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by decreasing miRNA-7 and inducing Raf-1/MAPK-dependent 
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ABSTRACT
Lapatinib, a dual epidermal growth factor receptor (EGFR) and HER2 tyrosine 

kinase inhibitor (TKI), has been approved for HER2-positive breast cancer patients. 
Nevertheless, its inhibitory effect on EGFR did not deliver clinical benefits for triple-
negative breast cancer (TNBC) patients even EGFR overexpression was frequently 
found in this disease. Moreover, lapatinib was unexpectedly found to enhance 
metastasis of TNBC cells, but the underlying mechanisms are not fully understood. 
In this study, we explored that the level of interleukin-6 (IL-6) was elevated in 
lapatinib-treated TNBC cells. Treatment with IL-6 antibody abolished the lapatinib-
induced migration. Mechanistically, the signaling axis of Raf-1/mitogen-activated 
protein kinases (MAPKs), c-Jun N-terminal kinases (JNKs), p38 MAPK, and activator 
protein 1 (AP-1) was activated in response to lapatinib treatment to induce IL-6 
expression. Furthermore, our data showed that microRNA-7 directly binds and inhibits 
Raf-1 3′UTR activity, and that down-regulation of miR-7 by lapatinib contributes to 
the activation of Raf-1 signaling pathway and the induction of IL-6 expression. Our 
results not only revealed IL-6 as a key regulator of lapatinib-induced metastasis, but 
also explored the requirement of miR7/Raf-1/MAPK/AP-1 axis in lapatinib-induced 
IL-6 expression.

INTRODUCTION

Breast cancer is one of the leading cancers in women 
and the incidence gradually increases year by year [1]. 
According to the expression status of hormone and HER2 

receptors, breast cancers have been further classified into 
luminal and HER2-positive subtypes, respectively. In 
contrast to these subtypes, the ‘‘basal-like’’ subtype of 
tumors is composed almost entirely of the triple-negative 
breast cancer (TNBC), which is negative for the expressions 
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of estrogen and progesterone receptors (ER and PR) and 
HER2 [2, 3]. Population-based studies have demonstrated 
that TNBC patients showed lower survival rate as compared 
to those with luminal phenotypes [2, 4, 5]. TNBC patients 
were much more likely to develop a recurrence during 
the first 3 years after treatment and showed a consistent 
rate of recurrence over the follow-up period [2, 5]. Recent 
studies suggest that TNBC patients have a higher visceral 
metastasis, such as brain metastasis [2].

Scientific efforts aiming at dissecting the cancer 
biology of TNBC have revealed several promising 
therapeutic targets including epidermal growth factor 
receptor (EGFR), a critical membrane-bound receptor 
tyrosine kinase for cancer progression. EGFR expression 
has been detected in up to 80% of TNBC [6, 7]. Lapatinib 
is an oral dual tyrosine kinase inhibitor (TKI) inhibiting 
both EGFR and HER2 receptors. Although the majority of 
clinical benefits from lapatinib were achieved in patients 
with HER2-positive breast cancers, treatment with 
lapatinib for TNBC or HER2-negative patients continues 
to be of interest due to its anti-EGFR activity [8, 9]. 
Thus, lapatinib has also been tested as monotherapy or 
in combination with other systemic therapies for triple-
negative or other HER2-negative breast cancers in phase 
II trials [10, 11]. Unfortunately, lapatinib has shown a lack 
of dramatic efficacy in overall HER2-negative diseases, 
suggesting that EGFR tyrosine kinase activity may not be 
the major vulnerability in TNBC. Surprisingly, treatment 
with lapatinib in triple-negative or HER2-negative/PR-
negative breast cancer patients even showed a worse 
clinical outcome with shorter median event-free survival 
[8, 12–14]. Our previous studies further uncovered an off-
target activity of lapatinib in promoting the aggressiveness 
of TNBC cell lines through induction of EGFR and 
cyclooxygenase-2 (COX-2) expressions [15,  16]. The 
increase in EGFR expression is attributed to the down-
regulation of microRNA-7, and histone deacetylase 
(HDAC) inhibitor trichostatin A (TSA) could suppress this 
event through restoring of the microRNA-7 level [17]. The 
increased EGFR protein in turn cooperates with HuR to 
enhance COX-2 expression through mRNA stabilization. 
In addition to EGFR, elevation of NF-κB activity through 
Src-dependent pathway has also been demonstrated to 
contribute to the lapatinib-increased COX-2 expression 
[16]. However, other mechanisms, in addition to COX-
2 up-regulation, responsible for the lapatinib-induced 
aggressiveness of TNBC cannot be excluded.

Accumulating evidences have revealed that the 
inflammation-related cytokines contribute to the processes 
of tumor formation and progression and may counteract 
to the efficacy of cancer therapy [18–21]. During the 
tumorigenesis, pro-inflammatory cytokines are frequently 
up-regulated by oncogene-driven signaling pathways 
in the tumor microenvironment and further alter the 
epithelial-mesenchymal transition (EMT) property of 
tumor cells. Under this condition, tumor cells become 

more aggressive and resistant to cancer therapy [22–28]. 
Interleukin-6 (IL-6) has been reported to play a major role 
in these processes [21]. Our previous study have shown 
that lapatinib treatment increases the IL-6 transcription in 
TNBC cells [16]. However, it remains unknown whether 
and how IL-6 expression contributes to the lapatinib-
induced aggressiveness of TNBC cells.

In this study, our results showed that IL-6 
production was dramatically induced and contributed to 
the increase in migration ability of MDA-MB-231 TNBC 
cells in response to lapatinib treatment. Mechanistically, 
lapatinib induces IL-6 expression through Raf-1/MAPK/
AP-1 signaling axis by down regulating microRNA-7. 
These findings not only provide a new insight of lapatinib-
induced motility of TNBC cells, but also suggest that 
targeting IL-6 may be a potential strategy to reduce the 
recurrence and metastasis of breast cancer in combination 
with EGFR/HER2 TKIs.

RESULTS

IL-6 expression was up-regulated in lapatinib-
treated TNBC cells

Our previous study showed that TNBC cells become 
more aggressive in response to long-term treatment with 
lapatinib [15]. To investigate whether IL-6 is critical for 
the lapatinib-induced aggressiveness of TNBC cells, we 
first examined the IL-6 expression in both TNBC MDA-
MB-231 (231) cells and MDA-MB-231/Lap (231/Lap) 
clones, which were established by long-term treatment 
of 231 cells with lapatinib [16]. The mRNA expression 
of IL-6 was obviously elevated in 231/Lap#6 and 231/
Lap#12 clones as compared with the parental 231 cells 
(Figure 1A). In parallel, IL-6 protein level detected by 
Western blot analysis was increased in these 231/Lap cells 
(Figure 1B). The secretion of IL-6 into the medium from 
231/Lap clones, detected in enzyme-linked immunosorbent 
assay (ELISA), was also higher than that from parental 231 
cells (Figure 1C). In support to this finding in vivo, IL-6 
expression was higher in lapatinib-treated MDA-MB-231 
xenograft tumors in SCID mice (Figure 1D), which 
showed aggressive metastasis to axillary lymph nodes in 
our previous study [15]. The inductions of total or secreted 
IL-6 level by lapatinib in a time-dependent manner were 
further found in primary human breast cancer cells from 
two TNBC patients (Figure 1E and 1F, respectively). 
These results indicate that lapatinib treatment induced IL-6 
expression in TNBC cells.

Elevation of IL-6 contributes to the lapatinib-
enhanced aggressiveness of TNBC cells

Up-regulation of IL-6 has been reported to enhance 
the migration ability of various tumor cells [21, 26, 32]. 
In consistence with our previous findings [15], lapatinib-
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treated clones (231/Lap#6 and 231/Lap#12) showed higher 
migration ability than their parental cells in transwell 
migration assays (Figure 2A). We next examined whether 
IL-6 secretion is involved in lapatinib-induced migration 
ability of TNBCs through an autocrine regulation. To 
this end, 231/Lap#6 cells were incubated with or without 
specific anti-IL-6 antibody in the transwells. The results 
showed that their migration ability was dramatically 
inhibited by anti-IL-6 antibody (Figure 2B). To further 
confirm this finding, 231 and 231/Lap#6 cells were 
cultured for 24 hrs, and then the incubated media were 
collected and defined as conditioned media 231-CM 

and 231/Lap#6-CM, respectively. As illustrated in 
Figure 2C, these conditioned media were added into the 
lower chamber of transwells, and 231 cells in serum-free 
medium were seeded in the upper chamber for migration 
assay. Incubation with 231/Lap#6-CM induced higher 
migration ability of 231 cells than that with 231-CM did 
(Figure 2D) and this effect was attenuated by anti-IL6 
antibody (Figure 2E). Furthermore, the migration ability 
of 231 cells was also enhanced when recombinant IL-6 
protein was added into 231-CM (Figure 2F). These results 
indicated that lapatinib enhances the migration ability of 
TNBC cells through IL-6 up-regulation.

Figure 1: IL-6 expression was up-regulated by lapatinib in MDA-MB-231 TNBC cells. A. Total RNA extracted from MDA-
MB-231 (231) cells and their lapatinib-treated clones (231/Lap) was applied to examine the IL-6 mRNA level in both general RT-PCR 
(upper panel) and quantitative RT-PCR (lower panel) analysis. B. The whole cell lysates of 231 and their lapatinib-treated clones were 
harvested and subjected to western blot analysis to examine the protein expression of IL-6. C. The incubated media from 231 cells and 231/
Lap cells were collected and subjected to ELISA for detection of IL-6 protein secretion. D. IL-6 expression in tumor sections of MDA-
MB-231 xenograft mouse receiving lapatinib treatment was determined in immunohistochemical staining with specific anti-IL-6 antibody. 
E. The whole cell lysates of primary human breast cancer cells treated with or without lapatinib for indicated time were harvested and 
subjected to western blot analysis to examine IL-6 protein expression. F. The incubated media from primary human breast cancer cells from 
(E) were collected and subjected to enzyme-linked immunosorbent assay (ELISA) for detection of IL-6 protein secretion. Results were 
expressed as mean ± S.E.M of three independent experiments. **: p < 0.01; ***: p < 0.001; #: p < 0.05 as compared with control group.
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Figure 2: IL-6 is involved in the lapatinib-enhanced aggressiveness of 231 cell. A. In transwell migration assay, the 231 and 
231/Lap cells were seeded in upper chamber with serum-free medium. The migrated cells through the membrane were stained with crystal 
violet and counted. B. The 231/Lap#6 cells were treated with or without anti-IL-6 antibody (30 ng/ml) in the upper chamber for 24 hrs, and 
then migrated cells were counted in transwell migration assay. C. and D. As illustrated in (C), the incubated media from 231 cells and 231/
Lap#6 cells were collected and defined as conditioned media 231-CM and 231/Lap#6-CM, respectively. These conditioned media were 
added into the lower chamber. The 231 cells were seeded in the upper chamber with serum-free medium. The migrated 231 cells was further 
analyzed and quantified. E. The 231/Lap#6 cells were treated with or without neutralizing IL-6 antibody (30 ng/ml). The lower chamber 
was filled with 231/Lap#6-CM. The migrated 231/Lap#6 cells were further analyzed and quantified. F. The 231 cells were treated with or 
without recombinant IL-6 protein (30 ng/ml) in the lower chamber of transwell migration assay. The quantitative results were expressed as 
mean ± S.E.M of three independent experiments. *: p < 0.05; ***: p < 0.001 as compared with control group.
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MAPK/AP-1 axis mediated lapatinib-induced 
IL-6 production in TNBC cells

We next investigated how the IL-6 expression 
is up-regulated by lapatinib. Accumulating evidences 
showed that IL-6 expression is mainly controlled by 
MAPK pathway [33–35], and sustained activation of 
MAPK pathways was observed in response to lapatinib 
resistance in HER2-positive breast cancer cells [36]. We 
thus examined the involvement of MAPK pathways in 
the up-regulation of IL-6 expression in 231/Lap cells. 
As shown in Figure 3A, activities of ERK1/2, p38, 
and JNK were higher in 231/Lap cells compare to 231 
cells. Pharmacological inhibitors of individual MAPKs 
(PD98059, AZD6244 and U0126 for ERK1/2; SP600125 
for JNK; SB203580 and SB202190 for p38) suppressed 
the IL-6 expression at both protein (Figure 3B) and 
mRNA levels (Figure 3C), suggesting that lapatinib 
induces IL-6 expression in part through activation of 
MAPK pathways.

Transcription factor AP-1 is consist of c-Jun and 
c-Fos and is controlled by MAPK pathways [37–39]. 
Since MAPK pathways mediate the IL-6 expression in 
231/Lap cells, we further addressed whether the cis-
regulatory element of AP-1 on IL-6 promoter region 
is required for lapatinib-induced IL-6 expression. The 
protein expression and activation of c-Jun, but not c-fos, 
by lapatinib were found in 231/Lap#6 cells (Figure 4A), 
and ERK1/2 inhibitors PD98059, U0126 and AZD6244 
significantly inhibited the phosphorylation of c-Jun 
(Figure 4B). Suppression of JNK by SP600125 
also dramatically reduced both the protein and 
phosphorylation level of c-Jun in 231/Lap#6 cells 
(Figure 4C). These data suggest that lapatinib-activated 
MAPK pathways regulate IL-6 expression via AP-1 
activation. Indeed, IL-6 promoter activity was higher 
in 231/Lap cells than in parental 231 cells (Figure 5A). 
Mutation of AP-1-binding sites (Figure 5B) and MAPK 
inhibitors (Figure 5C) significantly decreased the 
promoter activity. Furthermore, the binding activity of 
c-Jun protein on the promoter region of IL-6 gene as 
detected by chromatin immunoprecipitation assay was 
dramatically increased in 231//Lap cells (Figure 5D). 
These results demonstrated that treatment with lapatinib 
induces MAPK pathways and c-Jun expression to turn 
on IL-6 gene transcription.

MicroRNA-7 downregulation contributes to 
lapatinib-induced Raf-1 activation in mediating 
MAPK/AP-1 activation and IL-6 production

We next addressed the underlying mechanisms 
of MAPK/AP-1 activation in response to lapatinib 
treatment. Raf-1 activates the MAPK/ERK kinase 
(MEK) 1/2 dual-specificity protein kinases, which 
then activate MAPKs. Elevations of Raf-1 activity 
and protein expression (Figure 6A) as well as mRNA 

(Figure 6B) were found in 231/Lap clones. The 
induction of Raf-1 by lapatinib in a time-dependent 
manner was also found in human primary breast 
cancer cells from TNBC patients (Figure 6C). Raf-1 
inhibitor GW5074 attenuated lapatinib-induced 
ERK1/2 and c-Jun phosphorylations in 231/Lap cells 
(Figure 6D), indicating the contribution of Raf-1 to 
the activation of MAPK/AP-1 axis. Furthermore, 
Gw5074 also suppressed the IL-6 mRNA (Figure 6E) 
and protein (Figure 6F) expressions in 231/Lap cells, 
and significantly decreased the promoter activity 
of IL-6 gene (Figure 6G). More importantly, this 
inhibitor suppressed the migration ability of 231/Lap 
cells (Figure 6H). These results indicate the essential 
role of Raf-1 in lapatinib-induced IL-6 expression and 
migration.

We next investigated the mechanism of Raf-1 
upregulation in 231/Lap cells. Our pervious study 
showed an increase in EGFR expression in response 
to lapatinib treatment [16], raising the possibility that 
the upregulated EGFR induced the Raf-1 activation. 
However, knockdown of EGFR by siRNA did not affect 
the Raf-1 and ERK activations (Figure 7A), ruling out 
the involvement of EGFR. MicroRNAs (miRNAs) 
are involved in processes of cancer that includes 
development, differentiation, proliferation, and apoptosis 
[40–42]. Our previous study showed that lapatinib 
treatment reduced the expression of microRNA-7 
(MiR-7) in MDA-MB-231/Lap cells, and thereby led 
to their enhanced migration and invasion abilities [16]. 
MiR-7 also functions in cell cycle arrest and in reducing 
cell growth and viability [43–45]. We thus investigated 
the role of miR-7 in mediating lapatinib-induced Raf-1/
MAPK/c-Jun activation and IL-6 expression by restoring 
the expression of miR-7 in MDA-MB-231/Lap cells. As 
shown in Figure 7B, overexpression of miR-7 suppressed 
lapatinib-induced Raf-1 expression and phosphorylation. 
Restoration of miR-7 also reduced the IL-6 expression in 
MDA-MB-23/Lap cells (Figure 7C). Furthermore, Raf-
1 3′ UTR activity was higher in 231/Lap cells than in 
parental cells as measured by luciferase-reporter assay 
(Figure 7D). Association with Ago2 is required for 
microRNA-mediated translation suppression. Binding 
of Ago2 on Raf-1 mRNA 3′UTR was lower in 231/
Lap cells than in parental 231 cells (Figure 7E). To 
further confirm the inhibitory effect of miR-7 on Raf-1 
3′UTR activity, miR7 inhibitor was transfected into 
MDA-MB-231 cells in the luciferase reporter assays, 
and results showed a dose-dependent increase in Raf-
1 3′UTR luciferase activity (Figure 7F). In contrast, 
overexpression of miR7 mimic reduced Raf-1 3′UTR 
luciferase activity in 231/Lap clones (Figure 7G). In 
addition, our data reveled that the ago2 binding activity 
on Raf-1 3′UTR was also reduced by miR-7 inhibitor in 
RNA-IP analysis (Figure 7H). These results indicate that 
lapatinib treatment induced IL-6 production through de-
repression of Raf-1 via downregulating miR-7.
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DISCUSSION

Triple negative breast cancers (TNBCs) express 
neither hormone receptors nor HER2 and possess highly 
invasive ability. Although chemotherapy is the major 
therapeutic option, recent scientific efforts have revealed 
that targeting EGFR may be a potential strategy for such 
patients. TNBCs frequently overexpress EGFR and the 
antitumor activity of lapatinib in such diseases was also 
tested [46, 47]. However, this drug did not show clinical 
benefits, and, in contrast, even promoted cancer metastasis 
and development of drug resistance [16].

Induction of reactive responses by cancer therapy has 
been proposed to increase oncogenic potential of cancer 
and lead to drug resistance [48–50]. The compensatory 
hypoxic responses in response to angiogenesis inhibition, 
including HIF-1-induced gene expression and secretion 
of angiogenic and autocrine growth factors, glycolitic 

enzymes, and extracellular proteases, may also promote 
metastasis and invasion [51, 52]. In metastatic tumor 
microenvironment, high level of pro-inflammatory 
cytokines in metastatic tumor microenvironment has been 
detected, and renders cancer cells highly transformative 
[20, 26]. IL-6 has been proposed to enhance cell 
proliferation and metastatic ability of tumor cells [20, 21, 
26, 53]. Co-targeting of IL-6 and VEGF was found to 
potently inhibit glioma growth and invasiveness [54], 
implying that IL-6 production in response to cancer therapy 
may contribute to the invasiveness of recurrent tumors. 
Several lines of evidence  in this study demonstrated 
that lapatinib treatment enhanced cell migration through 
induction of IL-6 expression. First, IL-6 protein and 
mRNA expressions are higher in lapatinib-resistant cells. 
Second, addition of IL-6 significantly induced cell motility. 
Third, neutralization of IL-6 by specific antibody in the 
culture medium reduced the migration of MDA-MB-231/

Figure 3: Lapatinib induced IL-6 expression through MAPK signaling pathways. A. Total proteins extracted from 231 and 
231/Lap cells were subjected to western blotting analysis with indicated antibodies. B. and C. 231/Lap cells were treated with PD98059 
(10 μM), U0126 (10 μM), AZD6244 (500 nM), SP600125 (30 μM), SB203580 (20 μM) and SB202190 (10 μM) for 2 days, followed by 
examination of IL-6 protein (B) and mRNA (C) expressions in ELISA and RT-qPCR analyses, respectively *: p < 0.05; **: p < 0.01 as 
compared with control group.

Figure 4: c-Jun activation is involved in lapatinib-induced IL-6 production. A. Total proteins extracted from 231 and 231/Lap 
cells were subjected to western blotting analysis with specific antibodies against c-Fos and c-Jun. B. and C. 231 and 231/Lap#6 cells were 
pre-treated with or without ERK pathway inhibitors PD98059, U0126, AZD6244 (B), and JNK pathway inhibitor SP600125 (C) for 2 days, 
followed by total protein extraction and western blotting analysis with indicated antibodies.
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Lap cells. These results suggest that the autocrined IL-6 
up-regulated by lapatinib mediated the cell migration, 
and that targeting IL-6 may reduce the off-target effect of 
lapatinib on cell motility.

We previously reported that lapatinib induced 
migration and invasion of TNBC cells through COX-2 
and EGFR expression via downregulation of microRNA-7 
[26]. In this study, our data also demonstrate the 
involvement of miR-7 downregulation in lapatinib-
increased Raf-1 activation and IL-6 expression, revealing 
multiple roles of miR-7 in response to lapatinib in TNBCs. 
Raf-1, belonging to the MKKK family, is regulated by 
multiple mechanisms including phosphorylation and 
interactions with various proteins, and functions as an 
upstream molecule of mitogen-activated protein kinase 
ERK, JNK and p38 pathways, which are involved in the 
regulation of gene expression [55]. IL-6 promoter activity 
was suppressed by the inhibitors of Raf-1, MEK, JNK 
and p38 in 231/Lap cells, indicating that IL-6 production 

is mediated by Raf-1/ MAPK activation in response 
to lapatinib treatment. DNA binding sites for AP-1 
transcription factor, were found in the 5′ region of IL-6 
gene [37–39]. Raf-1, MEK and JNK inhibitor also reduced 
the binding activity of c-Jun to the AP-1 element on IL-6 
promoter and the promoter activity, showing that AP-1 
activation contributes to lapatinib-induced IL-6 production 
in TNBCs. A recent study reported that specific EGFR 
tyrosine kinase inhibitor erlotinib induce IL-6 expression 
in head and neck squamous cell carcinoma through 
NOX4/p38 and JNK/ NF-κB pathway [28, 56]. Therefore, 
Raf-1/MAPK signaling pathway might be a common 
signaling pathway in IL-6 upregulation in response to 
EGFR tyrosine kinase inhibitors. However, it remains to 
be clarified whether these effects are due to inhibition of 
EGFR kinase activity.

MicroRNAs (miRNAs) are involved in processes 
of carcinogenic including development, differentiation, 
proliferation, and apoptosis [40–42]. Aberrant expression 

Figure 5: MAPK/AP-1 axis mediates lapatinib-induced IL-6 gene transcription. A–C. 231 or 231/Lap cells were transfected 
with wt (A) and/or AP-1 mutated (B) IL-6 promoter luciferase reporter gene for 2 days followed by treatment with MAPK pathway 
inhibitors (C), and then total lysates were prepared and subjected to luciferase activity assays. D. Total lysates from 231 and 231/Lap cells 
were prepared and subjected to chromatin immunoprecipitation assay with anti-c-Jun antibody to detect the DNA binding activity of c-Jun 
on IL-6 promoter. One percent of the precipitated chromatin was used to verify the equal sample loading (input). *: p < 0.05; **: p < 0.01; 
***: p < 0.001 as compared with control group.
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and function of microRNAs have been associated with 
tumorigenesis. MiR-7 has been reported to down-
regulate EGFR mRNA and other genes in lung breast, 
and glioblastoma cell cancer cell lines to induce cell 
cycle arrest and cell death [45, 57]. Our previous study 
reported that lapatinib enhances COX-2 and EGFR 
expression through downregulation of miR-7 [16]. In 

addition to being targeted by miR-7, EGFR has also 
been reported to induce miR-7 transcription relying on 
its tyrosine kinase activity [58], suggesting that miR-7 
regulates EGFR expression through negative feedback. 
Therefore, inhibition of EGFR kinase activity by 
lapatinib may account for the downregulation of miR-
7 and subsequent elevation of the Raf-1/ERK and IL-6 

Figure 6: Raf-1 activation mediates IL-6 gene expression in 231/Lap cells. A. Total proteins extracted from 231 and 231/Lap 
cells were subjected to western blotting analysis with specific antibodies against Raf-1 and p-Raf-1. B. Total RNA extracted from 231 
and 231/Lap cells was applied to examine the Raf-1 mRNA level in quantitative RT-PCR analysis. C. Total proteins extracted from 231 
cells treated with lapatinib for indicated days were subjected to western blotting analysis with specific antibodies against Raf-1 pathway. 
D. Total proteins extracted from 231 and 231/Lap cells treated with Raf-1 inhibitor were subjected to western blotting analysis with specific 
antibodies against Raf-1 pathway. E. Total RNA extracted from Gw5074-treated 231/Lap cells was applied to examine the IL-6 mRNA level 
in quantitative RT-PCR analysis. F. The incubated media from 231/Lap cells treated with Gw5074 was collected and subjected to ELISA for 
detection of IL-6 protein secretion. G. 231/Lap cells were transfected with wt IL-6 promoter luciferase reporter gene for 2 days followed by 
treatment with Gw5074, and then total lysates were prepared and subjected to luciferase activity assays. H. The 231/Lap cells were treated 
with or without Gw5074 in the upper chamber for 24 hrs, and then migrated cells were counted in transwell migration assay. *: p < 0.05; 
**: p < 0.01; ***: p < 0.001 as compared with control group.
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expression. In addition to its potential role in tumor 
promotion and progression, overexpression of IL-6 has 
been suggested to promote resistance to EGFR TKIs in 
both EGFR-dependent and EGFR-independent manners 
[59]. However, silencing EGFR expression did not affect 
Raf-1/MAPK/AP-1 protein levels in 231/Lap clones. 
Our data suggest that lapatinib induced Raf-1 expression 
due to downregulation of miR-7, which can bind to and 
target Raf-1 3′ UTR, leading to the downregulation of 
Raf-1 protein level. Transfection of lapatinib-treated 

cells with miR-7 also reduced lapatinib-increased IL-6 
production and down-regulate Raf-1 activity. These 
results indicate that downregulation of miR-7 may 
contribute to activation of Raf-1/MAPK signaling 
pathway in breast cancer cells in response to lapatinib 
treatment (Figure 8).

In summary, our results elucidate a role of miR-7-
dependent activation of Raf-1/MAPK/AP-1 in contribution 
to IL-6 upregulation and subsequent cell migration, 
suggesting a possible link to drug resistance. These 

Figure 7: Elevation of Raf-1 expression in response to lapatinib is due to the de-repression from miR-7. A. and B. Total 
protein extracted from 231/Lap cells transfected with EGFR siRNA (A) or miR-7 (B) was subjected to Western blot analysis with indicated 
antibodies. C. The incubated media from 231/Lap cells transfected with miR-7 were collected and subjected to ELISA for detection of 
IL-6 protein secretion. D, F, G. 231 and 231/Lap cells were transfected with Raf-1 3′UTR luciferase reporter gene in the presence or 
absence of miR-7 mimic or inhibitor for 2 days, and then total lysates were prepared and subjected to luciferase activity assays. E. and H. 
Total lysates from 231 and 231/Lap cells transfected with or without miR-7 mimic or inhibitor were prepared and subjected to RNA 
immunoprecipitation assay with anti-ago2 antibody to detect the RNA binding activity of ago2 on Raf-1 mRNA with two specific primer 
sets. *: p < 0.05; **: p < 0.01; ***: p < 0.001 as compared with control group.
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findings imply IL-6 as a potential target for enhancing the 
therapeutic efficacy of lapatinib.

MATERIALS AND METHODS

Materials

Mouse polyclonal antibodies specific for IL-6, rabbit 
polyclonal antibodies specific for EGFR, phospho-c-Jun 
and c-Jun were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA). Rabbit polyclonal antibodies specific 
for phospho-Raf-1 Ser338, Raf-1, phospho-ERK1/2 
Thr202/Tyr204, ERK1/2, phospho-JNK Thr183/Tyr185, 
JNK, phospho-p38 Thr180/Tyr182 and p38 were from 
Cell Signaling (Danvers, MA). PD98059, SB203580, 
SP600125, U0126, GW5074 and AZD6244 were obtained 
from Calbiochem (San Diago, CA). Mouse polyclonal 
antibody specific for IL-6 was purchased from R&D systems 
(Minneapolis, MN). All chemicals were obtained from 
Sigma-Aldrich (St Louis, MO). IL-6 enzyme immunoassay 
kit was purchased from Cayman Chemical (Ann Arbor, MI).

Cell culture

Human TNBC MDA-MB-231 cell line and its 
lapatinib-treated derivatives were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM)/F12 supplemented 
with 10% FBS, 100 unit/ ml penicillin and 100 mg/ml 
streptomycin. All cancer cell lines were maintained in 

a humidified 5% CO2 incubator at 37°C. The lapatinib-
treated derivatives were established and selected by 
treating MDA-MB-231 cells with gradually increasing 
concentrations of lapatinib from 1 μM.

Preparation of conditioned medium (CM)

MDA-MB-231 and its lapatinib-treated derivatives, 
MDA-MB-231/Lap, were grown to reach confluence. The 
culture media were refreshed with DMEM/F12. Conditioned 
media were collected 1 day after the refreshment of media 
and stored at −80°C until use as described previously [29, 
30]. The MDA-MB-231-CM was used as reference.

Measurement of IL-6 expression

MDA-MB-231 and MDA-MB-231/Lap cell lines 
were seeded in 6-well plates and allowed to grow for 
24  hrs. Cells were pre-treated with various inhibitors 
for 48 hrs. Then, two medium was collected and stored 
at −80°C until use. IL-6 expression in the medium 
was assayed by using IL-6 enzyme immunoassay kits, 
according to the procedure described by the manufacturer.

Reverse transcription-polymerase chain 
reaction (RT-PCR)

Total RNA was extracted from MDA-MB-231 and 
MDA-MB-231/Lap cells by using TRIzol reagent. The 
reverse transcription reaction was performed by using 

Figure 8: Illustration of lapatinib-enhanced aggressiveness via Raf-1/MAPK-dependent IL-6 expression. Long-term 
treatment with lapatinib activates Raf-1/MAPK signaling pathways though downregulation of miR-7 expression. Then, the activated 
MAPKs induce expression and binding of c-Jun to IL-6 promoter, which leads to the production of IL-6. The secreted IL-6 in turn enhances 
the migration ability of TNBC cells.
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1 ug of total RNA that was reversely transcribed into 
cDNA with oligo (dT) primer. The cDNA level of IL-6 
was examined in quantitative PCR analysis with IL-6 
specific primer, which sequences are as follows: Forward: 
5′-TTGAGACTCATGGGAAAATCC-3′ and Reverse: 
5′-CAAGACATGCCAAAGTGCTG-3′.

Western blot analysis

Whole cell lysates were prepared as indicated 
experiments. Proteins were resolved on sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis 
and transferred to polyvinyldifluoride (Immobilon-P) 
membranes. The blots were blocked with 5% milk 
for 1 hr at room temperature and probed with rabbit 
antibodies against Raf-1, ERK1/2, JNK or p38 (1:1000) 
for overnight at 4°C. After washing three times, the 
blots were subsequently incubated with an anti-rabbit 
peroxidase-conjugated secondary antibody (1:10000) 
for 1 hr at room temperature. The blots were visualized 
by enhanced chemiluminescence with use of Kodak 
X-OMAT LS film.

Transfection and reporter gene assay

TNBC cells were transfected with 1 μg of 
luciferase-bearing plasmid and 0.1 μg of β-galactosidase 
expression vector. TNBC cells were grown to 80% 
confluence in 12 well plates and subjected to transfection 
with TransIT®-2020 on the following day. DNA and 
TransIT®-2020 transfection reagent were pre-mixed with 
a ratio of 1:1 in serum-free medium for 20 mins and 
then applied to the cells. Serum was supplemented to the 
cells 6 hrs later. After 24- hr transfection, the cells were 
subjected to indicate experiments. Whole cell lysates 
were harvested with reporter lysis buffer (Promega) and 
the supernatants were collected after centrifugation at 
13,000 rpm for 10 mins. Aliquots of cell lysates (20 μl) 
containing equal amounts of protein (20–30 μg) were 
placed into wells of an opaque black 96-well microplate. 
An equal volume of luciferase substrate was added to all 
samples and luminescence was measured in a microplate 
luminometer. The value of luciferase activity was 
normalized to transfection efficiency monitored by the co-
transfected β-galactosidase expression vector.

Immunohistochemistry staining

Five-micro thick paraffin wax mouse-tissue sections 
were dewaxing by xylene and rehydrated by different 
concentration of ethanol. These mouse-tissue sections 
were incubated for overnight with IL-6 antibody (50 
dilution, Santa Cruz, CA), and were washed for removal 
of unbound primary antibody. These sections were then 
stained with a polymer HRP conjugate secondary antibody 
rabbit antibody for 30 mins followed by reaction with 
diaminobenzidine for two minutes.

Overexpression of microRNA-7 (miR-7) 
expression

TNBC cells were transfected with 1 μg of mimic-
control and mimic-miR-7 plasmid vector [15]. TNBC 
cells were grown to 80% confluence in 12 well plates and 
transfected with TransIT®-2020 on the following day. DNA 
and TransIT®-2020 transfection reagent were pre-mixed 
with a ratio of 1:1 in serum-free medium for 20 mins and 
then applied to the cells. Serum was supplemented to the 
cells 6 hrs later. After 3-day transfection, the cells were 
subjected to indicate experiments.

Chromatin immunoprecipitation (ChIP) assay

ChIP analysis was performed as described 
previously [31]. In brief, cells were treated, fixed and 
sheared. The DNA immunoprecipitated by c-Jun antibody 
was purified and then extracted with phenol-chloroform. 
The purified DNA pellet was subjected to PCR. PCR 
products were resolved by 2% agarose gel electrophoresis 
and visualized by UV. The primer sequences used for 
detecting IL-6 promoter region (−312 to −39) were as 
follows: Forward: 5′-GAACTGACCTGACTTACATA-3′ 
and reverse: 5′-TTGAGACTCATGGGAAAATCC-3′.

RNA immunoprecipitation (RNAIP) assay

MDA-MB-231 or 231/Lap cells were transfected 
with 100 nM miR-7 mimic or inhibitor for 3 days, and 
then were fixed and sheared. The lystate was incubated 
with rabbit-IgG and Ago2 (cell signaling, Danvers, 
MA) antibody followed by immunoprecipitation with 
protein A/G beads at 4°C overnight. Then supernatant 
was removed, and beads were resuspended with RNAIP 
buffer followed by RNA isolation with TRIzol reagent. 
The purified RNA was subjected into reverse transcription 
with oligo (dT) primer. The immunoprecipitated Raf-1 
mRNA level was examined in real-time PCR reaction with 
specific primers targeting at Raf-1 3′UTR as following: 
5′- ACTAGTTTGACTTTGCACCTGTCTTC-3′ and 5′- 
AAGCTTACACCTAAATTTAATTTATT-3′.

Statistic analysis

Data were displayed as means ±SEM. The 
significance of difference between the experimental and 
control groups was assessed by Student’s t test. The 
difference is significant if the p value is < 0.05.

CONFLICTS OF INTEREST

All author declare no conflict of interest

FINANCIAL SUPPORTS

This work was supported by grants from the 
Ministry of Science and Technology in Taiwan (MOST-



Oncotarget37976www.impactjournals.com/oncotarget

104-2320-B-039-001, MOST 103-2815-C-039-041-B, 
MOST Most-102-2320-B-214-008-MY3, MOST-103-
2314-B-039-027, MOST 103-2911-I-002-303, and MOST 
103-2320-B-214-005), the National Health Research 
Institutes of Taiwan (NHRI-EX103-10329BI), Ministry of 
Health and Welfare, China Medical University Hospital 
Cancer Research Center of Excellence (MOHW103-
TD-B-111-03), The China Medical University Research 
of Taiwan (CMU104-S-01), I-Shou University (ISU-103-
04-07A), and EDA Hospital (EDPJ103057)

Author’s contributions

Study concept and design: WCH; acquisition of data: 
YCH, MHY, and YJC, LYW; analysis and interpretation of 
data: YCH and MHY; drafting of the manuscript: YCH 
and MHY; critical revision of the manuscript for important 
intellectual content: WCH; statistical analysis: YCH; 
obtained funding: WCH and MHY; administrative: YJC, 
technical: YCH , JFL, and CHT, or material support: JFL 
and CHT; study supervision: WCH.

REFERENCES

1.	 Berrada N, Delaloge S, Andre F. Treatment of triple-
negative metastatic breast cancer: toward individualized 
targeted treatments or chemosensitization? Ann Oncol. 
2010; 21:vii30–35.

2.	 Anders C, Carey LA. Understanding and treating 
triple-negative breast cancer. Oncology (Williston Park). 
2008; 22:1233–1239. discussion 1239–1240, 1243.

3.	 de Ruijter TC, Veeck J, de Hoon JP, van Engeland M, Tjan-
Heijnen VC. Characteristics of triple-negative breast cancer. 
J Cancer Res Clin Oncol. 2011; 137:183–192.

4.	 Carey LA, Perou CM, Livasy CA, Dressler LG, Cowan D, 
Conway K, Karaca G, Troester MA, Tse CK, Edmiston S, 
Deming SL, Geradts J, et al. Race, breast cancer subtypes, 
and survival in the Carolina Breast Cancer Study. JAMA. 
2006; 295:2492–2502.

5.	 Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, 
Sawka CA, Lickley LA, Rawlinson E, Sun P, Narod SA. 
Triple-negative breast cancer: clinical features and patterns 
of recurrence. Clin Cancer Res. 2007; 13:4429–4434.

6.	 Siziopikou KP, Ariga R, Proussaloglou KE, Gattuso P, 
Cobleigh M. The challenging estrogen receptor-negative/ 
progesterone receptor-negative/HER-2-negative patient: a 
promising candidate for epidermal growth factor receptor-
targeted therapy? Breast J. 2006; 12:360–362.

7.	 Siziopikou KP, Cobleigh M. The basal subtype of breast 
carcinomas may represent the group of breast tumors that 
could benefit from EGFR-targeted therapies. Breast. 2007; 
16:104–107.

8.	 Finn RS, Press MF, Dering J, Arbushites M, Koehler M, 
Oliva C, Williams LS, Di Leo A. Estrogen receptor, proges-
terone receptor, human epidermal growth factor receptor 2 

(HER2), and epidermal growth factor receptor expression 
and benefit from lapatinib in a randomized trial of paclitaxel 
with lapatinib or placebo as first-line treatment in HER2-
negative or unknown metastatic breast cancer. J Clin Oncol. 
2009; 27:3908–3915.

9.	 Frassoldati A, Guarneri V, Piacentini F, Jovic G, 
Giovannelli S, Oliva C, Conte PF. Letrozole versus letro-
zole plus Lapatinib (GW572016) in hormone-sensitive, 
HER2-negative operable breast cancer: a double-blind, 
randomized, phase II study with biomarker evaluation 
(EGF109077-LAP107692/LETLOB). Clin Breast Cancer. 
2008; 8:97–100.

10.	 Sharma P. Lapatinib in Women With Metastatic Breast 
Cancer Who Have Failed Prior Antihormone Therapy. 
In: ClinicalTrialsgov [Internet] Bethesda (MD): National 
Library of Medicine (US) 2000- [cited 2011 Feb 27]: 
Available from: http://clinicaltrials.gov/show/NCT00759642 
NLM Identifier: NCT00759642.

11.	 Dhillon N. A Study of Lapatinib in Combination With 
Everolimus in Patients With Advanced, Triple Negative 
Breast Cancer. In: ClinicalTrialsgov [Internet] Bethesda 
(MD): National Library of Medicine (US) 2000- [cited 
2011 Feb 27] Available from: http://clinicaltrials.gov/show/
NCT01272141 NLM Identifier: NCT01272141.

12.	 Kassam F, Enright K, Dent R, Dranitsaris G, Myers J, 
Flynn C, Fralick M, Kumar R, Clemons M. Survival out-
comes for patients with metastatic triple-negative breast 
cancer: implications for clinical practice and trial design. 
Clin Breast Cancer. 2009; 9:29–33.

13.	 Peddi PF, Ellis MJ, Ma C. Molecular basis of triple nega-
tive breast cancer and implications for therapy. Int J Breast 
Cancer. 2012; 2012:217185.

14.	 Marquette C, Nabell L. Chemotherapy-resistant metastatic 
breast cancer. Curr Treat Options Oncol. 2012; 13:263–275.

15.	 Hsia TC, Tu CY, Chen YJ, Wei YL, Yu MC, Hsu SC, 
Tsai SL, Chen WS, Yeh MH, Yen CJ, Yu YL, Huang TC, 
et al. Lapatinib-mediated cyclooxygenase-2 expression via 
epidermal growth factor receptor/HuR interaction enhances 
the aggressiveness of triple-negative breast cancer cells. 
Mol Pharmacol. 2013; 83:857–869.

16.	 Chen YJ, Yeh MH, Yu MC, Wei YL, Chen WS, Chen JY, 
Shih CY, Tu CY, Chen CH, Hsia TC, Chien PH, Liu SH, 
et al. Lapatinib—induced NF-kappaB activation sensitizes 
triple-negative breast cancer cells to proteasome inhibitors. 
Breast Cancer Res. 2013; 15:R108.

17.	 Tu CY, Chen CH, Hsia TC, Hsu MH, Wei YL, Yu MC, 
Chen WS, Hsu KW, Yeh MH, Liu LC, Chen YJ, Huang 
WC. Trichostatin A suppresses EGFR expression through 
induction of microRNA-7 in an HDAC-independent 
manner in lapatinib-treated cells. Biomed Res Int. 2014; 
2014:168949.

18.	 Landskron G, De la Fuente M, Thuwajit P, Thuwajit C, 
Hermoso MA. Chronic inflammation and cytokines in 
the tumor microenvironment. J Immunol Res. 2014; 
2014:149185.



Oncotarget37977www.impactjournals.com/oncotarget

19.	 Paraiso KH, Smalley KS. Fibroblast-mediated drug resis-
tance in cancer. Biochem Pharmacol. 2013; 85:1033–1041.

20.	 Dethlefsen C, Hojfeldt G, Hojman P. The role of intratu-
moral and systemic IL-6 in breast cancer. Breast Cancer 
Res Treat. 2013; 138:657–664.

21.	 Huang WL, Yeh HH, Lin CC, Lai WW, Chang JY, Chang 
WT, Su WC. Signal transducer and activator of transcrip-
tion 3 activation up-regulates interleukin-6 autocrine pro-
duction: a biochemical and genetic study of established 
cancer cell lines and clinical isolated human cancer cells. 
Mol Cancer. 2010; 9:309.

22.	 Fletcher EV, Love-Homan L, Sobhakumari A, Feddersen CR, 
Koch AT, Goel A, Simons AL. Epidermal growth factor 
receptor inhibition induces pro-inflammatory cytokines via 
NOX4 in head and neck cancer cells. Mol Cancer Res. 2013.

23.	 Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, 
Dunning MJ, Speed D, Lynch AG, Samarajiwa S, Yuan Y, 
Graf S, Ha G, et al. The genomic and transcriptomic archi-
tecture of 2,000 breast tumours reveals novel subgroups. 
Nature. 2012; 486:346–352.

24.	 Stephens PJ, Tarpey PS, Davies H, Van Loo P, 
Greenman C, Wedge DC, Nik-Zainal S, Martin S, Varela I, 
Bignell GR, Yates LR, Papaemmanuil E, et al. The land-
scape of cancer genes and mutational processes in breast 
cancer. Nature. 2012; 486:400–404.

25.	 Hartman ZC, Yang XY, Glass O, Lei G, Osada T, Dave SS, 
Morse MA, Clay TM, Lyerly HK. HER2 overexpres-
sion elicits a proinflammatory IL-6 autocrine signaling 
loop that is critical for tumorigenesis. Cancer Res. 2011; 
71:4380–4391.

26.	 Hartman ZC, Poage GM, den Hollander P, Tsimelzon A, 
Hill J, Panupinthu N, Zhang Y, Mazumdar A, 
Hilsenbeck SG, Mills GB, Brown PH. Growth of triple-
negative breast cancer cells relies upon coordinate autocrine 
expression of the proinflammatory cytokines IL-6 and IL-8. 
Cancer Res. 2013; 73:3470–3480.

27.	 Geng Y, Chandrasekaran S, Hsu JW, Gidwani M, 
Hughes  AD, King MR. Phenotypic switch in blood: effects 
of pro-inflammatory cytokines on breast cancer cell aggre-
gation and adhesion. PLoS One. 2013; 8:e54959.

28.	 Fletcher EV, Love-Homan L, Sobhakumari A, Feddersen CR, 
Koch AT, Goel A, Simons AL. EGFR inhibition induces pro-
inflammatory cytokines via NOX4 in HNSCC. Mol Cancer 
Res. 2013; 11:1574–1584.

29.	 Chen YJ, Huang WC, Wei YL, Hsu SC, Yuan P, Lin HY, 
Wistuba II, Lee JJ, Yen CJ, Su WC, Chang KY, Chang WC, 
et al. Elevated BCRP/ABCG2 expression confers acquired 
resistance to gefitinib in wild-type EGFR-expressing cells. 
PLoS One. 2011; 6:e21428.

30.	 Huang WC, Chen YJ, Li LY, Wei YL, Hsu SC, 
Tsai  SL, Chiu PC, Huang WP, Wang YN, Chen CH, 
Chang  WC, Chang WC, et al. Nuclear translocation 
of epidermal growth factor receptor by Akt-dependent 
phosphorylation enhances breast cancer-resistant protein 

expression in gefitinib-resistant cells. J Biol Chem. 2011; 
286:20558–20568.

31.	 Chen WS, Yen CJ, Chen YJ, Chen JY, Wang LY, Chiu SJ, 
Shih WL, Ho CY, Wei TT, Pan HL, Chien PH, Hung MC, 
et al. miRNA-7/21/107 contribute to HBx-induced hepa-
tocellular carcinoma progression through suppression of 
maspin. Oncotarget. 2015.

32.	 Yu YC, Yang PM, Chuah QY, Huang YH, Peng CW, 
Lee YJ, Chiu SJ. Radiation-induced senescence in securin-
deficient cancer cells promotes cell invasion involving the 
IL-6/STAT3 and PDGF-BB/PDGFR pathways. Sci Rep. 
2013; 3:1675.

33.	 Son YH, Jeong YT, Lee KA, Choi KH, Kim SM, Rhim BY, 
Kim K. Roles of MAPK and NF-kappaB in interleukin-6 
induction by lipopolysaccharide in vascular smooth muscle 
cells. J Cardiovasc Pharmacol. 2008; 51:71–77.

34.	 Xiao W, Hodge DR, Wang L, Yang X, Zhang X, Farrar 
WL. NF-kappaB activates IL-6 expression through coopera-
tion with c-Jun and IL6-AP1 site, but is independent of its 
IL6-NFkappaB regulatory site in autocrine human multiple 
myeloma cells. Cancer Biol Ther. 2004; 3:1007–1017.

35.	 Leonard M, Ryan MP, Watson AJ, Schramek H, Healy E. 
Role of MAP kinase pathways in mediating IL-6 production 
in human primary mesangial and proximal tubular cells. 
Kidney Int. 1999; 56:1366–1377.

36.	  Molecularly targeted therapies: mechanisms of resistance. 
Abstracts of the AACR (American Association for Cancer 
Research) Special Conference. May 9-12, 2012. San Diego, 
California, USA. Clin Cancer Res. 2012; 18. A1–68, B61–
68, IA61–15, PR61–68.

37.	 Grassl C, Luckow B, Schlondorff D, Dendorfer U. 
Transcriptional regulation of the interleukin-6 gene in 
mesangial cells. J Am Soc Nephrol. 1999; 10:1466–1477.

38.	 Yang WH, Liu SC, Tsai CH, Fong YC, Wang SJ, 
Chang  YS, Tang CH. Leptin induces IL-6 expression 
through OBRl receptor signaling pathway in human syno-
vial fibroblasts. PLoS One. 2013; 8:e75551.

39.	 Matsusaka T, Fujikawa K, Nishio Y, Mukaida N, 
Matsushima K, Kishimoto T, Akira S. Transcription factors 
NF-IL6 and NF-kappa B synergistically activate transcrip-
tion of the inflammatory cytokines, interleukin 6 and inter-
leukin 8. Proc Natl Acad Sci U S A. 1993; 90:10193–10197.

40.	 Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, 
and function. Cell. 2004; 116:281–297.

41.	 Chen JF, Mandel EM, Thomson JM, Wu Q, Callis TE, 
Hammond SM, Conlon FL, Wang DZ. The role of 
microRNA-1 and microRNA-133 in skeletal muscle prolif-
eration and differentiation. Nat Genet. 2006; 38:228–233.

42.	 Mattick JS, Makunin IV. Small regulatory RNAs in mam-
mals. Hum Mol Genet. 2005; 14:R121–132.

43.	 Saydam O, Senol O, Wurdinger T, Mizrak A, Ozdener GB, 
Stemmer-Rachamimov AO, Yi M, Stephens RM, 
Krichevsky AM, Saydam N, Brenner GJ, Breakefield XO. 
miRNA-7 attenuation in Schwannoma tumors stimulates 



Oncotarget37978www.impactjournals.com/oncotarget

growth by upregulating three oncogenic signaling path-
ways. Cancer Res. 2011; 71:852–861.

44.	 Chen YJ, Chien PH, Chen WS, Chien YF, Hsu YY, 
Wang  LY, Chen JY, Lin CW, Huang TC, Yu YL, 
Huang  WC, Hepatitis B. Virus-Encoded X Pro
tein Downregulates EGFR Expression via Inducing 
MicroRNA-7 in Hepatocellular Carcinoma Cells. Evid 
Based Complement Alternat Med. 2013; 2013:682380.

45.	 Webster RJ, Giles KM, Price KJ, Zhang PM, Mattick JS, 
Leedman PJ. Regulation of epidermal growth factor recep-
tor signaling in human cancer cells by microRNA-7. J Biol 
Chem. 2009; 284:5731–5741.

46.	 Bramati A, Girelli S, Torri V, Farina G, Galfrascoli E, 
Piva S, Moretti A, Dazzani MC, Sburlati P, La Verde NM. 
Efficacy of biological agents in metastatic triple-negative 
breast cancer. Cancer Treat Rev. 2014; 40:605–613.

47.	 Liu T, Yacoub R, Taliaferro-Smith LD, Sun SY, Graham 
TR, Dolan R, Lobo C, Tighiouart M, Yang L, Adams A, 
O’Regan RM. Combinatorial effects of lapatinib and 
rapamycin in triple-negative breast cancer cells. Mol Cancer 
Ther. 2011; 10:1460–1469.

48.	 Blagosklonny MV. Antiangiogenic therapy and tumor pro-
gression. Cancer Cell. 2004; 5:13–17.

49.	 Blagosklonny MV. How Avastin potentiates chemothera-
peutic drugs: action and reaction in antiangiogenic therapy. 
Cancer Biol Ther. 2005; 4:1307–1310.

50.	 Blagosklonny MV. Why therapeutic response may not pro-
long the life of a cancer patient: selection for oncogenic 
resistance. Cell Cycle. 2005; 4:1693–1698.

51.	 Pennacchietti S, Michieli P, Galluzzo M, Mazzone M, 
Giordano S, Comoglio PM. Hypoxia promotes invasive 
growth by transcriptional activation of the met protoonco-
gene. Cancer Cell. 2003; 3:347–361.

52.	 Steeg PS. Angiogenesis inhibitors: motivators of metasta-
sis? Nat Med. 2003; 9:822–823.

53.	 Qiu Y, Ravi L, Kung HJ. Requirement of ErbB2 for signal-
ling by interleukin-6 in prostate carcinoma cells. Nature. 
1998; 393:83–85.

54.	 Saidi A, Hagedorn M, Allain N, Verpelli C, Sala C, Bello L, 
Bikfalvi A, Javerzat S. Combined targeting of interleukin-6 
and vascular endothelial growth factor potently inhib-
its glioma growth and invasiveness. Int J Cancer. 2009; 
125:1054–1064.

55.	 Damodar Reddy C, Marwaha S, Patti R, Raghunath M, 
Duhaime AC, Sutton L, Phillips PC. Role of MAP kinase 
pathways in primitive neuroectodermal tumors. Anticancer 
Res. 2001; 21:2733–2738.

56.	 Huang WC, Hung MC. Beyond NF-kappaB activation: 
nuclear functions of IkappaB kinase alpha. J Biomed Sci. 
2013; 20:3.

57.	 Weiss GJ, Bemis LT, Nakajima E, Sugita M, Birks DK, 
Robinson WA, Varella-Garcia M, Bunn PA Jr., Haney J, 
Helfrich BA, Kato H, Hirsch FR, et al. EGFR regulation by 
microRNA in lung cancer: correlation with clinical response 
and survival to gefitinib and EGFR expression in cell lines. 
Ann Oncol. 2008; 19:1053–1059. 8822–31.

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

59.	 Ishiguro Y, Ishiguro H, Miyamoto H. Epidermal growth 
factor receptor tyrosine kinase inhibition up-regulates 
interleukin-6 in cancer cells and induces subsequent develop-
ment of interstitial pneumonia. Oncotarget. 2013; 4:550–559.


