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ABSTRACT
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Non-small cell lung cancer (NSCLC), which accounts for more than 80% of lung
cancers, is a leading cause of cancer mortality worldwide. However, the mechanism
underlying its progression remains unclear. Here we found that HIC1 promoter was
heavily methylated in NSCLC cell lines and tissues contributing to its low expression
compared to normal controls. Restoring HIC1 expression inhibited migration, invasion
and promoted inducible apoptosis of NSCLC cells. Notably, HIC1 is a tumor suppressor
through inhibiting the transcription of IL-6 by sequence-specific binding on its
promoter. Restoring IL-6 expression could partially rescue these phenotypes induced
by HIC1 in vitro and in vivo. Mechanistic analyses show that autocrine secretion of
IL-6 induced by loss of HIC1 activated STAT3 through IL-6/JAK pathway and was
associated with NSCLC progression. The HIC1/IL-6 axis may serve as a prognostic
biomarker and provide an attractive therapeutic target for NSCLC.

INTRODUCTION

Lung cancer is the leading cause of cancer mortality
worldwide, accounting for 1.6 million deaths according to
the latest statistics [1]. Lung tumors are divided into two
histological types: non-small cell lung cancer (NSCLC),
which accounts for more than 80%, and small cell lung
cancer (SCLC). Despite therapeutic advances, the overall
S-year survival of lung cancer remains about 17% [2].
Distant metastases in patients with lung cancer are the
leading cause of death [3]. Therefore, it is significant
to identify novel metastases-related genes in lung
cancer, especially in NSCLC, which may become useful
biomarkers for the early detection or attractive targets for
treatment.

Recently, the importance of epigenetic changes
that occur during lung cancer development has also been
reported [4-7], prompting novel biomarkers for lung

cancer. Hypermethylated in cancer 1(HIC1) is a gene
located at 17p13.3 and can be activated by p53, which
was first identified by Baylin in 1995 [8]. This finding also
indicates that HIC1 expression is absent or decreased in
neoplastic cells, which have the aberrant pattern of HIC1
CpG island Notl site methylation. Additionally, increasing
evidence shows that HIC1 is aberrantly hypermethylated
in multiple common types of human cancer tissues,
including breast [9, 10], medulloblastomas [11, 12],
gastric [13], hepatocellular carcinoma [14], colorectal
[15], cervical [16] and lung tumors [17].

HICI1 is a sequence-specific transcriptional repressor
that contains several autonomous repression domains [18-
20], belonging to the BTB/POZ and C2H2 zinc fingers
family [21]. The N-terminal BTB/POZ domain of HIC1 is
involved in dimerization and in protein-protein interactions
and the C-terminal region interacts with a specific DNA
sequence, 5-/ NG/ GGGCA®/,CC-3 with a core GGCA
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motif [22]. In vitro, HIC1 is mainly a sequence-specific
transcriptional repressor interacting with a still growing
range of HDAC-dependent and HDAC-independent
corepressor complexes [20]. Furthermore, it has been
reported that the mice with homozygous disruption of
HIC1 die perinatally and exhibit varying combinations of
gross developmental defects [23]. In addition, the findings
indicate that HIC1 inactivation may function as an
initiating event in tumorigenesis based on the propensity
of Hicl™ mice to form spontaneous tumor [24] and the
presence of HICI silencing events in pre-neoplastic
conditions such as smoker’s lung, colonic polyps and
chronic hepatitis or cirrhosis [14, 15, 17, 25]. To date,
HIC1 mutation in cancers has not been reported, therefore
loss of its function mediated by epigenetic modification
may drive key stages of human tumorigenesis. However,
the role and mechanism of epigenetic silencing of HIC1
involved in the progression of NSCLC are still unknown.

Here, we investigated the methylation status of
HIC1 promoter and the role of HIC1 plays in NSCLC. Our
results indicate that IL-6, a critical cytokine for immune

responses [26] and tumorigenesis [27], is a potential
downstream target gene of HIC1. The alteration in the
HIC1/IL-6 axis contributes to NSCLC progression and
represents therapeutic targets.

RESULTS

Methylation of HIC1 promoter impairs its
expression in NSCLC

Previous reports have indicated that HIC1 gene
is silenced by DNA hypermethylation in various solid
tumors [9, 14, 28, 29]. To examine whether HICI is
inactive by hypermethylation in NSCLC, we examined the
methylation status of HIC1 promoter in cell lines and 10
pairs of NSCLC carcinoma and para-carcinoma tissues by
methylation specific PCR (MSP) and bisulfite sequencing
PCR (BSP) (Figure 1A, 1B and 1C). Para-carcinoma
tissues are more than 5cm away from the foci organization
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Figure 1: Methylation of HIC1 promeoter impairs its expression in NSCLC. A. Genomic DNAs from NSCLC cell lines were
treated with sodium bisulfate, the PCR products amplificated with HIC1 MSP primers were confirmed by agarose gel electrophoresis. M:
methylation; U: unmethylation. B. and C. Genomic DNAs from NSCLC cell lines and tissues were treated with sodium bisulfate, PCR
products amplificated with HIC1 BSP primers were sequenced and the percentage of methylation was calculated. D. and E. Quantitative
real-time RCR analysis of HIC1 gene in NSCLC cell lines and tissues.
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with the appearance of a normal non-cancerous infiltration.
As shown in Figure 1A, one core promoter region was
markedly methylated in H292, 95-D, A549, NCI-H1975
and LTEP-a-2 cells compared with normal human fetal
lung fibroblast cells MRC-5 and WI-38 by MSP analyses.
Next, the methylation percentage of 11 CpG sites located
in -624 to -495bp upstream of the HIC1 transcription start
site by BSP was further assayed. The results show that
the methylation percentage of 11 CpG sites was greatly
higher in H292, 95-D, A549, NCI-H1975, LTEP-a-2
cells than in MRC-5 and WI-38 cells (Figure 1B and
Supplementary Figure 1A). Moreover, the percentage
of methylated HIC1 promoter in 10 primary NSCLC
carcinoma tissues was higher than in the respective para-
carcinoma tissues (Figure 1C and Supplementary Figure
1B). We next explored the mRNA levels of HIC1 in cells
and tissues by quantitative real-time PCR assays. The
results show that HIC1 expression was lower in H292,
95-D, A549, NCI-H1975 and LTEP-a-2 cells (Figure
1D) and carcinoma tissues (Figure 1E) than in MRC-5,
WI-38 cells and para-carcinoma tissues respectively.
To explore whether regulating promoter methylation
of HIC1 may affect its expression, we treated AS549
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and H292 cells with 5’-Aza-CdR for 48 h. Quantitative
real-time PCR and Western blot assays note that both
mRNA and protein expression of HIC1 were somehow
restored (Supplementary Figure 2A), accompanied by
the attenuation of promoter methylation (Supplementary
Figure 2B). Finally, immunohistochemical analyses of
NSCLC tissue microarrays (TMAs) show that expression
of nuclear HIC1 in para-carcinoma was 52.2%, while its
expression in carcinoma was only 15.4% (Supplementary
Figure 3). In addition, we found that nuclear HICI
expression was correlated significantly with poorer
pathological grading (p = 0.011). In total, these findings
suggest that hypermethylation of the HIC1 promoter
results in its impaired expression in NSCLC.

HICT1 inhibits invasion, migration and promotes
apoptosis of NSCLC cells

Due to promoter hypermethylation, the silence of
HIC1 is implicated in many canonical processes of cancer
such as cell survival upon genotoxic stress [30], cell
migration and motility [31]. To further explore the role of
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Figure 2: HIC1 inhibits invasion, migration and promotes apoptosis of NSCLC cells. A. and B. The invasive properties
of A549 and H292 cells expressing control vector or HIC1 were detected through extracellular matrices in porous culture chambers, the
invasive cells were stained by crystal violet and then photographed by fluorescence inversion microscope system. C. and D. The migration
abilities of A549 and H292 expressing control vector or HIC1 were detected by scratch wound healing assay. E. and F. A549 and H292
cells expressing control vector or HIC1 were treated with 0.1 umol/L of staurosporine for 12 h, and apoptosis was performed by tunel
assay using the In Situ Cell Death Detection Kit, TMR red (Roche). G. HIC1 knockdown by shHIC1-1 and shHICI-2 in A549 cells
promoted migration, H. inhibited apoptosis. The experiments were performed 3 times; representative images were shown (x 100). Data are

represented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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HIC1 in NSCLC, we restored HIC1 expression in A549
and H292 cells (noted as H292Hland A549MC") using
lentivirus vector. The invasive capacity was significantly
reduced in A549"and H292"¢cells compared with
the respective controls using matrigel invasion assays
(290 £ 10 vs. 203.3 £+ 20.82; 280 + 20 vs. 100 £ 20)
(Figure 2A, 2B). Similarly, the ability of migration in
AS5491CT and H292MC! cells was also markedly inhibited
using wound healing assays (Figure 2C, 2D). Apoptosis
was induced through treating these cells with 0.1 pM
staurosporine for 12 h [32]. TUNEL assay indicate that
significantly increased number of apoptotic cells was
observed in A549H! and H292M! cells as compared with

controls (Figure 2E, 2F), which was further confirmed
by quantitative analyses (27.33% + 6.43% vs. 56.67% =+
3.51%; 15.67% = 4.16% vs. 31.67% + 4.73%). In contrast,
compared with the control, shRNAs-mediated silence of
HIClexpression, markedly promoted migration (Figure
2@G) and decreased the number of apoptotic cells (27.5%
+ 7.5% vs 7.23% + 2.54%, 8.23% + 2.36%) (Figure
2H). The results indicate that HIC1 may play a tumor
suppressor role in NSCLC progression.
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Figure 3: IL-6 is a direct target gene of HIC1. A. The map of IL-6 gene promoter. HIRE, HIC1 responsive element. B. The truncated
IL-6 promoter was constructed to the pGL3-basic vector. The length of different promoter constructs used in reporter assays was shown.
C. IL-6 promoter activity was detected in A549 and 293T cells co-transfected with full length construct (-996/+100) and PC3.1 or HIC1
expression vectors by luciferase reporter assay. Basic, control for promoter construct; PC3.1, control for HIC1 expression vector. D. The
activities of IL-6 promoter were assayed in A549 and 293T cells co-transfected with truncated IL-6 promoter constructs and PC3.1 or HIC1
expression vector. NS, not significant. E. Nucleotide sequence of -210/+100 construct showed two potential HIC1 binding sites (TGCC).
TGCC in the two sites was replaced by CATT and marked as M1 and M2. The arrows indicate the primers which are used to amplify the
IL-6 promoter fragment in the ChIP experiment presented in Figure 3G. F. Luciferase reporter assays showed that AM1 and AM2 mutated
construct significantly decreased the repression ability of HIC1. G. ChIP analysis of HIC1 binding to the IL-6 promoter region in A549 and
H292 cells. Three independent experiments were performed. Data are represented as mean + SD. **p <0.01, ***p < 0.001.

www.impactjournals.com/oncotarget

30353

Oncotarget



HIC1 suppresses the expression of IL-6

To explore potential downstream targets of HICI
involved in above effects, we analyzed our previous
genome-wide transcriptome profile of MDA-23 1HC! g,
MDA-2316 cells and C4-2BMIC! vs. C4-2BS™ cells by
Agilent Whole Human Genome Microarrays [33, 34]
(Supplementary Figure 4A). Given the pro-migration [35]
and anti-apoptosis roles [36] of IL-6 in NSCLC reported
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by previous researches, among the genes markedly
regulated in these cells, we focused on IL-6. Also, IL-6
levels are significantly elevated in lung cancer patients,
associated with poor prognosis [37, 38]. Additionally,
10 putative HIC1-responsive elements (HiRE, GGCA or
TGCC) [22] are noted in the regulatory region of IL-6
promoter (Figure 3A). Based on these findings, we next
explored the mechanism of how HIC1 modulates IL-6
expression in NSCLC cells.
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Figure 4: HIC1 inactivates the activity of STAT3 through targeting IL-6/JAK pathway. A549 cells with HIC1 knockdown
were treated with multiple signaling pathways inhibitors for 6 hours. The activities of these pathways were detected by Western blot, A.
S5uM TKI reduced the levels of p-EGFRY!%¢, but had no effect on p-STAT3Y7%. B. 1uM Saracatinib reduced the levels of p-SRCY#!6, but had
no effect on p-STAT3Y7®. C. and D. 1 nM Ruxolitinib and 2 ng/ml IL-6 Neu Ab reduced the levels of both p-JAK2Y!°071008 and p-STAT3Y7%,
E. and F. Quantitative real-time PCR assayed the expression of IL-6 family factors such as IL-11, CNTF, LIF, IL-6 and the receptors IL-
6R and gp130 in A549 HI! and H292HI°! cells and their controls. Three independent experiments were performed. Data are represented as

mean + SD.*p < 0.05.
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When restoring HIC1 expression in A549 cells and
H292 cells, detected by real-time PCR (Supplementary
Figure 4B, 4C), IL-6 transcription was reduced obviously
in both cells (Supplementary Figure 4B, 4C). In addition,
ELISA assays show that IL-6 secretion was also decreased
(Supplementary Figure 4D, 4E). In contrast, HIC1
knockdown by shRNAs in A549 cells markedly enhanced
IL-6 levels (Supplementary Figure 4F, 4G). These findings
suggest that expression of IL-6 could be inhibited by
HICI.

We next investigated whether HIC1 could inhibit
the activity of IL-6 promoter, the -996/+100 promoter
region of IL-6 was cloned into the pGL3 - Basic reporter
vector, and a series of IL-6 truncated promoter/reporter
fusion plasmids containing progressive 5’deletions from
-996 to +100 were constructed with gradually eliminated
the putative HiREs (Figure 3A, 3B). These constructs
were then transfected alone or with the pcDNA3.1-HIC1
expression vector into A549 and 293T cells, and promoter
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activities were thus measured by luciferase reporter assays.
Figure 3C shows that the activity of IL-6 promoter was
more than 3-fold higher than the basic group. However,
transient transfection of HIC1 significantly inhibited the
IL-6 promoter activity in both cells (Figure 3C).

Notably, the capacity of HIC1 to repress IL-6
promoter activity in A549 and 293T cells was still
markedly remained when co-transfected with -996/+100,
-499/+100 or -210/+100 truncated constructs, but the
effect was almost lost with +55/+100 truncated construct
which doesn’t contain HIC1 binding sites (Figure 3D).
These results suggest that the regulatory region involved
in the HIC1-mediated repression of IL-6 may be located
in the -210 bp to +55 bp region of the promoter which
contains two putative HIC1 binding sites, M1, M2 (Figure
3E). We thus mutated this two HiRE sites (TGCC into
CATT) to abolish HIC1 binding, respectively (Figure 3E).
Figure 3F shows that both mutated constructs significantly
decreased the repression capacity of HIC1 in two cell
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Figure 5: IL-6 partially rescues HIC1-induced phenotypes of NSCLC cells. A. and B. Exogenous IL-6(40 ng/ml) stimulation
in A549 cells could partially rescued the reducing invasion and migration caused by HIC1 re-expression. C. ELISAs determined the
expression of IL-6 in A549CFF A549HCland A549HICHIL-6 cells, D. Re-expression of IL-6 in A549HIC! cells partially rescued HIC1-induced
enhancement of apoptosis. Representative images were shown (x 100). E. p-STAT3Y7%, MMP2, Bcl-2 and Survivin levels were detected
in A5496F° AS49HICT and A549HICIHIL-6 cells by Western blot. Three independent experiments were performed. Data are represented as mean

+ SD. *p < 0.05, **p < 0.01.
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lines as compared with the controls. Thus, these results
demonstrate that the two putative M1, M2 sites in 1L-6
promoter are both essential for HIC1-mediated repression.
Finally, to further confirm whether HIC1 could bind on
IL-6 promoter, ChIP assays were performed in A549
and H292 cells using HIC1 polyclonal antibody and the
pull-down DNA was then amplified by PCR assays. The
primers were designed on the -181bp to +70bp of IL-6
promoter to amplify the region mediating the repressive
effects of HIC1. Figure 3G shows that the indicated
IL-6 promoter region was markedly amplified from the
HIC1-immunoprecipitated A549 and H292 chromatins,
but absence from chromatin immunoprecipitated by the
control rabbit IgG.

Taken together, these findings confirm that the
binding of HIC1 proteins on IL-6 promoter enables it to
repress IL-6 expression, while reducing HIC1 expression
by hypermethylation in NSCLC is likely to increase the
expression of IL-6, associated with NSCLC progression.

HIC1 inactivates the activity of STAT3 through
targeting IL-6/JAK pathway

Based on these results, we next assayed which
pathway may be involved in HICl-inhibited IL-6
expression in NSCLC progression.

Firstly, we examined the levels of p-STAT3Y"%,
p-ERK1/2™02¥204 and p-NF-kB p655°%¢ in A549 and H292
cells restoring HIC1 expression by Western blot analyses.
The results show that p-STAT3Y7% level was markedly
reduced in both cells compared with the respective
controls (Supplementary Figure 5A), but no effect was
observed on the ERK1/2 and NF-kB p65 pathways. In
contrast, HIC1 knockdown by shRNA1 and shRNA2
could enhance the phosphorylation and activity of STAT3
(Supplementary Figure 5B, 5C).

Next, we assayed the potential mechanism of how
HIC1 affects p-STAT3Y"% level. A549 cells with HIC1
knockdown were treated with TKI or Saracatinib, the
inhibitor for EGFR or Src pathway, respectively. Figure
4A and 4B indicate that these treatments almost had no
effect on the phosphorylation of STAT3Y"®. However,
the p-STAT3Y" level could be greatly reduced by JAK
pathway inhibitor Ruxolitinib or IL-6 neutralizing
antibody (Figure 4C, 4D), which suggests that HIC1
reduces the activity of STAT3 through inhibiting 1L-6/
JAK pathway.

Finally, we assayed whether HIC1 could repress
other IL-6 family factors such as IL-11, LIF and CNTF or
the receptors IL-6R and gp130 in A549 and H292 cells. As
shown in Figure 4E and 4F, IL-6 was the only significantly
reduced gene in both HICI restored expression cells
compared with the respective control, yet other factors or
receptors were not consistently inhibited. Therefore, these
findings demonstrate that HIC1 suppresses the activity of

STAT3 through inhibiting IL-6/JAK pathway.

IL-6 partially rescues HIC1-induced phenotypes
of NSCLC cells

To further confirm that IL-6 is a critical target gene
in HIC1-induced phenotypes, we firstly assayed the effect
of IL-6 on cell invasion and migration in vitro. The results
indicate that exogenous IL-6 stimulation on A549MC! cells
could partially rescued the reduced invasion and migration
caused by HIC1 re-expression (Figure 5A, 5B). Similar
effect was observed in H292H! cells (Supplementary
Figure 6A, 6B). Meanwhile, using lentiviral infection, IL-6
expression was restored in A549H¢! and H292M! cells,
as confirmed by ELISAs (Figure 5C and Supplementary
Figure 6C). Figure 5D and Supplementary Figure 6D show
that re-expression of IL-6 in A549%! and H292H¢! cells
partially rescued HIC1-induced enhancement of apoptosis
compared with the respective controls. In addition, to
further explore whether HIC1 exerts these effects through
targeting 1L-6/JAK/STAT3 pathway, we examined its
downstream targets, including MMP2, Bcl-2 and Survivin.
As expected, re-expression of IL-6 in AS549%C! and
H292H¢! cells somehow rescued HIC1-induced reduction
of p-STAT3Y7%, Bcl-2, Survivin and MMP2 (Figure 5E
and Supplementary Figure 6E).

In contrast, knockdown IL-6 by shRNA in A549
cells in which HIC1 has already been knockdown (noted
as AS549shHICI-2shIL-0) “ ag confirmed by Western blot and
ELISAs (Supplementary Figure 7A, 7B), we found that the
reduced apoptosis was greatly enhanced compared with the
AS549shHICI12 cells (Supplementary Figure 7C). Similarly,
the effect was observed in A549h1C1-12 cells treated with
STAT3 inhibitor S31-201(Supplementary Figure 7D).
Meanwhile, the phosphorylation (Supplementary Figure
7E) and the activity of STAT3 (Supplementray Figure 7F)
were both markedly reduced in AS549stHICI-12+hiL-6 cel]g
compared with the A549sMHICI-12 cels,

Restoring HIC1 expression inhibits tumor
metastasis in vivo

Finally, to further explore whether HIC1 is involved
in inhibiting tumor metastasis in vivo, we transplanted
these luciferase-tagged A549 cells into nude balb/c mice
by tail vein injection. IL-6 secretion from the luciferase-
tagged A549 cells before and after rescuing its expression
was detected by ELISA assays (Figure 6A). The results
show that HIC1 significantly reduced lung metastasis
in 8" week compared with the control group. However,
re-expression of IL-6 in A549%C! cells partially rescued
HIC1-induced reduction of metastasis (Figure 6B).
Immunohistochemistry staining for the mice lung tissues
show that the expression of p-STAT3Y’%, MMP2 and Bcl-
2 were repressed in the micrometastases produced by
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AS549MCT cells, whereas the effects could be restored in
AS549HICHIL6 cells (Figure 6C). These results suggest that
HIC1 can significantly inhibit metastasis and promote
apoptosis of NSCLC cells in vivo by inactivating STAT3
pathway.

HIC1/IL-6 axis predicts clinical outcome in
NSCLC patients

NSCLC, which was further confirmed by tissue microarray
staining in NSCLC clinical samples (Supplementary
Figure 9).

Taken together, schematic model is showed for
the role of HICI/IL-6 axis in NSCLC progression.
HIC1 expression is impaired in NSCLC due to the
hypermethylation modification, leading to the higher
secretion of IL-6. Autocrine of IL-6 can activate JAK/

STAT3 pathway and the expression of downstream targets,
such as MMP2, Bcl-2 and Survivin, therefore promoting

Based on these findings in vitro and in vivo, we NSCLC progression (Figure 7).

assess whether HIC1/IL-6 axis is responsible for clinical
outcome in NSCLC patients. Using clinical microarray
database of NSCLC [39], we found that significantly
poorer overall survival (OS) and metastasis free survival
(MFS) were observed in NSCLC patients with low HIC1
and high IL-6 expression than the patients with high HIC1
and low IL-6 expression(Supplementary Figure 8A, §B).
The finding suggests that the expression of HIC1 may
be negatively correlated with IL-6 in the progression of

DISCUSSION

Recently, our and other studies have indicated that
HIC1 is frequently hypermethylated in a variety of solid
tumors and leukemia [12, 14, 15, 34, 40, 41], However,
the consequences of epigenetic modification on HIC1
promoter in NSCLC remain unclear. In this investigation,
our data show that HIC1 promoter hypermethylation
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Figure 6: Effect of restoring HIC1 expression on tumor metastasis in vivo. A. ELISA assays detected the level of IL-6
secretion in luciferase-tagged A549CF, A549HIC1 and A549HICIHIL-6 cells. B. Restoring HIC1 expression in A549 cells significantly reduced
lung metastasis compared with the control group (p < 0.05) in transplantable nude balb/c mouse models, but re-expression of IL-6 in
AS549HIC cells(noted as A549HIC11-6) partially rescued HIC1-induced reduction of metastasis compared with the A5491! cells (p < 0.05).
On the left, representative images of BLI animals at the eighth week were shown. The up right statistical graph showed the fluorescence
signal intensity collected from the metastasis loci of each mouse. Each of group n = 6, the p value was calculated by Mann Whitney U test.
C. HE staining of tumor tissue and immunohistochemical evaluation of p-STAT3Y"%, MMP2 and Bcl-2 in lung micrometastases grown in
nude balb/c mice. Representative microscopic images of HE staining (x50, scale bar, 100um) and tumor tissues stained with an anti-human
p-STAT3Y7% antibody (1:50), MMP2 antibody (1:100) and Bcl-2 antibody (1:100) (x 200, scale bar, 50um) were shown.
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exists in NSCLC (Figure 1, Supplementary Figure 1
and Supplementary Figure 10), which results in its low-
expression and is potentially responsible for NSCLC
progression.

Indeed, our studies indicate that restoring HIC1
expression markedly inhibited migration, invasion and
promoted apoptosis in NSCLC cells, whereas reduction
of HIC1 expression by shRNAs led to the opposite effects.
In addition, in vivo experiments show that restoring
HIC1 expression had a marked effect on reducing lung
metastases. Analyzing our previous microarray data and
the subsequent in vitro experiments, we identified 1L-6
as the downstream target which could partially rescued
HIC1-induced phenotypes.

IL-6 is a critical cytokine for immune responses
[26] and tumorigenesis [27]. Early studies implicated
IL-6 and its major effector STAT3 as pro-tumorigenic

Bel-2
Survivin

Invasinnl, Apoptosisl

agents in many cancers, including breast, lung, colon,
prostate, ovarian, and hematological cancers as well as
melanoma [42]. IL-6 is significantly elevated in lung and
breast cancer patients, associated with poor prognosis [37,
38, 43]. Notably, IL-6 has been reported to correlate with
drug resistance [44-46]. Therefore it is critical to identify
upstream regulator of IL-6, which may provide some
useful clues for NSCLC progression and treatment.

In this study, we further confirm that endogenous
HIC1 expression could bind to the promoters of IL-
6, and inhibit its expression. It is well known that IL-6
signals via a heterodimeric IL-6R/gp130 complex, whose
engagement triggers activation of Janus (JAK) kinases,
and the downstream effectors STAT3, involved in cell
apoptosis and invasion/migration through activating some
critical targets including Bcl-2, Survivin, and MMP2 [47].
Previous reports have shown that activation of STAT3

Figure 7: Schematic model for the function of HIC1/IL-6 axis in NSCLC progression. HIC1 expression is impaired in
NSCLC due to the hypermethylation modification, leading to the higher secretion of IL-6. Autocrine of IL-6 can activate JAK/STAT3
pathway and the expression of downstream targets, such as MMP2, Bcl-2 and Survivin, therefore promoting NSCLC progression.
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can be also triggered by EGFR, Src [48] or HGF/MET
pathway [49]. However, we here found that HIC1 reduces
the activity of STAT3 only through inhibiting IL-6/
JAK pathway, but not through EGFR or Src pathway.
In addition, we found the expression of HGF and its
receptor MET could not be inhibited by HIC1 through
analyzing our previous genome-wide transcriptome
profile. So we speculated that STAT3 may also not be
activated in response to HGF activation of its receptor
MET. Furthermore, restoring expression of HICI in
cells only significantly reduced IL-6 expression, but not
other factors or receptors. Given the fact that IL-6R is a
STAT3 transcription target [50], the difference in IL-6R
mRNA levels in A5491C! versus A549S" compared to
those in H292HC! versus H292FF may result from other
mechanisms in H292 cells which could also regulate IL-
6R, for example, the sex-based difference between A549
and H292 cell line origin maybe a possible contribution
[51]. Notably, the mechanism underlying IL-6 expression
inhibited by HIC1 has not been previously reported to the
best of our knowledge.

Previous reports have showed that low HICI1
expression is involved in the malignant progression of
NSCLC [52, 53]. Here, using the clinical microarray
database of NSCLC [39], we disclosed that NSCLC
patients with low level of HIC1 and high IL-6 expression
had greatly poorer OS and MFS than the patients with
high level of HIC1 and low IL-6 expression. The findings
suggest that the expression of HICI1 is negatively
correlated with IL-6 level in the progression of NSCLC
patients.

In summary, our results suggest that HIC1/IL-6 axis
may serve as a prognostic factor of NSCLC progression
and provide an attractive therapeutic target.

MATERIALS AND METHODS

Some reagents, antibodies, and plasmids are listed in
Supplementary Methods.

Cell culture

Human non-small cell lung cancer cell lines A549,
H292, NCI-H1975 (obtained from American Type
Culture Collection) and 95-D, TLEP-a-2 (obtained from
the Institute of Health Sciences, SIBS, CAS / SITUSM)
were cultured in RPMI-1640 (Hyclone) with 10% FBS
(GIBCO), MRC-5, WI-38 (obtained from American Type
Culture Collection) were cultured in Eagle’s Minimum
Essential Medium (GIBCO) with 10% FBS (GIBCO),
luciferase-tagged A549 cells (purchased from Shanghai
BioDiagnosis Co., Ltd) were cultured in Ham’s F-12K
(Kaighn’s) Medium (GIBCO) with 10% FBS (Sigma). The
cell lines were tested and authenticated by DNA typing
in Shanghai JiaoTong University Analysis Core (last test

in December 2014) and were cultured at 37°C water-
saturated 5% CO, atmosphere.

NSCLC tissues profile

Carcinoma and corresponding para-carcinoma
tissue samples of 10 NSCLC patients were obtained
from Department of Thoracic Surgery, Renji Hospital,
Shanghai Jiaotong University School of Medicine. All
specimens were pathologically and clinically diagnosed
as NSCLC, the lung carcinoma and para-carcionoma
tissues (more than S5cm away from the cancer lesions with
appearance of normal non-cancerous infiltration) through
Surgical resection consisting of paired specimens. More
details for the samples are shown in Supplementary Table
2. Patients’ consent and approval from the shanghai Jiao
Tong University School of Medicine Ethics Committee
were obtained before using these clinical materials for
research purposes.

Methylation analyses

Methylation analysis was performed according
to procedures described previously [34]. Methylation-
specific = PCR(MSP)  primers  were  designed
according to the literature [54]: M sense primer :
5’-GGTAGGGGAGTTTAGGGT TC-3’and M antisense
primer: 5>-TTCCAACTA C AAACAAAACGAA-3’, and
U sense primer: 5’-GGGTAGGGGAGTTTAGGGTTT-3’
and U antisense  primer: 5’-AATTTTCCA
ACTACAAACAAAACAAA-3’. CpG islands located in
1,000 bp upstream from the TSS of HIC1 gene subtypel
were identified using Methprimer software. The selected
primers for bisulfate-sequencing PCR (BSP) as follows:
sense primer: 5’-GGGTAGGGGAGTTTAGGGTT-
3’and antisense primer 5’-AAAAAAATTTTCC
AACTACAAACAAAA-3’. Genomic DNAs from cell
lines and tissues were treated with sodium bisulfate
(ZYMO Research Corp, California, USA), and then
analyzed by MSP or BSP. The PCR products were
confirmed by agarose gel electrophoresis and visualized
using ethidium bromide staining for MSP. Amplified
BSP products were subcloned into the TA vector
system (Invitrogen Corp, Carlsbad, CA) according to
the manufacturer’s instructions. DNA sequencing was
performed on five to ten individual clones (Invitrogen
Corp, Carlsbad, CA).

Western blotting analyses

Cells were washed twice with PBS and directly
lysed in RIPA buffer (Cat#: 89900, Thermo Scientific,
Waltham, MA) containing a protease inhibitor mixture
(KangChen Bio-tech, shanghai, China). Western blot
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was performed as previously described [33]. Results are
representative of at least three experiments. Details are
provided in the Supplementary methods section.

RNA extraction and quantitative real-time PCR

Details are provided in the Supplementary methods
section.

Construction of
knockdown cells

stably overexpression or

For overexpression of HIC1 in NSCLC cells, human
full-length HIC1 cDNA was inserted into lentivirus vector
pHR-SIN-CSIGW. Lenti-x cells were then transfected
with the PMD2.G, PSPAX2 and HICI expression
vector using the lipofectamine 2000 (Invitrogen). After
48 h, culture supernatants were collected and passed
through 0.45um filters, mixed with fresh media (1:1)
and polybrene (8 pg/ ml) to infect target cells. The
cells which restored expression of HIC1 were noted as
AS549HCT and H292MC! " and the respective control were
noted as AS549°F and H292CF cells. For generation of
a stable HIC1 knockdown cell line, GV248 lentiviral
vectors expressing short hairpin RNAs targeting HIC1
were purchased from GeneChem Company (Shanghai,
China). Lentiviruses were produced as described above
and infected cells were selected by puromycin (1 pg/ml)
for 2 days. The seed shRNA sequences are as follows:
shHIC1-1: TGTGCAAGAAACGCCTCAA; shHIC1-2:
TGGCGCAGA CCA CGCACTT. For generation of
a stable IL-6 knockdown cell line, p-LVX-shRNA2
vectors expressing short hairpin RNAs targeting 1L-6
were constructed and the seed shRNA sequence:
CTCAAATAAATGGCTAACTTA. Lentiviruses were
produced as described above. Human full-length IL-6
cDNA was inserted into lentivirus vector pLenti-easy-
HA, Lentiviruses were produced as described above and
infected cells were selected by G418 (800 ng/ml) for 5
days.

Luciferase reporter assays

IL-6 promoter regions at -996 / +100, -499 /
+100, -210 / +100 and +55 / +100 were generated from
genomic DNA of A549 cells. These promoter sequences
were cloned into the pGL3-Basic reporter vectors and
verified by sequencing. We made point mutations into
pGL3-Basic-210/+100 constructs by using KOD-Plus
Mutagenesis kit (Cat#: SMK-101, TOYOBO). Details are
provided in the Supplementary methods section.

Chromatin immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was
performed according to published protocols with
slight modifications [55]. Details are provided in the
Supplementary methods section.

Migration and invasion assays

The migration status was assessed by measuring
the movement of cells into a scraped area created by a
200 pl pipette tube. After scratched, cells were cultured
in medium supplement with 1% FBS to eliminate the
effect of cell proliferation. Cell invasion was examined
using a reconstituted extracellular matrix membrane
(BD Biosciences, San Jose, CA). Cells suspended at
5%10* cells/0.5 ml in serum-free medium were placed
in the top chambers, and complete medium containing
10% fetal bovine serum (FBS) was added to the bottom
chambers. The chambers were then incubated for 24 h at
37°C with 5% CO,. After incubation, the medium were
completely removed from the top and bottom wells, the
chambers were fixed with methanol for 30 min and stained
with crystal violet for another 30 min. The non-invasive
cells were gently removed from the top wells with a
cotton-tipped swab and cell counting was facilitated by
photographing the membrane through the microscope
(Zeiss) under x10 objective lens.

Immunohistochemistry

Tissue microarray and slides of lung tissues
containing micrometastases produced from AS5496FF
AS549HC1 and A549HICH-6¢ce]]s in mice were deparaffiniced
in Histoclear solution (National Diagnostics, Atlanta,
GA) and rehydrated in a series of ethanol. Antigen was
retrieved with the use of 10 mM sodium citrate buffer
(pH 6.0) at 100 °C for 10 min, and then treated with 0.3%
hydrogen peroxide. After blocking with normal goat
serum for 30 min, tissues were incubated with primary
antibody at 4 °C overnight. HIC1 (Sigma), IL-6 (Abcam),
p-STAT3Y"® (Abcam), MMP2 (Santa Cruz) and Bcl-2
(CST) were used as 1:200, 1:200, 1:50, 1:100 and 1:100
dilutions respectively. Then tissues were incubated with
appropriate biotinylated secondary anti-rabbit antibody
(1:200, Vector Laboratories, Burlingame, USA) for 30
min, followed by incubation with the avidin-biotin-
complex-PO using the VECTASTATIN® Elite® ABC kit
(Vector Laboratories, California, USA) and developed in
DAB Coloring Agent (Sigma, St Louis, MO, USA). we
determined a general intensity score value of 0 to 3 and
multiplied this value by the percentage of HIC1 - (nuclear)
or IL-6 (cytoplasm) - positive tumor cells score value of
0 to 4 for a final HIC1 or IL-6 score of 0 to 12. For the
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analysis presented in this study, 0<score<6 was defined as
negative staining, and 6<score<12 was defined as positive
group. The images were photographed by the microscope
(Zeiss) under x20 and x40 objective lens.

Apoptosis assays

Apoptosis assays were performed according to
the manufacturer’s protocol. The medium was removed
from 24 - well plates and the slides were rinsed twice
with 200 pl PBS, for 5 minutes each. Then, 50 pl
Tunnel reaction mixture was added on cells which were
adhered to the slides and the slides were incubated in a
humidified atmosphere for 60 min at +37 °C in the dark.
After incubation, the slides were rinsed for 3 times with
200 pl PBS, 5 minutes each, then 200 pl 0.5 pg/ml DAPI
solution were added into 24 - well plates and the slides
were incubated for 5 min in the dark. Finally, the slides
were embedded with antifade and were analyzed and
photographed under a fluorescence microscope (Zeiss)
with x10 objective lens.

Tumor metastasis assays in vivo

All experimental animal procedures were performed
in compliance of the institutional ethical requirements and
were approved by the Shanghai Jiao-Tong University
School of Medicine Committee for the Use and Care of
Animals. The modified transplantation through tail vein
injection was performed as described previously [34].
Briefly, 5- to 6-week-old nude balb/c mice (Slaccas
Laboratory Animal, Shanghai, China) were anesthetized,
luciferase tagged A549CFF, A549HIC! and A549HICIHL6 cels
(2 x 10°/ 150 ul / mouse) were respectively injected into
tail vein using a 1 ml syringe fitted with a 25-gauge needle.
After 8 weeks, bioluminescence was utilized to follow
tissue metastases. The mice were injected intraperitoneally
with 200 pl of 15 mg/ml luciferin prior to the Xenogen
IVIS cryogenically cooled imaging system to detect the
tumor metastatic sites.

Tissue microarray and immunohistochemistry

High-density tissue microarray of NSCLC
(Cat#:HLug-Ade150 Sur -02) was purchased from Outdo
Biotech, details of the procedure are described in the
immunohistochemistry section.

ELISA

The secreted IL-6 in condition medium for cell
cultures was detected by using Quantikine Human IL-6

experiments were done with 4 wells per experiment and
repeated three times.

Statistical analyses

HICI1 staining in tissue microarray was performed
with Pearson’s Chi-Square Test. The expression correlation
between HIC1 and IL-6 was tested by Spearman’s
correlation analysis. Bioluminescent imaging (BLI) signal
in live animals was calculated by Mann Whitney U test.
For survival analyses, overall survival (OS) and metastasis
free survival (MFS) stratified by expression of the gene of
interest, were presented as Kaplan-Meier plots and tested
for significance using log-rank tests. Other data were
presented as mean SD and analyzed using Student’s t test,
2-tailed. Values of p < 0.05 were considered statistically
significant.

ACKNOWLEDGMENTS

Research in the authors’ laboratory is supported
by the National Natural funding of China (81071747,
81272404), National key program (973) for Basic
Research of China (2011CB510106), the Program for
Professor of Special Appointment (Eastern Scholar to J,
Wang) at Shanghai Institutions of Higher Learning.

CONFLICTS OF INTEREST
No potential conflicts of interest were disclosed.

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget.

REFERENCES

1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers
C, Rebelo M, Parkin DM, Forman D and Bray F. Cancer
incidence and mortality worldwide: sources, methods and
major patterns in GLOBOCAN 2012. International journal
of cancer. 2015; 136:E359-386.

Siegel R, Ma J, Zou Z and Jemal A. Cancer statistics, 2014.
CA. 2014; 64:9-29.

3. TemelJS, Greer JA, Muzikansky A, Gallagher ER, Admane
S, Jackson VA, Dahlin CM, Blinderman CD, Jacobsen J,
Pirl WF, Billings JA and Lynch TJ. Early palliative care
for patients with metastatic non-small-cell lung cancer. The
New England journal of medicine. 2010; 363:733-742.

ELISA Kits (Cat#:DY206 , R&D systems). ELISA was 4. Herman JG and Baylin SB. Gene silencing in cancer in
done according to the manufacture’s instruction. All association with promoter hypermethylation. The New
www.impactjournals.com/oncotarget 30361 Oncotarget



10.

11.

12.

13.

14.

15.

16.

England journal of medicine. 2003; 349:2042-2054.

Baylin SB and Ohm JE. Epigenetic gene silencing in cancer
- a mechanism for early oncogenic pathway addiction?
Nature reviews Cancer. 2006; 6:107-116.

Sandoval J, Mendez-Gonzalez J, Nadal E, Chen G, Carmona
FJ, Sayols S, Moran S, Heyn H, Vizoso M, Gomez A,
Sanchez-Cespedes M, Assenov Y, Muller F, Bock C, Taron
M, Mora J, et al. A prognostic DNA methylation signature
for stage I non-small-cell lung cancer. Journal of clinical
oncology. 2013; 31:4140-4147.

Kim H, Kwon YM, Kim JS, Lee H, Park JH, Shim YM,
Han J, Park J and Kim DH. Tumor-specific methylation in
bronchial lavage for the early detection of non-small-cell
lung cancer. Journal of clinical oncology. 2004; 22:2363-
2370.

Wales MM, Biel MA, el Deiry W, Nelkin BD, Issa JP,
Cavenee WK, Kuerbitz SJ and Baylin SB. p53 activates
expression of HIC-1, a new candidate tumour suppressor
gene on 17p13.3. Nature medicine. 1995; 1:570-577.

Fujii H, Biel MA, Zhou W, Weitzman SA, Baylin SB and
Gabrielson E. Methylation of the HIC-1 candidate tumor
suppressor gene in human breast cancer. Oncogene. 1998;
16:2159-2164.

Parrella P, Scintu M, Prencipe M, Poeta ML, Gallo AP,
Rabitti C, Rinaldi M, Tommasi S, Paradiso A, Schittulli
F, Valori VM, Toma S, Altomare V and Fazio VM. HIC1
promoter methylation and 17p13.3 allelic loss in invasive
ductal carcinoma of the breast. Cancer letters. 2005; 222:75-
81.

Rood BR, Zhang H, Weitman DM and Cogen PH.
Hypermethylation of HIC-1 and 17p allelic loss in
medulloblastoma. Cancer research. 2002; 62:3794-3797.

Waha A, Waha A, Koch A, Meyer-Puttlitz B, Weggen S,
Sorensen N, Tonn JC, Albrecht S, Goodyer CG, Berthold
F, Wiestler OD and Pietsch T. Epigenetic silencing of
the HIC-1 gene in human medulloblastomas. Journal
of neuropathology and experimental neurology. 2003;
62:1192-1201.

Kanai Y, Ushijima S, Ochiai A, Eguchi K, Hui A and
Hirohashi S. DNA hypermethylation at the D17S5 locus is
associated with gastric carcinogenesis. Cancer letters. 1998;
122:135-141.

Kanai Y, Hui AM, Sun L, Ushijima S, Sakamoto M, Tsuda
H and Hirohashi S. DNA hypermethylation at the D17S5
locus and reduced HIC-1 mRNA expression are associated
with hepatocarcinogenesis. Hepatology. 1999; 29:703-709.

Abouzeid HE, Kassem AM, Abdel Wahab AH, El-
mezayen HA, Sharad H and Abdel Rahman S. Promoter
hypermethylation of RASSF1A, MGMT, and HIC-1 genes
in benign and malignant colorectal tumors. Tumour biology.
2011; 32:845-852.

Flatley JE, McNeir K, Balasubramani L, Tidy J, Stuart
EL, Young TA and Powers HJ. Folate status and aberrant
DNA methylation are associated with HPV infection and

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

cervical pathogenesis. Cancer epidemiology, biomarkers &
prevention. 2009; 18:2782-2789.

Eguchi K, Kanai Y, Kobayashi K and Hirohashi S. DNA
hypermethylation at the D17S5 locus in non-small cell
lung cancers: its association with smoking history. Cancer
research. 1997; 57:4913-4915.

Deltour S, Pinte S, Guerardel C, Wasylyk B and Leprince
D. The human candidate tumor suppressor gene HIC1
recruits CtBP through a degenerate GLDLSKK motif.
Molecular and cellular biology. 2002; 22:4890-4901.

Stankovic-Valentin N, Deltour S, Seeler J, Pinte S,
Vergoten G, Guerardel C, Dejean A and Leprince D. An
acetylation/deacetylation-SUMOylation switch through a
phylogenetically conserved psiKXEP motif in the tumor
suppressor HIC1 regulates transcriptional repression
activity. Molecular and cellular biology. 2007; 27:2661-
2675.

Van Rechem C, Boulay G, Pinte S, Stankovic-Valentin
N, Guerardel C and Leprince D. Differential regulation of
HICI target genes by CtBP and NuRD, via an acetylation/
SUMOylation switch, in quiescent versus proliferating
cells. Molecular and cellular biology. 2010; 30:4045-4059.

Albagli O, Dhordain P, Deweindt C, Lecocq G and Leprince
D. The BTB/POZ domain: a new protein-protein interaction
motif common to DNA- and actin-binding proteins. Cell
growth & differentiation. 1995; 6:1193-1198.

Pinte S, Stankovic-Valentin N, Deltour S, Rood BR,
Guerardel C and Leprince D. The tumor suppressor gene
HIC1 (hypermethylated in cancer 1) is a sequence-specific
transcriptional repressor: definition of its consensus binding
sequence and analysis of its DNA binding and repressive
properties. J Biol Chem. 2004; 279:38313-38324.

Carter MG, Johns MA, Zeng X, Zhou L, Zink MC,
Mankowski JL, Donovan DM and Baylin SB. Mice
deficient in the candidate tumor suppressor gene Hicl
exhibit developmental defects of structures affected in the
Miller-Dieker syndrome. Human molecular genetics. 2000;
9:413-419.

Chen WY, Zeng X, Carter MG, Morrell CN, Chiu Yen RW,
Esteller M, Watkins DN, Herman JG, Mankowski JL and
Baylin SB. Heterozygous disruption of Hicl predisposes
mice to a gender-dependent spectrum of malignant tumors.
Nature genetics. 2003; 33:197-202.

Cassinotti E, Melson J, Liggett T, Melnikov A, Yi Q,
Replogle C, Mobarhan S, Boni L, Segato S and Levenson
V. DNA methylation patterns in blood of patients with
colorectal cancer and adenomatous colorectal polyps.
International journal of cancer. 2012; 131:1153-1157.
Kishimoto T. IL-6: from laboratory to bedside. Clinical
reviews in allergy & immunology. 2005; 28:177-186.
Knupfer H and Preiss R. Significance of interleukin-6 (IL-
6) in breast cancer (review). Breast cancer research and
treatment. 2007; 102:129-135.

Makos M, Nelkin BD, Chazin VR, Cavenee WK, Brodeur

WWW

.impactjournals.com/oncotarget

30362

Oncotarget



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

GM and Baylin SB. DNA hypermethylation is associated
with 17p allelic loss in neural tumors. Cancer research.
1993; 53:2715-2718.

Makos M, Nelkin BD, Reiter RE, Gnarra JR, Brooks
J, Isaacs W, Linehan M and Baylin SB. Regional DNA
hypermethylation at D17S5 precedes 17p structural changes
in the progression of renal tumors. Cancer research. 1993;
53:2719-2722.

Chen WY, Wang DH, Yen RC, Luo J, Gu W and Baylin
SB. Tumor suppressor HIC1 directly regulates SIRT1 to
modulate p53-dependent DNA-damage responses. Cell.
2005; 123:437-448.

Boulay G, Malaquin N, Loison I, Foveau B, Van
Rechem C, Rood BR, Pourtier A and Leprince D. Loss
of Hypermethylated in Cancer 1 (HIC1) in breast cancer
cells contributes to stress-induced migration and invasion
through beta-2 adrenergic receptor (ADRB2) misregulation.
J Biol Chem. 2012; 287:5379-5389.

Dalwadi H, Krysan K, Heuze-Vourc‘h N, Dohadwala
M, Elashoff D, Sharma S, Cacalano N, Lichtenstein A
and Dubinett S. Cyclooxygenase-2-dependent activation
of signal transducer and activator of transcription 3 by
interleukin-6 in non-small cell lung cancer. Clinical cancer
research. 2005; 11:7674-7682.

Cheng G, Sun X, Wang J, Xiao G, Wang X, Fan X, Zu
L, Hao M, Qu Q, Mao Y and Xue Y. HIC1 Silencing in
Triple-Negative Breast Cancer Drives Progression through
Misregulation of LCN2. Cancer research. 2014; 74:862-
872.

Zheng J, Wang J, Sun X, Hao M, Ding T, Xiong D, Wang
X, Zhu Y, Xiao G, Cheng G, Zhao M and Zhang J. HIC1
modulates prostate cancer progression by epigenetic
modification. Clinical cancer research : an official journal
of the American Association for Cancer Research. 2013;
19:1400-1410.

Li L, Han R, Xiao H, Lin C, Wang Y, Liu H, Li K, Chen
H, Sun F, Yang Z, Jiang J and He Y. Metformin sensitizes
EGFR-TKI-resistant human lung cancer cells in vitro and
in vivo through inhibition of IL-6 signaling and EMT
reversal. Clinical cancer research. 2014; 20:2714-2726.
Cao W, Liu Y, Zhang R, Zhang B, Wang T, Zhu
X, Mei L, Chen H, Zhang H, Ming P and Huang L.
Homoharringtonine induces apoptosis and inhibits STAT3
via IL-6/JAK1/STAT3 signal pathway in Gefitinib-resistant
lung cancer cells. Scientific reports. 2015; 5:8477.

Seike M, Yanaihara N, Bowman ED, Zanetti KA, Budhu
A, Kumamoto K, Mechanic LE, Matsumoto S, Yokota J,
Shibata T, Sugimura H, Gemma A, Kudoh S, Wang XW
and Harris CC. Use of a cytokine gene expression signature
in lung adenocarcinoma and the surrounding tissue as
a prognostic classifier. Journal of the National Cancer
Institute. 2007; 99:1257-1269.

Songur N, Kuru B, Kalkan F, Ozdilekcan C, Cakmak H
and Hizel N. Serum interleukin-6 levels correlate with
malnutrition and survival in patients with advanced non-

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

small cell lung cancer. Tumori. 2004; 90:196-200.

Director’s Challenge Consortium for the Molecular
Classification of Lung A, Shedden K, Taylor JM, Enkemann
SA, Tsao MS, Yeatman TJ, Gerald WL, Eschrich S, Jurisica
1, Giordano TJ, Misek DE, Chang AC, Zhu CQ, Strumpf
D, Hanash S, Shepherd FA, et al. Gene expression-based
survival prediction in lung adenocarcinoma: a multi-site,
blinded validation study. Nature medicine. 2008; 14:822-
827.

Sonnet M, Claus R, Becker N, Zucknick M, Petersen J,
Lipka DB, Oakes CC, Andrulis M, Lier A, Milsom MD,
Witte T, Gu L, Kim-Wanner SZ, Schirmacher P, Wulfert
M, Gattermann N, et al. Early aberrant DNA methylation
events in a mouse model of acute myeloid leukemia.
Genome medicine. 2014; 6:34.

Deneberg S, Grovdal M, Karimi M, Jansson M, Nahi H,
Corbacioglu A, Gaidzik V, Dohner K, Paul C, Ekstrom TJ,
Hellstrom-Lindberg E and Lehmann S. Gene-specific and
global methylation patterns predict outcome in patients with
acute myeloid leukemia. Leukemia. 2010; 24:932-941.
Grivennikov S and Karin M. Autocrine IL-6 signaling: a
key event in tumorigenesis? Cancer cell. 2008; 13:7-9.
Zhang GJ and Adachi I. Serum interleukin-6 levels correlate
to tumor progression and prognosis in metastatic breast
carcinoma. Anticancer research. 1999; 19:1427-1432.

N, Belldegrun A B.
Endogenous interleukin 6 is a resistance factor for cis-

Borsellino and Bonavida

diamminedichloroplatinum  and  etoposide-mediated
cytotoxicity of human prostate carcinoma cell lines. Cancer

research. 1995; 55:4633-4639.

Conze D, Weiss L, Regen PS, Bhushan A, Weaver
D, Johnson P and Rincon M. Autocrine production of
interleukin 6 causes multidrug resistance in breast cancer
cells. Cancer research. 2001; 61:8851-8858.

Mizutani Y, Bonavida B, Koishihara Y, Akamatsu K,
Ohsugi Y and Yoshida O. Sensitization of human renal cell
carcinoma cells to cis-diamminedichloroplatinum(Il) by
anti-interleukin 6 monoclonal antibody or anti-interleukin
6 receptor monoclonal antibody. Cancer research. 1995;
55:590-596.

Banerjee K and Resat H. Constitutive activation of STAT3
in breast cancer cells: A review. International journal of
cancer. 2016; 138:2570-2578.

Heinrich PC, Behrmann I, Haan S, Hermanns HM, Muller-
Newen G and Schaper F. Principles of interleukin (IL)-6-
type cytokine signalling and its regulation. The Biochemical
journal. 2003; 374:1-20.

Zhang YW, Wang LM, Jove R and Vande Woude GF.
Requirement of Stat3 signaling for HGF/SF-Met mediated
tumorigenesis. Oncogene. 2002; 21:217-226.

Dauer DJ, Ferraro B, Song L, Yu B, Mora L, Buettner R,
Enkemann S, Jove R and Haura EB. Stat3 regulates genes

common to both wound healing and cancer. Oncogene.
2005; 24:3397-3408.

WWW

.impactjournals.com/oncotarget

30363

Oncotarget



51.

52.

53.

Mishra V, DiAngelo SL and Silveyra P. Sex-specific IL-
6-associated signaling activation in ozone-induced lung
inflammation. Biology of sex differences. 2016; 7:16.
Hayashi M, Tokuchi Y, Hashimoto T, Hayashi S, Nishida
K, Ishikawa Y, Nakagawa K, Tsuchiya S, Okumura S and
Tsuchiya E. Reduced HIC-1 gene expression in non-small
cell lung cancer and its clinical significance. Anticancer
research. 2001; 21:535-540.

Tseng RC, Lee CC, Hsu HS, Tzao C and Wang YC. Distinct
HICI-SIRT1-p53 loop deregulation in lung squamous

carcinoma and adenocarcinoma patients. Neoplasia. 2009;
11:763-770.

54. Dote H, Cerna D, Burgan WE, Carter DJ, Cerra

55.

MA, Hollingshead MG, Camphausen K and Tofilon
PJ. Enhancement of in vifro and in vivo tumor cell
radiosensitivity by the DNA methylation inhibitor
zebularine. Clinical cancer research. 2005; 11:4571-4579.
Collas P.  The state  of  chromatin
immunoprecipitation. Molecular biotechnology. 2010;
45:87-100.

current

www.impactjournals.com/oncotarget

30364

Oncotarget



