX, phosphorylated H2AX (Y142), acetylated 
H2AX (Lys 5) (aH2AX), H2AX, Mst1, active Mst1, and WSTF 
were obtained from Millipore (Billerica, MA, USA).  The anti-
body to detect β-actin was from Sigma-Aldrich (St Louis, MO, 
USA).  The antibodies against caspase-3, activated caspase-3 
(cleaved caspase-3 fragment) and Wip1 were obtained from 

Santa Cruz Biotechnology (Santa Cruz, CA, USA).  

Cell culture and chemical drug treatments
K562 cells were cultured in RPMI-1640 medium supplemented 
with 10% fetal bovine serum (FBS) in a 37 °C 5% CO2 incuba-
tor.  Before each experiment, K562 cells (5×106) were seeded 
in 10-cm dishes and treated for various times with culture 
medium supplemented with imatinib mesylate or with Z-VAD 
1 h before treatment with imatinib mesylate.  

Observation of apoptotic cell morphology
K562 cells after treatment with imatinib mesylate at different 
concentrations for various times were observed by inverted 
microscopy (Olympus, Tokyo, Japan).  To detect chromatin 
condensation, K562 cells after imatinib mesylate treatment 
were stained with DAPI (Cell Apoptosis DAPI Detection Kit; 
KeyGen Biotech, Nanjing, China).  All samples were viewed 
with a fluorescence microscope (Olympus).

Total cellular protein or histone extraction and western blot 
analysis
Cellular proteins were extracted after drug treatments by 
disrupting the cells in lysis buffer (50 mmol/L Tris–HCl, 
pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mmol/L 
NaCl, 1 mmol/L EGTA, 1 mmol/L Na3VO4, 1 mmol/L NaF, 
1 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/mL pepstatin, 
and 1 mmol/L PMSF).  To extract the histones after drug treat-
ment, cells were lysed in NETN buffer (150 mmol/L NaCl, 
1 mmol/L EDTA, 20 mmol/L Tris, pH 8, and 0.5% NP-40) 
and centrifuged for 5 min.  The histones were extracted from 
the pellets with 0.1 mol/L HCl[10].  The protein samples were 
resolved by SDS-PAGE and transferred to polyvinylidene dif-
luoride membranes.  The membranes were blocked at room 
temperature for 1 h with 5% nonfat milk in Tris-buffered 
saline containing Tween 20 (TBST).  Primary antibodies were 
incubated with membranes at 4 °C overnight.  Membranes 
were incubated with the appropriate secondary antibody in 
TBST for 1 h at room temperature.  Proteins were detected by 
enhanced chemiluminescence (Amersham Biosciences, Bucks, 
UK).

Flow cytometry 
Imatinib-induced apoptosis of K562 cells was examined using 
a PE Annexin V Apoptosis Detection Kit (BD Biosciences, San 
Jose, CA, USA) according to the protocol provided.  Cells were 
washed once with RPMI-1640 medium containing serum, and 
incubated with Annexin V-conjugated PE.  Apoptosis was 
analyzed by flow cytometer (FACS-Calibur; Becton Dickinson, 
San Jose, CA, USA).

Statistical analysis
Data are expressed as the mean±SD from three independent 
determinations, and significance was assessed using a t test 
and one-way ANOVA.  Differences were considered signifi-
cant at P<0.01.
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Results 
Imatinib induces H2AX C-terminal phosphorylation and apoptosis
Human K562 cells are BCR–ABL-positive CML cells[19].  Ima-
tinib inhibits the kinase activity of BCR–ABL, leading to inhi-
bition of K562 cell growth and apoptosis.  Previous data have 
shown that H2AX C-terminal phosphorylation is required for 
tumor cell apoptosis[17, 20, 21].  Hence, we investigated whether 
imatinib could induce H2AX C-terminal phosphorylation 
in CML cells.  Histones were extracted from K562 cells after 
imatinib treatment at the indicated time and dose and West-
ern blot analysis was conducted.  The data demonstrated that 
treatment with imatinib for 24 or 48 h induced H2AX C-termi-
nal phosphorylation at Ser139 and Tyr142 in a dose-dependent 
manner (Figure 1A).  At the same time, we also detected H2AX 
acetylation and found that imatinib did not induce H2AX 
acetylation (Lys 5) in K562 cells (Figure 1A).  Our data showed 
that H2AX acetylation appeared not to affect H2AX phospho-

rylation (Ser139/Tyr142).  However, the reason why K562 
cells maintained such a high endogenous level of acetylated 
H2AX (Lys 5) and how acetylated H2AX (Lys 5) functioned is 
an interesting issue that requires further investigation (Figure 
1A).  

We also observed that K562 cell apoptosis (cell shrinking) 
was triggered by imatinib in a dose-dependent manner (Figure 
1B), following a parallel response with H2AX phosphorylation 
(Ser139/Tyr142) (Figure 1A).  These data suggested that H2AX 
C-terminal phosphorylation was related to apoptosis of CML 
cells, and supported the previous suggestion that H2AX C-ter-
minal phosphorylation is involved in tumor cell apoptosis.  
 
Imatinib triggers activation of caspase-3 and its downstream 
Mst1
Caspase-3 has been identified as a key mediator of apoptosis 
of mammalian cells, and its activation is believed to be a hall-

Figure 1.  Imatinib induces H2AX phosphorylation at Ser139 and Tyr142 and apoptosis.  (A) K562 cells were treated with different concentrations 
of imatinib as indicated for 24 h (left panel) and 48 h (right panel).  Cells not treated with imatinib served as negative controls.  The histones were 
extracted and resolved by 15% SDS-PAGE followed by Western blot analysis with antibodies against γH2AX (phosphorylated H2AX at Ser139), pH2AX 
(Y142) (phosphorylated H2AX at Tyr142), aH2AX (acetylated H2AX at Lys 5) and total H2AX.  (B) As for (A), K562 cells after treatment with imatinib at 
the indicated time and dose were observed by microscopy (original magnification: ×400).  
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mark of apoptosis, and to regulate chromatin condensation by 
its downstream CAD[22].  Mst1, another caspase-3 downstream 
protein, has recently been reported to phosphorylate H2AX 
at Ser139 directly in HEK 293 cells, resulting in formation of 
γH2AX, which regulates apoptosis[23].  To investigate whether 
the caspase-3/Mst1 signaling pathway is involved in regula-
tion of C-terminal phosphorylation of H2AX in CML cells, we 
studied the effect of imatinib on activation of the caspase-3/
Mst1 pathway, using Western blot analysis.  We indicated 
that caspase-3 and Mst1 were dramatically activated after 
24 or 48 h imatinib treatment in a dose-dependent manner 
(Figure 2A).  Caspase-3 (34 kDa) was cleaved to produce the 
active fragment (17 kDa).  Simultaneously, Mst1 (54 kDa) was 
cleaved by activated caspase-3 to form the active Mst1 frag-
ment (34 kDa).  Together with these data, we demonstrated 
that caspase-3 and Mst1 activation were triggered by imatinib 
(Figure 2A), following a similar response as that for H2AX 
C-terminal phosphorylation induced by imatinib (Figure 1A).  
These results suggest that the caspase-3/Mst1 pathway con-
tributes to C-terminal phosphorylation of H2AX.  To confirm 
that imatinib induces apoptosis, we stained K562 cells with 
DAPI to observe chromatin condensation.  The data clearly 
showed that imatinib induced strong apoptosis of K562 cells 
in a time-dependent manner (Figure 2B).  

Caspase-3/Mst1 pathway is required for imatinib-induced H2AX 
phosphorylation and apoptosis
The data presented in Figures 1 and 2 indicated that imatinib 
might induce H2AX C-terminal phosphorylation (Ser139 
and Tyr142) via the caspase-3/Mst1 pathway during K562 
cell apoptosis.  To confirm this, we used caspase-3 inhibitor 
Z-VAD to block caspase-3/Mst1 signaling in K562 cells and 
then detected H2AX C-terminal phosphorylation and apop-
tosis induced by imatinib.  K562 cells treated with imatinib 
alone or together with Z-VAD were harvested for Western 
blotting and flow cytometry.  Imatinib triggered caspase-3 and 
Mst1 activation in a time-dependent manner (Figure 3, bottom 
left).  At the same time, phosphorylation of H2AX at Ser139/
Tyr142 was induced (Figure 3, top left).  To investigate the 
action of the caspase-3/Mst1 pathway in regulation of H2AX 
phosphorylation at Ser139/Tyr142 and apoptosis of K562 cells, 
Z-VAD was used to treat K562 cells with imatinib.  We found 
that Z-VAD inhibited the cleavage of caspase-3 and Mst1 to 
form their active fragments.  That is to say, Z-VAD inhibited 
imatinib-induced activity of caspase-3, leading to inhibition of 
Mst1 activity (Figure 3, bottom right).  Simultaneously, ima-
tinib-induced phosphorylation of Ser139 and Tyr142 in H2AX 
was inhibited by Z-VAD (Figure 3, top right). 

Furthermore, we also detected the function of the caspase-3/

Figure 2.  Imatinib induces caspase-3 and Mst1 activation and apoptosis.  (A) K562 cells were treated with imatinib at the indicated concentrations 
for 24 h (left panel) or 48 h (right panel) and harvested for Western blot analysis to detect caspase-3 (full length, 34 kDa), cleavage of caspase-3 (17 
kDa fragment), Mst1 (full length, 54 kDa), and cleaved Mst1 (34 kDa).  β-Actin was also detected as a loading control.  (B) K562 cells were treated with 
imatinib (4 µmol/L) for 0, 24, or 48 h and stained with DAPI for observation by immunofluorescence microscopy (original magnification: ×400). 
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Mst1 pathway in regulation of K562 cell apoptosis induced 
by imatinib.  Flow cytometry showed that imatinib effectively 
induced apoptosis of K562 cells, characterized by the per-
centage of early apoptotic cells, in a time-dependent manner 
(Figure 4).  Z-VAD strongly reduced imatinib-induced apopto-
sis of K562 cells (Figure 4).

Overall, these data provided strong evidence that H2AX 
phosphorylation (Ser139/Tyr142) and apoptosis of K562 cells 
induced by imatinib is regulated by the caspase-3/Mst1 sig-
naling pathway.

Imatinib induces Tyr142 phosphorylation of H2AX by increasing 
wSTF but not wip1 expression
Wip1 is a nuclear oncogenic type 2C protein phosphatase that 
is amplified in many human tumors, such as breast cancer, 
ovarian clear cell carcinoma, and medulloblastoma[24, 25].  Previ-
ous data have indicated that Wip1 directly dephosphorylates 
γH2AX (Ser139) and regulates DNA damage response.  Hence, 
we investigated whether imatinib induced H2AX phosphory-
lation (Ser139) by inhibiting expression of Wip1.  We showed 
that imatinib did not increase Wip1 expression in K562 cells 
(Figure 5A).  

Figure 3.  Caspase-3/Mst1 pathway is involved 
in imatinib-induced H2AX phosphorylation at 
Ser139 and Tyr142.  K562 cells were treated 
with imatinib (left panels) and imatinib with 
Z-VAD (right panel) for the indicated time.  The 
extracted whole proteins were resolved by 10% 
SDS-PAGE followed by Western blot analysis 
with antibodies against caspase-3 (full length, 
34 kDa), cleaved caspase-3 (17 kDa fragment), 
Mst1 (full length, 54 kDa), and cleaved Mst1 (34 
kDa) (bottom, left panel and right panel).  The 
extracted histones were analyzed by Western 
blotting to detect phosphorylation of H2AX 
[pH2AX (Y142), γH2AX, and total H2AX] (top left 
and right panels).

Figure 4.  Caspase-3 is required for apoptosis of K562 cells.  
K562 cells were treated with 4 µmol/L imatinib (top left 
panels) and 4 µmol/L imatinib with 40 µmol/L Z-VAD (bottom 
left panels).  Cells were harvested at the indicated time and 
subjected to flow cytometry after Annexin V-conjugated PE 
staining to assess early apoptosis (PE Annexin V positive 
and 7-AAD negative) (right bottom area).  The mean±SD of 
three independent determinations are shown (right panel) 
(P<0.01).
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Another protein, WSTF, a component of the WICH complex 
(WSTF–ISWI ATP-dependent chromatin-remodeling complex) 
was found to regulate Tyr142 phosphorylation of H2AX[14].  
We indicated that imatinib actually increased WSTF level in 
K562 cells (Figure 5A).  This is a novel finding, suggesting 
that WSTF protein at least partially contributed to imatinib-
induced H2AX phosphorylation (Tyr142) to regulate apopto-
sis.  How imatinib regulates expression of WSTF or whether 
the caspase-3/Mst1 pathway is also involved in regulation of 
WSTF protein level requires further investigation.

Discussion
Histone H2AX is a variant of histone H2A that is ubiquitously 
expressed throughout the genome, and has been designated 
as the histone guardian of the genome[26].  Deficiency of his-
tone H2AX decreases genomic stability and increases tumor 
susceptibility of normal cells and tissues, suggesting that it 
might act as a tumor suppressor[27, 28].  Increasing evidence, 
along with our present results show that the function of 

H2AX involved in regulation of apoptosis is mediated by its 
C-terminal phosphorylation.  We previously have demon-
strated that H2AX phosphorylation at Ser139 plays a key role 
in regulation of apoptosis[9, 10].  Mutation of Ser139 in H2AX 
to block Ser139 phosphorylation greatly inhibited apoptosis.  
Recently, Tyr142 in the C terminus of H2AX was found to be 
regulated by WSTF during apoptosis.  Tyr142 phosphoryla-
tion has been confirmed as not essential for Ser139 phospho-
rylation, but it might cooperate to regulate DNA damage 
repair or apoptosis[14].  We found that WSTF protein level 
in K562 cells was increased by imatinib treatment, indicat-
ing that imatinib induced Tyr142 phosphorylation, partially 
dependent on WSTF.  However, we excluded the possibility of 
Wip1 involved in imatinib-induced phosphorylation of H2AX 
at Ser139.  To summarize our present results, we suggest a 
regulation model of H2AX C-terminal phosphorylation dur-
ing imatinib-induced apoptosis.  The model demonstrates that 
imatinib can induce both Ser139 and Tyr142 phosphorylation, 
and apoptosis in K562 cells through the caspase-3/Mst1 path-
way (Figure 5B).  Furthermore, the imatinib-induced increase 
in WSTF level was at least partially involved in phosphory-
lation of H2AX at Tyr142 (Figure 5B).  Our previous work 
has shown that H2AX phosphorylated at Ser139 (γH2AX) 
regulates DNA fragmentation triggered by CAD in apoptotic 
cells[9].  However, how the Tyr142 phosphorylation of H2AX 
cooperates with Ser139 phosphorylation of H2AX to regulate 
apoptosis is currently unknown in detail.  

Our data confirmed the importance of H2AX in apoptosis 
of CML cells.  Interestingly, the H2AX gene maps to chromo-
some 11q23, a region which is frequently altered in mantle 
cell lymphoma and CML[2].  Furthermore, H2AX deficiency 
promotes B-cell tumorigenesis[29].  The data from the trans-
genic mouse model of CML further demonstrate that H2AX 
functions as a tumor suppressor, and low expression of H2AX 
promotes the blast crisis of CML[18].  H2AX dysfunction could 
make animals more sensitive to carcinogenic factors.  Appar-
ently, the function of H2AX as a tumor suppressor is related 
to its regulation of apoptosis.  Carcinogenic factors usually 
induce DNA double-strand breaks (DSBs) in the genome, and 
cells themselves can trigger repair of these DSBs.  Once DNA 
damage such as DSBs cannot be repaired, cells have to choose 
the apoptotic fate to protect the organism.  If the apoptotic 
mechanism is prevented because of loss of H2AX function, 
the cells bearing an increasing number of DSBs possibly face a 
high risk of malignant mutations in the genome and therefore 
are easier to tumorigenesis.  

CML is a clonal disease of hematopoietic stem cells that is 
characterized by BCR–ABL fusion protein, which has constitu-
tive tyrosine kinase activity and is essential for the pathogen-
esis of the disease[3].  Imatinib, an ATP-competitive selective 
inhibitor of BCR–ABL, has emerged as the lead compound 
for clinical development against CML because of its unprec-
edented efficacy[1].  However, the mechanism of apoptosis 
induced by imatinib is not known well, which prevents effec-
tive treatment of CML, especially in patients who develop 
imatinib resistance.  H2AX has been found to be expressed at 

Figure 5.  (A) WSTF regulates imatinib-induced Tyr142 phosphorylation 
of H2AX. K562 cells were treated with 4 µmol/L imatinib at the indicated 
time.  The extracted whole proteins were subjected to Western blot 
analysis with antibodies against WSTF, Wip1, and β-actin.  (B) A regulation 
model of H2AX phosphorylation (C-terminal) during imatinib-induced 
apoptosis.  Once caspase-3 activation is triggered by imatinib and its down 
stream Mst1 will be cleaved and activated.  Active Mst1 can regulate 
H2AX phosphorylation at Ser139 (S139) and Tyr142 (Y142), which is 
involved in apoptosis.  Simultaneously, imatinib can also increases Tyr142 
phosphorylation of H2AX by increasing WSTF protein level to regulate 
apoptosis.  The dotted arrows indicate the regulation mechanisms that 
remain to be characterized further.
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low levels in GISTs[16].  Low levels of γH2AX destroy the bal-
ance between growth and apoptosis of tumor cells, resulting 
in uncontrolled proliferation.  Therefore, inhibition of H2AX 
phosphorylation is one possible reason why many patients 
with tumors develop resistance to radiotherapy and chemo-
therapy, including imatinib treatment.  To the best of our 
knowledge, our study is the first to reveal the signal trans-
duction pathway which regulates H2AX phosphorylation 
(Ser139/Tyr142), and to demonstrate the importance of H2AX 
phosphorylation in apoptosis of CML cells.  Overall, these 
data provided mechanistic insights into imatinib-induced 
tumor cell apoptosis and suggested H2AX as a novel target in 
cancer therapy.  
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