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AbstrAct
Non-small cell lung cancer (NSCLC) patients with epidermal growth factor 

receptor (EGFR) mutations are responsive to EGFR-tyrosine kinase inhibitor (EGFR-
TKI). However, NSCLC patients with secondary somatic EGFR mutations are resistant 
to EGFR-TKI treatment. In this study, we investigated the effect of TG101348 (a JAK2 
inhibitor) on the tumor growth of erlotinib-resistant NSCLC cells. Cell proliferation, 
apoptosis, gene expression and tumor growth were evaluated by diphenyltetrazolium 
bromide (MTT) assay, flow cytometry, terminal deoxynucleotidyl transferase biotin-
dUTP nick end labeling (TUNEL) staining, Western Blot and a xenograft mouse model, 
respectively. Results showed that erlotinib had a stronger impact on the induction 
of apoptosis in erlotinib-sensitive PC-9 cells but had a weaker effect on erlotinib-
resistant H1975 and H1650 cells than TG101348. TG101348 significantly enhanced 
the cytotoxicity of erlotinib to erlotinib-resistant NSCLC cells, stimulated erlotinib-
induced apoptosis and downregulated the expressions of EGFR, p-EGFR, p-STAT3, Bcl-
xL and survivin in erlotinib-resistant NSCLC cells. Moreover, the combined treatment 
of TG101348 and erlotinib induced apoptosis, inhibited the activation of p-EGFR and 
p-STAT3, and inhibited tumor growth of erlotinib-resistant NSCLC cells in vivo. Our 
results indicate that TG101348 is a potential adjuvant for NSCLC patients during 
erlotinib treatment.

IntroductIon

Lung cancer is the major cause of cancer death 
worldwide [1, 2]. More than 80% of lung cancer patients 
are non-small cell lung cancer (NSCLC) [1, 2]. NSCLC 
is characterized by a number of gene point mutations 
that disrupt the normal growth and survival of the lung 
epithelium. Overexpression of epidermal growth factor 
receptor (EGFR) has been shown in about 19%~51.4% 
of NSCLC patients [3, 4] and has been related with poor 
prognosis in NSCLC patients [5, 6]. EGFR, a receptor 
tyrosine kinase, is aberrantly activated in several solid 
tumors, especially in NSCLC [2]. Studies have shown 
that EGFR-activated cell signaling plays important roles 
in lung tumorigenesis and tumor progression [7, 8]. 
Therefore, targeting inhibition of EGFR signaling has 
been demonstrated to be an effective approach for NSCLC 

treatment [9-11]. 
Studies have shown that approximately 70% of 

NSCLC patients present with somatic mutations in the 
exons of the EGFR gene. These EGFR mutations include 
the deletion mutation of DE746-A750 in exon 19 and the 
leucine-to-arginine substitution at position 858 (L858R) 
in exon 21 of the EGFR gene [12]. The NSCLC patients 
with these EGFR mutations respond well to the treatment 
with small-molecule EGFR tyrosine kinase inhibitors 
(EGFR-TKIs), including erlotinib [13, 14]. However, 
most patients, even those markedly responsive to initial 
treatment, develop resistance to EGFR-TKIs later [15]. 
Recent studies have shown that several mechanisms are 
involved in the development of resistance to EGFR-TKIs: 
secondary mutations of EGFR (e.g. T790M in exon 20 
and D761Y, in exon 19) [12], amplification of MET [16], 
persistent survivin overexpression [17, 18], constitutive 
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activation of JAK2/STAT3 [19-22] and the activation of 
Ras phosphatidylinositol-3 kinase (PI3K)/Akt pathways 
[23, 24]. Developing new agents to overcome the EGFR-
TKI resistance would be important for long-term treatment 
in NSCLC patients. 

EGFR signaling, involved in multiple intracellular 
pathways, promote cell proliferation and suppress 
apoptosis [23, 25]. Constitutive activation of STAT3 is 
a common characteristic in many solid tumors including 
NSCLC. Although STAT3 activation is frequently attained 
by JAK2 somatic mutations in hematologic malignancies, 
similar mutations are not commonly seen in solid tumors. 
Previous studies have shown that STAT3 activation 
in solid tumors is commonly induced by hyperactive 
growth factor receptors or autocrine cytokine signaling. 
Constitutive STAT3 activation has been proposed to play 
an important role in resistance to various small-molecule 
therapies that target oncogene signaling pathways. Recent 
studies have demonstrated that STAT3 is constitutively 
activated in human NSCLC samples and in a variety 
of NSCLC lines, independent of activating KRAS or 
tyrosine kinase mutations [21]. NSCLC cells secrete 
IL-6 and consequently activate STAT3 via autocrine 
mechanism [26]. The EGFR-TKI resistant NSCLC cells 
express constitute activation STAT3 signaling [20]. These 
data indicate that constitute activation of JAK2/STAT3 
signaling plays critical roles in mediating the resistance 
to EGFR-TKIs. Genetic or pharmacologic inhibition of 
the gp130/JAK2 signaling pathway disrupts activation of 
STAT3 [21]. Treatment of NSCLC cells with the JAK1/2 
inhibitor suppresses growth in soft agar and xenograft 
assays [21]. Therefore, targeting inhibition of JAK2/
STAT3 may be a new treatment approach in NSCLC 
patients with EGFR-TKIs resistance.

TG101348 is a small-molecular highly selective 
ATP-competitive JAK-2 inhibitor [27, 28]. TG101348 
inhibits the proliferation of human erythroblast leukemia 
(HEL) cell line that harbors the JAK2V617F mutation 
as well as a murine pro-B cell line expressing human 
JAK2V617F [27, 28]. Recent studies have shown that 
TG101348 specifically decreases Hodgkin lymphoma and 
mediastinal large B-cell lymphoma growth in vitro and 
in vivo [29]. Clinical trials have shown that TG101348 
is well tolerated and produces significant reduction in 
disease burden and durable clinical benefit in patients 
with myelofibrosis [30] . However, the potential effect of 
TG101348 combined with erlotinib for NSCLC treatment 
is unknown.

In this study, the effect of TG101348 on EGFR-
KI-resistant NSCLC cells in vitro and in vivo was 
determined. TG101348 was found to significantly increase 
the cytotoxicity of erlotinib, enhance erlotinib-induced 
apoptosis, and inhibit the tumor growth in EGFR-TTKI-
resistant NSCLC cells. Our results suggest that TG101348 
is a promising treatment agent for NSCLC patients 
resistant to erlotinib. 

results

tG101348 induces apoptosis of nsclc cells

Previous studies have shown that the aberrant 
activation of JAK2/STAT3 signaling was found in 
NSCLC tumors [21]. It has been reported that PC-9 cells 
is erlotinib-sensitive and H1650 cells and H1975 cells are 
erlotinib-resistant [31]. We found that the levels of IL-
6, p-JAK2 and p-STAT3 in H1975 and H165 cells were 
higher than in PC-9 cell (Supplementary Fig. 1A and 1B). 
Further, knockdown of STAT3 sensitized H1975 cells to 
erlotinib-induced apoptosis (Supplementary Fig. 2A and 
2B), confirming that the IL-6/JAK2/STAT3 pathway is 
involved in mediating resistance of erlotinib. To determine 
the effect of TG101348 on apoptosis of NSCLC cells, 
PC9, H1975 and H1650 were used. TG101348 treatment 
markedly induced apoptosis in all three NSCLC cell lines 
dose-dependently (Fig. 1A-1D) and time-dependently 
(data not shown). This study focused on whether 
TG101348 inhibited JAK/STAT3 signaling in these 
NSCLC cells, and also studied the expression of molecules 
of JAK2/STAT3 signaling in NSCLC cells treated with 
TG101348. TG101348 treatment decreased the level of 
p-JAK2 and p-STAT3 in both H1975 cells and H1650 
cells in a dose-dependent manner (Fig. 1E-1F). TG101348 
treatment inhibited expression of apoptosis-related 
protein Bcl-XL, Bcl-2, survivin, XIAP, and resulted in the 
cleavage of caspase 3 (Fig. 1E-1F, Supplementary Fig. 
3). The results indicate that TG101348 induces apoptosis 
in EGFR-mutant NSCLC cells through the inhibition of 
JAK2/STAT3 signaling. 

tG101348 sensitizes erlotinib-resistant nsclc 
cells to the cytotoxicity of erlotinib

EGFR-mutant NSCLC H1975 and H1650 have been 
reported to be erlotinib-resistant [19, 21, 32]. The effect of 
TG1010348 on cell proliferation in EGFR-mutant NSCLC 
was first studied to determine the effect of TG1010348 on 
the resistance to erlotinib in these cells. Results showed 
that erlotinib dramatically inhibited cell proliferation of 
PC-9 cells. The IC50 of erlotinib was approximately 0.58 
µM for PC-9 cells (Fig. 2A). H1975 cells and H1650 cells 
were more resistant to erlotinib than PC-9 cells. The IC50 
of erlotinib was 14.3 µM and 17.6 µM for H1950 cells 
and H1650, respectively (Fig. 2A). The results further 
confirmed that PC-9 cells is erlotinib-sensitive and H1650 
cells and H1975 cells are erlotinib-resistant, consistent 
with previous studies [31]. No significant difference in 
inhibition rates were found among the three NSCLC cell 
lines when treated with TG101348 (Fig. 2B), indicating 
that TG101348 possesses strong inhibition in erlotinib-
resistant NSCLC cells than in erlotinib-sensitive NSCLC 
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Figure 1: tG101348 induces apoptosis and inhibits JAK2/stAt3 signaling in nsclc cells with eGFr-mutation. 
(A-d) TG101348 induces apoptosis of NSCLC cells. H1975 cells (A, C) and H1650 cells (B, D) were treated with erlotinib or TG101348 
at the indicated doses (A, B) and time (C, D) for 48 hours. Cell apoptosis was determined by TUNEL. The data are means ± SD of three 
independent experiments. (e-F) TG101348 inhibits JAK2/STAT3 signaling in NSCLC cells. H1975 cells (E) and H1650 cells (F) were 
treated with TG101348 at the indicated doses for 24 hours. Protein expression was determined by Western Blot. 
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cells. H1975 cells and H1650 cells were treated with a 
combination of erlotinib and TG101348 to study whether 
TG101348 reverses erlotinib resistance. When combined 
with TG101348 (1.0 µM), erlotinib significantly increased 
the inhibition of cell proliferation in H1975 cells (Fig. 
2C) and H1650 cells (Fig. 2D), compared with erlotinib 
treatment alone. These results suggest that TG101348 has 
additive effect on erlotinib cytotoxicity to NSCLC cells. 

tG101348 enhances erlotinib-inhibited colony 
formation of eGFr-mutant nsclc cells

We further investigated the effect of TG101348 on 
cell transformation. Soft agar assay is a classic approach 
to determine cell transformation in vitro. The result 
showed that H1975 cells could form a large number of 
colonies in soft agar, and erlotinib treatment slightly 
inhibited colony formation (Fig. 3A-3B), suggesting that 
H1975 cells are resistant to the inhibition of anchorage-
independent growth of erlotinib. TG101348 treatment 
significantly reduced colony formation of H1975 cells 
(Fig. 3A). Quantification showed that the treatment with 

Figure 2: tG101348 sensitizes nsclc cells to the cytotoxicity of erlotinib. (A-b) Erlotinib and TG101348 inhibit cell 
proliferation. PC-9, H1975 and H1650 cells were treated with erlotinib (A) and TG101348 (B) at the indicated doses for 72 hours. (c-d) 
TG101348 sensitizes the cytotoxicity of erlotinib to NSCLC cells. H1975 cells (C) and H1650 cells (D) were treated with erlotinib at the 
indicated doses alone or combined with TG101348 (1 µM) for 48 hours. Cell proliferation was determined by MTT. The data are means ± 
SD of three independent experiments. (*p < 0.05, compared to erlotinib treatment alone).
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TG101438 reduced the number of colonies by 51 ± 3.6 
%, compared to DMSO-treated colonies (Fig. 3B). This 
result suggests that TG101438 alone inhibits anchorage-
independent growth of H1975 cells. The combination 
treatment of erlotinib and TG101438 exhibited the 
strongest inhibition of colony formation of H1975 cells 

than either monotherapy of erlotinib or TG101438 (Fig. 
3B). Although erlotinib monotherapy did not significantly 
reduce the number of colonies in H1640 cells (Fig. 3C). 
TG10138 as monotherapy significantly reduced the 
number of colonies. However, the combination of erlotinib 
and TG101348 reduced the number of colonies in H1640 

Figure 3: tG101348 inhibits colony formation of nsclc cells. (A) Colony forming ability of H1975 in soft agar. H1975 
cells were plated in 0.3% agar with 0.25 µM TG101348 and cultured for 2 weeks. Representative photos were taken at 2 weeks after the 
cell seeding. (B-C) Quantification analysis of clone number. H1975 cells (b) and H1650 cells (c) were plated in 0.3% agar for 2 weeks. 
Clone numbers were counted under microscope. Data represents the pooled means ± SD of 3 independent experiments, each consisting 
of triplicate samples for a total n = 9 for each treatment. *p < 0.01 compared to single treatment. #p < 0.01 compared to DMSO control.
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cells (Fig. 3C). These results indicate that TG101348 
enhances erlotinib-inhibited anchorage-independent 
growth and colony formation of EGFR-mutant NSCLC 
cells. 

tG101348 enhances erlotinib-induced apoptosis 
of eGFr-mutant nsclc cells 

To assess the effect of erlotinib on apoptosis in 
EGFR-mutant NSCLC cells, NSCLC cells were treated 
with erlotinib (1 µM) for 48 hours. Erlotinib treatment 
markedly induced apoptosis of PC-9 cells, but only 
slightly induced apoptosis of H1975 cells and H1650 
cells (Fig. 4A). These results suggest that H1650 cells 
and H1975 cells are resistant to erlotinib-induced 
apoptosis. To investigate whether TG101348 increased 
erlotinib-induced apoptosis of erlotinib-resistant cells, 
H1650 and H1975 cells were treated with TG101348, 

erlotinib or their combination. The combination treatment 
significantly increased apoptosis in both H1975 cells 
(Fig. 4B) and H1650 cells (Fig. 4C) compared to either 
TG10138 or erlotinib as monotherapy. The results indicate 
that TG101348 enhances erlotinib-induced apoptosis of 
EGFR-mutant NSCLC cells. 

To determine the underlying mechanisms by which 
TG101348 enhances erlotinib-induced apoptosis in 
EGFR-mutant NSCLC cells, we determined the effect of 
TG101348 on EGFR and STAT3 signaling. Western Blot 
showed that erlotinib decreased p-EGFR level but slightly 
increased p-STAT3 expression (Fig. 4D). TG101348 
downregulated pSTAT3 in H1650 cells (Fig. 4D). The 
combination treatment of TG101348 and erlotinib inhibits 
the activation of both p-EGFR and p-STAT3 (Fig. 4D). 

Results showed that erlotinib did not affect 
expression of survivin and Bcl-XL in H1650 cells 
(Fig. 4D). In contrast, TG101348 markedly decreased 
expression of survivin and Bcl-XL. Moreover, the 

Figure 4: tG101348 enhances erlotinib-induced apoptosis in nsclc cells. (A) erlotinib induced apoptosis in NSCLC cells. 
PC-9, H1975 and H1650 cells were treated with erlotinib (2.5 µM) for 72 hours. Apoptosis was determined by TUNEL. *p < 0.01, 
compared to PC-9 cells. (b-c) TG101348 enhances erlotinib-induced apoptosis in erlotinib-resistant NSCLC cells. H1975 cells (B) and 
H1650 cells (d) were treated with TG101348 (1 µM), erlotinib (2.5 µM), or a combination of TG101348 (1 µM) and erlotinib (2.5 µM) for 
48 hours. Apoptosis was determined by TUNEL. The data presented are means ± SD of three independent experiments. #p < 0.01, compared 
to DMSO treatment; *p < 0.01, compared to TG101348 or erlotinib treatment alone. (D) TG101348 regulates expressions of EGFR and 
apoptosis-related proteins. H1975 cells were treated with TG101348 (1 µM), erlotinib (2.5 µM) or their combination for 48 hours. Protein 
expressions were determined by Western Blot. 
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combination treatment of TG101348 and erlotinib 
exhibited the strongest inhibition of (Fig. 4D). These 
results suggest that the inhibition of expression of survivin 
and Bcl-XL contributes to the TG101348-induced decrease 
in erlotinib-resistance in EGFR-mutant NSCLC cells. 

tG101348 potentiates the anti-tumor effect of 
erlotinib in nsclc in vivo

To investigate whether TG101348 enhances the 
ant-tumor action of erlotinib in vivo, we determined the 
effects of TG101348 and erlotinib on tumor growth in a 
xenograft mouse model of H1650 cells and H1975 cells. 

The results showed that erlotinib slightly inhibited tumor 
growth while TG101348 significantly inhibited tumor 
growth (Fig. 5A-5B, supplementary Fig. 4) and reduced 
tumor weight (Fig. 5C-5D) in H1975 cells and H17650 
cells compared to the control treatment. The combination 
treatment of TG101348 and erlotinib exhibited stronger 
inhibition of tumor growth and reduction of tumor 
weight than TG101348 or erlotinib monotherapy (Fig. 
5A-5D). These results suggest that TG101348 enhances 
the response of EGFR-mutant NSCLC to erlotinib and 
potentiates the antitumor effect of erlotinib in vivo.

Figure 5: tG101348 potentiates the anti-tumor effect of erlotinib in vivo. (A-b) TG101348 enhances the inhibition of tumor 
growth of erlotinib in vivo. H1975 cells (A) and H1650 cells (B) were injected s.c. into the flanks of athymic nude mice. The tumor-bearing 
mice received TG101348, erlotinib or their combination treatment for 5 days. Tumor volume was measured weakly for 6 week after the 
treatment. The tumor volume presented is means ± SD of five mice. (c-d) Tumor weight was weighed at the last day of the experiment 
above. Tumor weights presented are means ± SD of five mice. *p < 0.01, compared to TG101348 or erlotinib treatment alone; #p < 0.01, 
compared to DMSO treatment. 
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tG101348 enhance erlotinib-induced apoptosis 
and inhibit expression of stAt3 expression in vivo

We further determined the mechanisms by which 
TG101348 enhanced erlotinib-inhibition of tumor growth 
in vivo. Tumors collected from erlotinib-treated mice 
expressed lower levels of p-EGFR but higher levels of 
p-STAT3 than tumors collected from DMSO-treated mice 
(Fig. 6A-6C), suggesting that erlotinib treatment resulted 
in activation of STAT3 signaling in vivo. Tumors from 
the mice treated with TG101348 expressed significantly 
lower levels of p-EGFR and p-STAT3 compared to the 
tumors from the mice treated with DMSO. Moreover, 
tumors from the mice treated with combination therapy of 
TG101348 and erlotinib showed significantly lower levels 
of p-EGFR and p-STAT3 than those of mice treated with 
either monotherapy of TG101348 or erlotinib (Fig. 6A-
6C). 

 Consistent with inhibition of p-EGFR and p-STAT3, 
cleavage caspase 3-positive cells (apoptotic cells) were 
significantly higher in the tumors from the mice treated 
with combination therapy of TG101348 and erlotinib 
compared to tumors from the mice treated TG101348 or 
erlotinib alone (Fig. 6A and 6D). These results indicate 
that TG101348 enhance erlotinib-induced apoptosis in 
NSCLC cells in vivo.

the combination of tG101348 and erlotinib 
prolongs survival time of tumor-bearing mice

The effect of combined treatment of TG101348 and 
erlotinib on the long-term survival of mice bearing tumor 
was determined. The experimental end point was defined 
as the time when an entire group of mice died. Death was 
defined as natural death if tumor burden or tumor size was 
greater than 2.5 cm3. Mice challenged with H1975 cells 
died from tumor burden or were killed when they reached 
experimental end points. While mice treated with erlotinib 
monotherapy survived significantly longer than DMSO-
treated mice (P < 0.05), all mice eventually died (Fig. 
7A). 3 out of 10 mice treated with the combination therapy 
of G101348 and erlotinib were still alive without clinical 
symptoms 76 days after treatment. Furthermore, all mice 
survived significantly longer than mice treated with either 
TG101348 or erlotinib as monotherapy (P < 0.01) (Fig. 
7A). Our results suggest that the combined treatment can 
prolong the survival time of tumor-bearing mice.

 We evaluated the safety of combination treatment 
of TG101348 and erlotinib in vivo by detecting the 
pathologic alterations of four important organs from the 
mice 5 weeks after the treatment. Histology analysis 
showed that the tissues of heart, liver, lung and kidney 
in all mice did not show obvious pathologic alterations 5 
weeks after treatment (Fig. 7B). These results demonstrate 
the safety of the combination treatment of TG101348 and 

erlotinib.

dIscussIon

In the study, we showed that TG101348 significantly 
enhanced erlotinib-inhibition of cell proliferation in 
EGFR-mutant NSCLC cells. The combination treatment 
of TG101348 and erlotinib obviously decreased the 
expressions of EGFR, p-EGFR, Bcl-xL and survivin, 
suppressed the activation of STAT3, induced apoptosis 
and inhibited tumor growth of EGFR-mutant NSCLC 
cells in vivo. Our results demonstrate that TG101348 could 
overcome erlotinib-resistance and enhance the anti-tumor 
action of erlotinib in EGFR-mutant NSCLC cells.

EGFR-targeted treatment has been shown to provide 
advantages over traditional chemotherapy for the advanced 
NSCLC [9, 14]. Studies have demonstrated that erlotinib 
is an effective drug for NSCLC patients with EGFR 
mutations [33-35]. However, most NSCLC patients finally 
develop resistance to EGFR-TKIs, including erlotinib. It 
is still merge to develop effective therapies for erlotinib-
resistant patients. Studies have shown that the activation 
of JAK2/STAT3 signaling contributes to the development 
of erlotinib resistance [19, 26]. STAT3-mediated Akt 
activation resulted EGFR-TKI resistance in lung cancer 
cells [20]. Niclosamide reverses erlotinib resistance by 
supressing STAT3 activation in NSCLC [36]. Our results 
also showed that the the IL-6/JAK2/STAT3 pathway was 
activated in erlotinib-resistant H1975 and H1650 cells 
than in erlotinib-sensitive PC-9 cells. Knockdown of 
STAT3 increased erlotinib-induced apoptosis in H1975 
cells. These data indicate that inhibition of JAK2/ STAT3 
activation may overcome erlotinib resistance [37]. 

TG101348 has been shown to inhibit cell 
proliferation of primary hematopoietic cells and 
erythroblast leukemia (HEL) cell line that harbors the 
JAK2V617F mutation [27, 28]. TG101348 upregulates 
FOXO1 mRNA and protein expression in mediastinal B 
cell lymphoma cell lines MedB-1 and U2940 and inhibit 
the growth of mediastinal B cell lymphoma [38]. In 
addition, TG-101348 has been shown to modulate immune 
function [39]. TG-101348 preserves Treg numbers and 
thereby enhances the ratio of CD4(+) Tregs to CD8(+)
CD25(+) effector T cells, and also reduces the production 
of IL-6 and TNF-α [39]. Data suggest that TG-101348 has 
multiple functions in tumor inhibition.

EGFR signaling has been recognized as an 
important regulator of cell proliferation and apoptosis 
[23]. A previous study has shown that a novel EGFR 
inhibitor promotes apoptosis of H1975 cells, but not 
that of H1650 cells [31]. In this study, we found that 
TG101348 potentiates erlotinib-induced apoptosis in both 
H1975 cells and H1650 cells. Recent data shows that the 
combination therapy of TG-101348 and BI-2536 (PLK1 
inhibitors) synergistically targets oncogenic pathways 
[38] and that the combination therapy of TG101348 and 
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Figure 6: tG101348 enhances erlotinib-induced apoptosis and inhibition of gene expression in vivo. (A) Tumor sections 
from the mice indicated in Figure 5 were subjected to cleavage caspase 3 staining (as an indicator of apoptosis), p-EGFR and p-STAT3 
staining. Representative images are shown (Original magnification × 400). (b-d) Quantification of apoptotic index and gene expression 
was described in “Materials and Methods.” Data presented are means ± SD of five mice. #p < 0.01, compared to DMSO group; *p < 0.01, 
compared to single treatment DMSO.
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imatinib (ABL kinase inhibitor) inhibits cell proliferation 
of BCR-ABL-positive chronic myeloid leukemia cells 
[40]. We also found that TG101348 could sensitize EGFR-
mutant NSCLC cells to the cytotoxicity of erlotinib and 
enhance erlotinib-induced apoptosis of erlotinib-resistant 
NSCLC cells. Furthermore, the combination treatment 
of TG101348 and erlotinib significantly inhibited tumor 
growth of erlotinib-resistant NSCLC cells in vivo and 

prolong survival time of tumor-bearing mice. These results 
demonstrate for the first time that TG101348 enhances 
the antitumor action of erlotinib in EGFR-mutant and 
erlotinib-resistant NSCLC cells. TG101348, therefore, 
may be a potential agent for overcoming erlotinib-
resistance in treating NSCLC patients.

In this study, survivin expression was increased in 
erlotinib-treated H1975 cells. Survivin is a member of 

Figure 7: the combination of tG101348 and erlotinib prolonged the survival of mice. (A) Tumor-bearing mice survival 
culture. H1975 cells were injected s.c. into the flanks of athymic nude mice. When tumor size reached 100 mm3, tumor-bearing athymic 
nude mice were treated with TG101348, erlotinib or their combination for 5 days. Mice were observed until the time point of death of all 
mice treated with the combination of TG101348 and erlotinib. (b) Histology analysis of main organs (heart, liver, kidney and lung) of mice 
treated indicated reagents 5 weeks after treatment (Original magnification × 200) are shown. 
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inhibitor of apoptosis family. Survivin overexpression 
has been shown to be associated with tumor progression 
and drug resistance [41]. Previous studies have shown 
that PI3K-AKT activation of EGFR signaling upregulates 
survivin expression, and persistent survivin expression is 
associated with erlotinib-resistance in EGFR mutation-
positive NSCLC cells [42]. Survivin inhibition results in 
EGFR-TKI-induced apoptosis in EGFR mutation-positive 
NSCLC cells [17]. In this study, erlotinib did not inhibit 
survivin expression nor induce apoptosis in H1975 cells, 
consistent with a previous report [17]. Our results showed 
that TG101348 significantly inhibited survivin expression 
and induced apoptosis in H1975 cells. Apoptosis-related 
proteins bcl-2 family (e.g. Bcl-XL) and Inhibitor of 
Apoptosis family (e.g. survivin) have also been shown 
to be linked to erotinib-resistance of NSCLC cells [17]. 
Bcl-XL and survivin are downstream of both p-STAT3 
signaling and EGFR. Thus, the combination of TG101348 
and erlotinib markedly induced apoptosis and inhibited 
survivin and Bcl-XL expression due to inhibition of the 
activation of both STAT3 and EGFR. Consequently, the 
combination of TG101348 and erlotinib resulted in the 
increased induction of apoptosis. Our results are consistent 
with a previous report that the inhibition of survivin 
increased erlotinib-induced apoptosis in H1650 cells [17]. 
The results document that survivin inhibition is one of the 
mechanisms by which TG101348 enhanced erlotinib anti-
tumor effect.

In summary, our results indicate that TG101348 
could reverse erlotinib resistance and significantly 
enhance erlotinib-inhibited cell proliferation and erlotinib-
induced apoptosis in erlotinib-resistant NSCLC cells. 
The inhibition of p-EGFR and p-STAT3 levels as well 
as survivin expression are main mechanisms by which 
TG101348 reverse erlotinib resistance in NSCLC cells. 
Recently, a randomized, placebo-controlled clinical trial 
showed that healthy volunteers were able to tolerate TG-
101348, which could inhibit p-STAT3 in human cells. [43]. 
Our findings suggest that TG101348 might be a potential 
adjuvant for NSCLC patients during erlotinib treatment.

MAterIAls And Methods

cell culture and reagents

The NSCLC PC-9 (EGFR19del), H1650 cells (bearing 
a deletion in exon 19 of the EGFR gene, i.e., DE746-A750, 
EGFR19delE746-A750) and H1975 cells (EGFR L858R/T790M, 
EGFRExon21L858R+T790M+ Exon20T790M) (ATCC, Rockville, MD, 
USA) [31] were maintained in RPMI 1640 medium 
supplemented with 10% fetal bovine serum (FBS), 100U/
ml penicillin and 100 µg/ml streptomycin (Gibco BRL, 
Life Technologies, NY). TG101348 and erlotinib were 
purchased from Selleck Chemicals (Houston, TX, USA). 

For generation of STAT3-knockdown stable cells, H1975 
cells were infected with Lentivirus-STAT3-ShRNA 
particles and Lentivirus-Ctrl-ShRNA particles (Santa 
Cruz Biotech., Santa Cruz, CA, USA). Stable clones were 
selected by puromycin and confirmed by Western blot. 

cell proliferation

Cell proliferation was determined by 
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay. Briefly, exponentially growing 
NSCLC cells (1 × 104 cells/well) were seeded into 96-well 
culture plates with 6 replicates. Twenty-four hours later 
cells were treated with cisplatin, TG101348, erlotinib, or 
the combination of TG101348 and erlotinib for another 
72 hours. MTT (20 μl of 5 mg/ml) were added to each 
well and incubated for 4 hours at 37˚C. Formazan crystals 
were dissolved by adding 100 μl of dimethyl sulfoxide 
(DMSO). The color intensity, which is a reflection of the 
number of live cells, was measured at a wavelength of 570 
nm. Growth inhibition is expressed as the percentage of 
surviving cells in drug-treated cells versus DMSO-treated 
control cells. The IC50 value is the concentration resulting 
in 50% cell growth inhibition by a 72 hours exposure to 
drugs compared with control cells.

Apoptosis assay

Apoptosis was determined by a terminal 
deoxynucleotidyl transferase biotin-dUTP nick end 
labeling (TUNEL) (Roche, Mannheim, Germany) assay 
according to previous methods [44]. H1975 cells and 
H1650 cells (1×105 cells/well) were seeded in 6-well 
plates. Cells were treated with TG101348, erlotinib, or 
the combination of TG101348 and erlotinib for 48 hours. 
Cells were fixed by 4% paraformaldehyde for 1 hour and 
then penetrated with 0.1%Triton X-100 for 15 minutes. 
TDT enzyme and label solution were added to the fixed 
cells. After one hour, the cells were observed under a 
fluorescence microscope (Olympus, Japan). The cells with 
green nuclei staining were defined as apoptotic cells. The 
apoptotic cells were assessed in 9 randomly selected fields 
viewed at 200 × magnification. The apoptotic index was 
calculated as total number of apoptotic cells in 9 view/total 
number of nucleated cells ×100%. 

enzyme-linked immunosorbent assay (elIsA)

NSCLC cells (1 x105) were cultured in 2 ml of 
RPMI-1640 complete medium in a 6-well plate for 48 
hours. Culture media were collected for ELISA. Human 
IL-6 cytokines in the culture media were quantified using 
anti-human IL-6 quantitative ELISA kits according to 
the manufacturer’s instructions (R&D, Minneapolis, MN 
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Minneapolis, MN). 

 Western blot

Cancer cells treated with erlotinib and TG101348 
were lysed with the lysis buffer [50 mm Tris-HCl (pH 7.5), 
250 mm NaCl, 0.1% NP40, and 5 mm EGTA containing 
50 mm sodium fluoride, 60 mm β-glycerol-phosphate, 
0.5 mm sodium vanadate, 0.1 mm phenylmethylsulfonyl 
fluoride, 10 μg/ml aprotinin, and 10 μg/ml leupeptin]. 
Protein concentration was measured by using a BCA 
Protein Assay Kit (Thermo Scientific, Rockford, IL). 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
was used to separate proteins. The SDS-polyacrylamide 
gels were transferred onto PVDF membranes (Millipore, 
Bedford, MA). The membranes were incubated with 
specific primary antibodies against EGFR, phospho-
EGFR (p-EGFR), STAT3, p-STAT3, Survivin, Bcl-
xL, Cleave caspase 3, XIAP, Bcl-2, and β-actin (Cell 
Signaling Technology, San Diego, CA), and with HRP-
conjugated secondary antibodies conjugated to Alexa 
Fluor 680, or IRdye 800 (Rockland Immunochemicals, 
Inc. Gilbertsville, PA). The intensities of the protein bands 
were scanned using the Odyssey Infrared Imaging System 
(Li-Cor Biosciences, Lincoln, Nebraska). 

tumor xenograft mouse model

Four-week old female athymic nude mice were bred 
in a sterilized animal room of the Animal Experimental 
Centre of Shanghai Institutes for Biological Sciences 
(Shanghai, China). Animal protocols were approved by 
Animal Care and Facilities Committee of the Second 
Affiliated Hospital of Soochow University. H1975 cells 
(1 x106) were injected subcutaneously (s.c.) into the 
flanks of athymic nude mice. When tumor size reached 
approximately 80 mm3 -100 mm3, mice were randomly 
assigned to treatment and control groups, with each 
group of 5 mice. TG101348 was dissolved in propylene 
glycol, and erlotinib was prepared in drinking water. In the 
treatment groups, mice received erlotinib (10 mg/kg body 
weight) [18] and TG101348 (1g/kg body weight) [28] as 
monotherapy or combination therapy by oral gavage daily 
for 7 days. The control group received vehicle control. 
Tumor sizes were measured by a caliper weekly. Five 
weeks after the treatment, animals were euthanized, and 
the weight of the tumor was measured. Tumor volume 
(V) was calculated according to the following equation: V 
(mm3) =1/2 a2b (a: relatively shorter diameter, b: relatively 
longer diameter) [45]. To evaluate the survival time of the 
xenografted mice, tumor-bearing mice were treated with 
erlotinib (10 mg/kg body weight) and TG101348 (1g/kg 
body weight) alone or their combination (10 mice/group) 
as the same methods above. The end point was until 
an entire group of mice died. To evaluate the safety of 

treatment, four important organs of heart, liver, lung and 
kidney were harvested from the mice treated. 

Immunohistochemistry

Tumor tissues were fixed in 10% formalin. Tumors 
were embedded in paraffin and stained with hematoxylin 
and eosin (H&E). The tissue sections were deparaffinized, 
rehydrated and boiled in 0.01M sodium citrate for antigen 
retrieval. The endogenous peroxidase activity was 
quenched. The sections were incubated with anti-cleavage 
caspase 3 (cell signaling), anti-p-EGFR (1:250, abcam) 
and anti-p-STAT3 (abcam, Cambridge, MA) overnight 
at 4°C. Tumor sections were incubated with biotinylated 
secondary antibodies, streptavidin_biotin complex (Dako, 
Glostrup, Denmark). Staining was visualized using 
diaminobenzidine. Representative photos were taken with 
a Nikon Eclipse E800 microscope equipped with a Nikon 
DXM1200 digital camera (Nikon instruments, Melville, 
NY, USA). Cleavage caspase 3, p-EGFR and p-STAT3 
staining were recorded as the ratio of positively stained 
cells to all tumor cells at × 400 magnification. 

statistical analysis

Data are presented as the means ± SD. The statistical 
significance of the difference between two groups was 
evaluated with the Student’s t-test or one way variant 
analysis (ANOVA) by using SPSS15.0 software. P < 0.05 
was considered significant. The chi-square test was used to 
analyze the difference in expression of genes samples. The 
Kaplan–Meier method was used to analyze the survival 
time of tumor-bearing mice.

AcKnoWledGeMents

 This study was supported by grants from Medical 
Research Foundation of Jiangsu Provincial Bureau of 
Health (NO. H201314), College Student Extracurricular 
Academic Foundation of Soochow University 
(KY2014007Z), Hui-Chun Chin and Tsung-Dao Lee 
Chinese Undergraduate Research Endowment (CURE) 
(NO. 1230506139),Science and Technology Research 
foundation of Suzhou Municipality (NO. SYS201476).

conFlIct oF Interest

None.

reFerences

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E and 
Forman D. Global cancer statistics. CA: a cancer journal 
for clinicians. 2011; 61:69-90.



Oncotarget14341www.impactjournals.com/oncotarget

2. Chen WQ, Zhang SW, Zou XN and Zhao P. Cancer 
incidence and mortality in china, 2006. Chinese journal of 
cancer research = Chung-kuo yen cheng yen chiu. 2011; 
23:3-9.

3. Weiss JM, Villaruz LC, Socinski MA, Ivanova A, Grilley-
Olson J, Dhruva N and Stinchcombe TE. A single-arm 
phase II trial of pazopanib in patients with advanced non-
small cell lung cancer with non-squamous histology with 
disease progression on bevacizumab containing therapy. 
Lung Cancer. 2014; 86:288-290.

4. Shi Y, Au JS, Thongprasert S, Srinivasan S, Tsai CM, 
Khoa MT, Heeroma K, Itoh Y, Cornelio G and Yang PC. 
A prospective, molecular epidemiology study of EGFR 
mutations in Asian patients with advanced non-small-cell 
lung cancer of adenocarcinoma histology (PIONEER). 
Journal of thoracic oncology : official publication of the 
International Association for the Study of Lung Cancer. 
2014; 9:154-162.

5. Hirsch FR, Jänne PA, Eberhardt WE, Cappuzzo F, Thatcher 
N, Pirker R, Choy H, Kim ES, Paz-Ares L and Gandara DR. 
Epidermal growth factor receptor inhibition in lung cancer: 
status 2012. Journal of Thoracic Oncology. 2013; 8:373-
384.

6. Su KY, Chen HY, Li KC, Kuo ML, Yang JC, Chan WK, Ho 
BC, Chang GC, Shih JY, Yu SL and Yang PC. Pretreatment 
epidermal growth factor receptor (EGFR) T790M mutation 
predicts shorter EGFR tyrosine kinase inhibitor response 
duration in patients with non-small-cell lung cancer. Journal 
of clinical oncology : official journal of the American 
Society of Clinical Oncology. 2012; 30:433-440.

7. Filosto S, Becker CR and Goldkorn T. Cigarette smoke 
induces aberrant EGF receptor activation that mediates 
lung cancer development and resistance to tyrosine kinase 
inhibitors. Molecular cancer therapeutics. 2012; 11:795-
804.

8. Chou YT, Lin HH, Lien YC, Wang YH, Hong CF, Kao 
YR, Lin SC, Chang YC, Lin SY, Chen SJ, Chen HC, Yeh 
SD and Wu CW. EGFR promotes lung tumorigenesis by 
activating miR-7 through a Ras/ERK/Myc pathway that 
targets the Ets2 transcriptional repressor ERF. Cancer 
research. 2010; 70:8822-8831.

9. Laskin JJ and Sandler AB. Epidermal growth factor 
receptor: a promising target in solid tumours. Cancer 
treatment reviews. 2004; 30:1-17.

10. Glover KY, Perez-Soler R and Papadimitradopoulou VA. A 
review of small-molecule epidermal growth factor receptor-
specific tyrosine kinase inhibitors in development for non-
small cell lung cancer. Seminars in oncology. 2004; 31(1 
Suppl 1):83-92.

11. Haber DA, Bell DW, Sordella R, Kwak EL, Godin-
Heymann N, Sharma SV, Lynch TJ and Settleman J. 
Molecular targeted therapy of lung cancer: EGFR mutations 
and response to EGFR inhibitors. Cold Spring Harbor 
symposia on quantitative biology. 2005; 70:419-426.

12. Pao W, Miller VA, Politi KA, Riely GJ, Somwar R, 

Zakowski MF, Kris MG and Varmus H. Acquired 
resistance of lung adenocarcinomas to gefitinib or erlotinib 
is associated with a second mutation in the EGFR kinase 
domain. PLoS Med. 2005; 2:e73.

13. Pao W, Miller V, Zakowski M, Doherty J, Politi K, Sarkaria 
I, Singh B, Heelan R, Rusch V, Fulton L, Mardis E, Kupfer 
D, Wilson R, Kris M and Varmus H. EGF receptor gene 
mutations are common in lung cancers from “never 
smokers” and are associated with sensitivity of tumors 
to gefitinib and erlotinib. Proceedings of the National 
Academy of Sciences of the United States of America. 
2004; 101:13306-13311.

14. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, 
Okimoto RA, Brannigan BW, Harris PL, Haserlat SM, 
Supko JG, Haluska FG, Louis DN, Christiani DC, 
Settleman J and Haber DA. Activating mutations in the 
epidermal growth factor receptor underlying responsiveness 
of non-small-cell lung cancer to gefitinib. The New England 
journal of medicine. 2004; 350:2129-2139.

15. Gazdar AF. Activating and resistance mutations of EGFR 
in non-small-cell lung cancer: role in clinical response to 
EGFR tyrosine kinase inhibitors. Oncogene. 2009; 28 Suppl 
1:S24-31.

16. Bean J, Brennan C, Shih JY, Riely G, Viale A, Wang L, 
Chitale D, Motoi N, Szoke J, Broderick S, Balak M, Chang 
WC, Yu CJ, Gazdar A, Pass H, Rusch V, et al. MET 
amplification occurs with or without T790M mutations 
in EGFR mutant lung tumors with acquired resistance to 
gefitinib or erlotinib. Proceedings of the National Academy 
of Sciences of the United States of America. 2007; 
104:20932-20937.

17. Okamoto K, Okamoto I, Hatashita E, Kuwata K, 
Yamaguchi H, Kita A, Yamanaka K, Ono M and Nakagawa 
K. Overcoming erlotinib resistance in EGFR mutation-
positive non-small cell lung cancer cells by targeting 
survivin. Molecular cancer therapeutics. 2012; 11:204-213.

18. MacDonagh L, Gray SG, Finn SP, Cuffe S, O’Byrne KJ and 
Barr MP. The emerging role of microRNAs in resistance to 
lung cancer treatments. Cancer Treat Rev. 2015; 41:160-
169.

19. Harada D, Takigawa N, Ochi N, Ninomiya T, Yasugi 
M, Kubo T, Takeda H, Ichihara E, Ohashi K, Takata S, 
Tanimoto M and Kiura K. JAK2-related pathway induces 
acquired erlotinib resistance in lung cancer cells harboring 
an epidermal growth factor receptor-activating mutation. 
Cancer Sci. 2012; 103:1795-1802.

20. Wu K, Chang Q, Lu Y, Qiu P, Chen B, Thakur C, Sun J, 
Li L, Kowluru A and Chen F. Gefitinib resistance resulted 
from STAT3-mediated Akt activation in lung cancer cells. 
Oncotarget. 2013; 4:2430-2438.

21. Looyenga BD, Hutchings D, Cherni I, Kingsley C, Weiss 
GJ and Mackeigan JP. STAT3 is activated by JAK2 
independent of key oncogenic driver mutations in non-small 
cell lung carcinoma. PLoS One. 2012; 7:e30820.

22. Lee HJ, Zhuang G, Cao Y, Du P, Kim HJ and Settleman 



Oncotarget14342www.impactjournals.com/oncotarget

J. Drug resistance via feedback activation of Stat3 in 
oncogene-addicted cancer cells. Cancer Cell. 2014; 26:207-
221.

23. Normanno N, De Luca A, Bianco C, Strizzi L, Mancino M, 
Maiello MR, Carotenuto A, De Feo G, Caponigro F and 
Salomon DS. Epidermal growth factor receptor (EGFR) 
signaling in cancer. Gene. 2006; 366:2-16.

24. Zhao P, Meng Q, Liu LZ, You YP, Liu N and Jiang BH. 
Regulation of survivin by PI3K/Akt/p70S6K1 pathway. 
Biochemical and biophysical research communications. 
2010; 395:219-224.

25. Sharma SV, Bell DW, Settleman J and Haber DA. 
Epidermal growth factor receptor mutations in lung cancer. 
Nature reviews Cancer. 2007; 7:169-181.

26. Gao SP, Mark KG, Leslie K, Pao W, Motoi N, Gerald 
WL, Travis WD, Bornmann W, Veach D, Clarkson B 
and Bromberg JF. Mutations in the EGFR kinase domain 
mediate STAT3 activation via IL-6 production in human 
lung adenocarcinomas. J Clin Invest. 2007; 117:3846-3856.

27. Lasho TL, Tefferi A, Hood JD, Verstovsek S, Gilliland DG 
and Pardanani A. TG101348, a JAK2-selective antagonist, 
inhibits primary hematopoietic cells derived from 
myeloproliferative disorder patients with JAK2V617F, 
MPLW515K or JAK2 exon 12 mutations as well as 
mutation negative patients. Leukemia. 2008; 22:1790-1792.

28. Wernig G, Kharas MG, Okabe R, Moore SA, Leeman DS, 
Cullen DE, Gozo M, McDowell EP, Levine RL, Doukas J, 
Mak CC, Noronha G, Martin M, Ko YD, Lee BH, Soll RM, 
et al. Efficacy of TG101348, a selective JAK2 inhibitor, 
in treatment of a murine model of JAK2V617F-induced 
polycythemia vera. Cancer Cell. 2008; 13:311-320.

29. Hao Y, Chapuy B, Monti S, Sun HH, Rodig SJ and Shipp 
MA. Selective JAK2 inhibition specifically decreases 
Hodgkin lymphoma and mediastinal large B-cell lymphoma 
growth in vitro and in vivo. Clin Cancer Res. 2014; 
20:2674-2683.

30. Pardanani A, Gotlib JR, Jamieson C, Cortes JE, Talpaz 
M, Stone RM, Silverman MH, Gilliland DG, Shorr J and 
Tefferi A. Safety and efficacy of TG101348, a selective 
JAK2 inhibitor, in myelofibrosis. J Clin Oncol. 2011; 
29:789-796.

31. de La Motte Rouge T, Galluzzi L, Olaussen KA, Zermati 
Y, Tasdemir E, Robert T, Ripoche H, Lazar V, Dessen P, 
Harper F, Pierron G, Pinna G, Araujo N, Harel-Belan A, 
Armand JP, Wong TW, et al. A novel epidermal growth 
factor receptor inhibitor promotes apoptosis in non-small 
cell lung cancer cells resistant to erlotinib. Cancer research. 
2007; 67:6253-6262.

32. Li S, Liu Z, Zhu F, Fan X, Wu X, Zhao H and Jiang L. 
Curcumin lowers erlotinib resistance in non-small cell lung 
carcinoma cells with mutated EGF receptor. Oncology 
research. 2014; 21:137-144.

33. Rosell R, Carcereny E, Gervais R, Vergnenegre A, Massuti 
B, Felip E, Palmero R, Garcia-Gomez R, Pallares C, 

Sanchez JM, Porta R, Cobo M, Garrido P, Longo F, Moran 
T, Insa A, et al. Erlotinib versus standard chemotherapy as 
first-line treatment for European patients with advanced 
EGFR mutation-positive non-small-cell lung cancer 
(EURTAC): a multicentre, open-label, randomised phase 3 
trial. The lancet oncology. 2012; 13:239-246.

34. Zhou C, Wu YL, Chen G, Feng J, Liu XQ, Wang C, Zhang 
S, Wang J, Zhou S, Ren S, Lu S, Zhang L, Hu C, Hu C, 
Luo Y, Chen L, et al. Erlotinib versus chemotherapy as 
first-line treatment for patients with advanced EGFR 
mutation-positive non-small-cell lung cancer (OPTIMAL, 
CTONG-0802): a multicentre, open-label, randomised, 
phase 3 study. The lancet oncology. 2011; 12:735-742.

35. Wheler J, Falchook G, Tsimberidou AM, Hong D, Naing 
A, Piha-Paul S, Chen SS, Heymach J, Fu S, Stephen B, Fok 
JY, Janku F and Kurzrock R. Revisiting clinical trials using 
EGFR inhibitor-based regimens in patients with advanced 
non-small cell lung cancer: a retrospective analysis of 
an MD Anderson Cancer Center phase I population. 
Oncotarget. 2013; 4:772-784.

36. Li R, Hu Z, Sun SY, Chen ZG, Owonikoko TK, Sica 
GL, Ramalingam SS, Curran WJ, Khuri FR and Deng X. 
Niclosamide overcomes acquired resistance to erlotinib 
through suppression of STAT3 in non-small cell lung 
cancer. Mol Cancer Ther. 2013; 12:2200-2212.

37. Double blind controlled phase III multicenter clinical trial 
with interferon gamma in rheumatoid arthritis. German 
Lymphokine Study Group. Rheumatol Int. 1992; 12:175-
185.

38. Xie L, Ritz O, Leithauser F, Guan H, Farbinger J, 
Weitzer CD, Gehringer F, Bruederlein S, Holzmann K, 
Vogel MJ, Moller P, Wirth T and Ushmorov A. FOXO1 
downregulation contributes to the oncogenic program of 
primary mediastinal B-cell lymphoma. Oncotarget. 2014; 
5:5392-5402.

39. Betts BC, Abdel-Wahab O, Curran SA, St Angelo ET, 
Koppikar P, Heller G, Levine RL and Young JW. Janus 
kinase-2 inhibition induces durable tolerance to alloantigen 
by human dendritic cell-stimulated T cells yet preserves 
immunity to recall antigen. Blood. 2011; 118:5330-5339.

40. Okabe S, Tauchi T, Katagiri S, Tanaka Y and Ohyashiki 
K. Combination of the ABL kinase inhibitor imatinib 
with the Janus kinase 2 inhibitor TG101348 for targeting 
residual BCR-ABL-positive cells. Journal of hematology & 
oncology. 2014; 7:37.

41. Zaffaroni N and Daidone MG. Survivin expression and 
resistance to anticancer treatments: perspectives for 
new therapeutic interventions. Drug resistance updates : 
reviews and commentaries in antimicrobial and anticancer 
chemotherapy. 2002; 5:65-72.

42. Wang Q and Greene MI. EGFR enhances Survivin 
expression through the phosphoinositide 3 (PI-3) kinase 
signaling pathway. Experimental and molecular pathology. 
2005; 79:100-107.

43. Zhang M, Xu CR, Shamiyeh E, Liu F, Yin JY, von Moltke 



Oncotarget14343www.impactjournals.com/oncotarget

LL and Smith WB. A randomized, placebo-controlled 
study of the pharmacokinetics, pharmacodynamics, 
and tolerability of the oral JAK2 inhibitor fedratinib 
(SAR302503) in healthy volunteers. Journal of clinical 
pharmacology. 2014; 54:415-421.

44. Sun PH, Zhu LM, Qiao MM, Zhang YP, Jiang SH, Wu YL 
and Tu SP. The XAF1 tumor suppressor induces autophagic 
cell death via upregulation of Beclin-1 and inhibition of Akt 
pathway. Cancer Lett. 2011; 310:170-180.

45. Zhu LM, Shi DM, Dai Q, Cheng XJ, Yao WY, Sun PH, 
Ding Y, Qiao MM, Wu YL, Jiang SH and Tu SP. Tumor 
suppressor XAF1 induces apoptosis, inhibits angiogenesis 
and inhibits tumor growth in hepatocellular carcinoma. 
Oncotarget. 2014; 5:5403-5415.


