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Abstracts
Background: Interleukin-6 (IL-6) is commonly highly secreted in the breast cancer (BrCA) microenvironment and
implicated in disease development. In this study, we aimed to determine the role of the IL-6/pSTAT3/HIC1 axis in
the breast cancer microenvironment, including in cancer-associated fibroblasts (CAFs) and breast cancer cells.
Methods: Stromal fibroblasts from the breast cancer tissue were isolated, and the supernatants of the fibroblasts
were analyzed. Recombinant human IL-6 (rhIL-6) was applied to simulate the effect of CAF-derived IL-6 to study the
mechanism of HIC1 (tumor suppressor hypermethylated in cancer 1) downregulation. IL-6 was knocked down in
the high IL-6-expressing BrCA cell line MDA-MB-231, which enabled the investigation of the IL-6/pSTAT3/HIC1 axis
in the autocrine pathway.
Results: Increased IL-6 was found in the supernatant of isolated CAFs, which suppressed HIC1 expression in cancer
cells and promoted BrCA cell proliferation. After stimulating the BrCA cell line SK-BR-3 (where IL-6R is highly
expressed) with rhIL-6, signal transducers and activators of transcription 3 (STAT3) was found to be phosphorylated
and HIC1 decreased, and a STAT3 inhibitor completely rescued HIC1 expression. Moreover, HIC1 was restored upon
knocking down IL-6 expression in MDA-MB-231 cells, accompanied by a decrease in STAT3 activity.
Conclusions: These findings indicate that IL-6 downregulates the tumor suppressor HIC1 and promotes BrCA
development in the tumor microenvironment through paracrine or autocrine signaling.
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Background
Breast cancer (BrCA) is one of the most common malignant tumors in women and the leading global cause of
tumor prevalence and death in women [1]. According to
statistics from the National Cancer Registry of China in
2015 [2], there were approximately 269,000 cases of
breast cancer and approximately 70,000 deaths, accounting for 15 and 7% of female morbidity and mortality, respectively. BrCA can be intrinsically clustered into five
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subtypes including Luminal A (L-A), Luminal B (L-B),
Her2-overexpressing (Her2-oe), triple-negative (TNBC)
and normal-like breast cancer based on the gene expression profile [3], while the first four subtypes are commonly used in studies [4].
The tumor microenvironment refers to a locally stable
environment in which tumor cells, macrophages, fibroblasts, vascular endothelial cells, immune cells, and
extracellular matrix exist together and benefit tumor development and metastasis [5]. Cancer-associated fibroblasts (CAFs) are the most abundant cell types in the
tumor microenvironment; they secrete various cytokines,
such as CXCL12, IL-1, IL-8, IL-10, IL-6, TNF-α and
MCP-l, through the paracrine pathway to act on tumor
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cells and promote tumorigenesis and the development of
the tumor [6–10].
In this work, we found that CAFs derived from the four
different pathological types of BrCA tissues have common
features regarding the high secretion of IL-6, IL-8 and GRO
(CXCL1, 2, 3) (see results). IL-6 is one of the most versatile
cytokines involved in the regulation of immune responses
and the promotion of tumor development [11, 12]. The IL6 receptor (IL-6R) consists of two distinct membrane proteins: the ligand binding strand IL-6Rα (or CD126) that
binds to IL-6 and the non-ligand-binding chain glycoprotein 130 (gp130 or IL-6Rβ). There are also two types of IL6 signaling: classical signaling and trans-signaling [13, 14].
Classical signaling occurs only in some T cells, hepatocytes,
mast cells, neutrophils, and monocytes and involves IL-6
binding to IL-6R on the cell membrane to exert antiinflammatory effects. IL-6 trans-signaling can occur in any
cell with membrane-bound gp130 and involves IL-6 binding to sIL-6R to activate signaling through membranebound gp130. The classical signaling pathways that bind to
receptors through the membrane are primarily regenerative
and protective; however, in contrast to the classical pathway, the trans-signaling pathway of sIL-6R promotes inflammation [13]. In the intracellular signaling phase of the
trans-signaling pathway [13], a family of tyrosine kinases
known as Janus kinases (JAK) is activated after IL-6 binds
to the receptor complex. JAK phosphorylates the tyrosine
residues in the cytoplasmic region of gp130, which recruits
STAT transcription factors that subsequently activate a
series of signals that coordinate MAPK and PI3K activation,
thereby activating PI3K/Akt/NF-κB for anti-apoptotic and
pro-proliferation effects [13, 14].
HIC1 is a transcriptional suppressor that is widely
regarded as a tumor suppressor gene. There are 3 widely
distributed CpG islands in the promoter region of HIC1
[15]. A number of studies suggest that low expression of
HIC1 in cancer tissues may be associated with hypermethylation of the promoter region of the gene, such cancers include breast cancer [16], colon cancer [17],
cervical cancer [18], and diffuse large cell type B cell
lymphoma [19]. The target genes regulated by HIC1 include fibroblast growth factor binding protein 1
(FGFBP1), atonal homolog 1 (ATOH1), CXCR7, cyclin
D1 (CCND1) and cyclin-dependent kinase inhibitor 1C
(CDKN1C) [20] and p21 [21], which are related to the
occurrence and development of various tumors. In our
group, HIC1 has been found to inhibit the growth and
metastasis of prostate, breast and lung cancer by regulating genes such as CXCR7 [15], LCN2 [22], SLUG [23]
and IL-6 [24]. Therefore, HIC1 has an important tumor
suppressor effect.
There are few reports on the upstream regulation of
HIC1. A group of researchers has proposed that p53 is
the upstream protein regulating HIC1 expression [20],
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and another regulator of HIC1 is E2F1 [20]. In addition,
another research team has proposed that the expression
of HIC1 is also regulated by the level of histone methylation in H3K27 [25].
In this study, we aimed to determine the role of the
IL-6/pSTAT3/HIC1 axis in the BrCA environment.

Methods
Tissue microarray construction and CAF assessment by
immunohistochemistry (IHC)

IHC was performed by using human breast cancer microarrays of formalin-fixed paraffin-embedded (FFPE)
tissues (Alianna, Xi an, China), and isolated fibroblasts
were stained with antibodies against human α-smooth
muscle actin (α-SMA) (ab5694; Abcam, Cambridge, UK)
and FAP (ab28244; Abcam). Antibodies (1:100 dilutions)
were incubated at 4 °C overnight. Antibody staining was
developed using the Vectastain ABC kit (#PK-4000) and
DAB (#SK-4100) detection system (Vector Laboratories,
CA) and accompanied by hematoxylin counterstaining.
Scoring for each immunohistochemistry marker was performed by two experienced technologists who were
blinded to the results of other markers or case identity.
Isolation of primary fibroblasts

CAFs were isolated from human invasive mammary
ductal carcinoma tissues, and paracancer fibroblasts
(PCFs) were from a region at least 3 cm away from the
outer tumor margin in the same patient as the CAFs. Fibroblasts from fibroadenoma (FADs) and non-cancerassociated fibroblasts (NAFs) were isolated from a reduction mammoplasty, in which only normal mammary
tissue was detectable. All tissues were minced with scalpels and then enzymatically dissociated in mammary
epithelial basal medium (Lonza, USA) supplemented
with 2% bovine serum albumin (Promega, USA), 10 ng/
mL cholera toxin (Sigma-Aldrich is now Merck KGaA,
Darmstadt, Germany), 300 units/mL collagenase (Invitrogen, Carlsbad, CA, USA), and 100 units/mL hyaluronidase (Sigma-Aldrich is now Merck KGaA, Darmstadt,
Germany) at 37 °C for 18 h. On the second day, the trypsinized suspension was centrifuged at 700 rpm for 5 min
to separate the epithelial and fibroblast cells. The supernatant was collected for centrifugation at 800 rpm for
10 min to pellet the fibroblasts, followed by two washes
with DMEM/F12 medium. The cell pellet was resuspended in DMEM/F12 medium supplemented with 5%
FBS (GIBCO, Carlsbad, CA, USA) and 5 μg/mL insulin
(Tocris Bioscience), plated in cell culture flasks and
maintained undisturbed for 2 to 5 days. All tissues were
obtained from the Ruijin Hospital with approval of the
hospital ethical committee and by the patients’ written
informed consent (Shanghai, China).
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Collection of conditioned media (CM) and chemiarray

Cell counting Kit-8 (CCK8) for the cell proliferation assay

The CM of all types of fibroblasts was obtained after 48
h of conducting parallel cell culture experiments. The
CM samples were then centrifuged at 4000 rpm for 10
min to remove the insoluble substances. Two milliliters
of CM were then used for the chemiarray protocol,
which is described in the Human Cytokine Antibody
Array Kit (RayBiotech, Norcross, GA, USA).

Proliferation assays of MCF-7, BT-474, SK-BR-3 and
MDA-MB-231 cells treated with different media (supernatant of NAF and CAF) were performed with CCK8
(Dojindo, Rockville, MD). Briefly, cells were cultured in
96-well plastic plate wells in different media for 2 and 4
days, followed by labeling with CCK8 (1:10 dilution) for
one additional hour. The absorbance of the samples was
measured on a VersaMax Microplate Reader at a wavelength of 450 nm. All experiments were carried out with
five parallel wells and repeated 3 times.

Enzyme-linked immunosorbent assay (ELISA)

Quantification of IL-6 levels in the supernatants of fibroblasts or breast cancer cells was carried out by ELISA
according to the protocol of the human IL-6 Sandwich
immunoassay kit (capture IL-6 antibody #MAB206, detection IL-6 antibody #BAF206 and standard rhIL-6
#206-IL; R&D Systems, Minneapolis, MN, USA). All
samples were quantified in multiple wells per experiment and repeated three times.
Cell culture

The human BrCA cell lines MCF7, SK-BR-3, BT-474
and MDA-MB-231 were obtained from the American
Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s medium (HyClone,
Waltham, MA, USA) or RPMI-1640 (HyClone) supplemented with 10% FBS (GIBCO, Carlsbad, CA, USA) and
1% penicillin/streptomycin (GIBCO). Cells were cultured
at 37 °C in an incubator with a 5% CO2 atmosphere.
Cells were treated with recombinant human IL-6 (#HZ1019, HumanZyme, Chicago, USA) and STAT3 inhibitor
(#S3I-201, Selleckchem, USA) at the indicated concentrations in each manipulation.

Flow cytometry

BrCA cells were trypsinized and resuspended in PBS
containing 2% heat-inactivated FBS and blocked for 10
min with FcR reagent. Then, APC-labeled anti-IL-6Rα
antibody (anti-human CD126, #561696, BD Pharmingen,
USA) was added and incubated for 30 min on ice in the
dark. Thereafter, cells were washed twice with PBS and
then analyzed on a FACSCalibur Flow Cytometer (Becton Dickinson, San Jose, USA).
Cell cycle analysis

Cells in 6-well plates cultured with NAF and CAF
were trypsinized, washed and fixed in 70% ethanol for
48 h at 4 °C. The nuclei were stained with propidium
iodide (PI, 50 μg/ml) in 1% Triton X-100/PBS containing 100 μg/ml DNase-free RNase, and the DNA
content was measured by flow cytometry with the
FACSCalibur platform (Becton Dickinson, San Jose,
USA). The proportion of cells in the different cell
cycle phases was calculated using the ModFit LT program (Verity Software House, USA).
Colony formation assay

Western blot

Cells were washed 3 times with PBS and treated with
RIPA lysis buffer (#89900, Thermo Fisher, Waltham,
MA, USA) mixed with protease and phosphatase inhibitor (Roche, Basel, Switzerland). Ten to twenty micrograms of total protein from each sample was resolved on
a 10% PAGE gel and transferred to a polyvinylidene
difluoride (PVDF, Merck Millipore, Germany) membrane. The blots were then probed with antibodies
against GAPDH (1:10000, KangChen, Shanghai, China),
STAT3 (1:1000, #4904, Cell Signaling Technology,
USA), pSTAT3 (Tyr705) (1:1000, #4903, Cell Signaling
Technology, USA), HIC1 (1:5000, #H8539, SigmaAldrich, Saint Louis, MO, USA) and cyclin D1 (1:1000,
#2978, Cell Signaling Technology), followed by incubation with peroxidase-labeled secondary antibodies.
Immunoreactive proteins were detected by enhanced
chemiluminescence (ECL) detection kit (Merck
Millipore, Germany).

In this assay, one hundred SK-BR-3 cells were plated
into each well of a 12-well plate and cultured for 21
days, with an additional equal volume of NAF or CAF
supernatant. At the end of the culture period, supernatants were removed and cells were fixed with methanol
for 30 min and stained with crystal violet for 30 min.
Next, the plates were washed several times with water
gently, and images of the optical density of the cells were
captured by a digital camera. The stained cell area was
measured by Image-Pro Plus 6.0 to determine the cell
proliferation level. The MDA-MB-231shIL-6 test was performed with a similar method.
Real-time PCR

Total RNA was extracted from the cells using TRIzol
reagent (#15596–026, Invitrogen) and reverse transcribed using the PrimeScript 1st Strand cDNA synthesis kit (#6110A, TaKaRa, China). Real-time PCR
was conducted by using the FastStart Universal SYBR
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Fig. 1 α-SMA and FAP expression in benign or malignant human breast tissues and isolated fibroblasts. a Immunohistochemical staining of
human breast tissue arrays. Dotted lines indicate the stromal regions. Typical positive samples of malignant stromal tissues were selected and
showed higher intensity staining (brown) with α-SMA and FAP antibodies than that of benign tissues. Scale bar, 100 μm. b Immunocytochemical
staining of α-SMA and FAP in primary fibroblasts isolated from different patients with benign or malignant breast diseases. Scale bar, 100 μm

Green Master (Rox) (#04913850001, Roche) and Applied Biosystems 7500 Fast Real-Time PCR System
(ABI, USA). All results were normalized to the
GAPDH internal control. The sequences of the
primers that we used were as follows: GAPDH-F:
GGAGCGAGATCCCTCCAAAAT, GAPDH-R: GGCT
GTTGTCATACTTCTCATGG, IL-6-F: ACTCACCTC
TTCAGAACGAATTG, IL-6-R: CCATCTTTGGAAG
GTTCAGGTTG.
IL-6 knockdown and lentivirus packaging

IL-6 knockdown was achieved by constitutively expressing shRNA targeting IL-6 in MDA-MB-231 cells using
lentivirus. pLVX-shRNA2 lentiviral vectors expressing
the fluorescent protein ZsGreen1 were used (Clontech,

Mountain View, CA, USA), and the shRNA sequences
were as follows: si-IL-6-1, 5′-CTCAAATAAATGGC
TAACTTA-3′. Lentivirus packaging and cell sorting of
transfected cells were routinely followed as previously
described [24].

Results
Upregulation of FAP and α-SMA in BrCA stromal
fibroblasts

It is well known that αSMA and FAP are CAF markers
in solid tumors [26, 27]. In our work, the two markers
were detectable in both fibroblasts of benign and malignant breast tissues (N = 96) but still showed a
statistically significant difference between benign and
malignant tumors in terms of staining intensity (p <

Table 1 FAP and αSMA immunohistochemical staining in BrCA Tissue Microarray
N=96

Benign (n=20)

Malignant (n=76)
p-value

aSMA(-~±)

19 (95%)

aSMA(+~++)

1 (5%)

FAP(-)

16 (80%)

FAP(+)

4 (20%)

<0.0001

0.002

L-AB (n=18)

Her2 (n=35)

B-L (n=23)

7 (9%)

12 (16%)

5 (6%)

11 (15%)

23 (30%)

18 (24%)

7 (9%)

13 (17%)

11 (14%)

11 (15%)

22 (29%)

12 (16%)

p-value
0.469

0.864
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0.01). The staining images (Fig. 1 a) demonstrated
that fibroblasts in malignant cancer tissues were
strongly activated compared with those in benign tissues. The respective median percentages of αSMA- and
FAP-positive stroma cells were, respectively, 5 and 20% in
benign tissues and 69 and 60% in malignant tissues (p <
0.0001 and p = 0.002). Therefore, FAP and αSMA were
significantly more abundant in the malignant group
(Table 1). However, no significant difference was observed
among CAFs in different molecular types of breast cancer
tissues (p = 0.469 and 0.864).
Furthermore, the isolated fibroblasts were immunostained with anti-FAP and anti-αSMA antibodies. The
CAFs expressed higher αSMA and FAP than other benign
fibroblasts, including fibroblasts from normal tissue, fibroadenoma and paracancer tissues (Fig. 1 b). These data
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indicate that the fibroblasts isolated from BrCA tissues
were activated and thus utilized for subsequent studies.

CAFs secrete high levels of IL-6

We next collected the supernatant from NAFs, FADs,
PCFs and CAFs from four types of BrCA tissues, L-A,
L-B, Her2-oe and TNBC, and proceeded with protein
microarray analysis to detect the soluble factors secreted by CAFs and other fibroblasts isolated from
benign tissues (Fig. 2 a-b). By comparing the soluble
factors among all of the fibroblast conditioned media,
IL-6 was most significantly upregulated in CAFconditioned media in contrast to NAF-, FAD- and
PCF-conditioned media (Fig. 2 a-b). In addition, GRO
(CXCL1, 2, 3) and IL-8 were also markedly

Fig. 2 IL-6 is highly expressed in CAFs of breast cancer. a Human Cytokine Antibody Array Kits (RayBiotech) were applied to measure the content
of 80 cytokines in the CM from diverse fibroblasts. The experiment was performed twice, and the results are shown in two rows. The CM of NAFs
served as a control in each experiment. Cytokines upregulated in CAFs and indicated by colored boxes are IL-6 (red), IL-8 (green) and GRO (blue).
GRO detects CXCL1, CXCL2 and CXCL3. The enclosed black frames indicate the positive controls, whereas the dashed boxes indicate the negative
controls in each membrane. Abbreviations: NAF, non-cancer-associated fibroblast; FAD, fibroadenoma; PCF, paracancer fibroblast; CAF, cancerassociated fibroblast. L-A, luminal A; L-B, luminal B; Her2, Her2 positive; TNBC, triple-negative BrCA. b The dot intensity of the different cytokines
was quantified by densitometry using ImageJ software (NIH, Bethesda, MD, USA) and normalized to the results. Columns: mean of triplicate
experiments; bars: s.d. c ELISA results of secreted IL-6 from isolated fibroblasts from accessory breast (white), fibroadenoma (light gray),
paracarcinoma (dark gray) and breast cancer (black). The experiments were performed at least three times independently with similar results.
Columns, mean of triplicate experiments; bars, s.d. d The average concentration of IL-6 was quantified in three groups: accessory breast and
fibroadenoma (light gray), paracarcinoma (dark gray) and breast cancer (black). Columns, mean of grouped IL-6 concentration; bars, s.d.
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Fig. 3 CAFs promote breast cancer cell proliferation. a Cell viability assay in MCF-7, BT-474, SK-BR-3 and MDA-MB-231 cells treated with NAF and
CAFs CM for 2 or 4 days. Three independent experiments were performed in triplicate. Data are presented as the mean ± s.d. b ELISA results of IL6 from breast cancer supernatant cocultured with NAF1 (red), CAF40 (green) or CAF74 (blue). The experiments were performed at least three
times independently with similar results. Columns, mean of triplicate experiments; bars, s.d. c Quantification of CD126+ breast cancer cells by flow
cytometry. d Examination of the cell cycle by flow cytometry analysis in SK-BR-3 cells. e Colony formation was increased in SK-BR-3 cocultured
with CAF40- and CAF74-CM compared to NAF1-CM. The dotted area of the stained cell colonies was quantified by Image-Pro Plus software
(Media Cybernetics, USA) and normalized to the results. Columns, mean of triplicate experiments; bars, s.d.
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upregulated in CAF-conditioned media compared with
other conditioned media.
To confirm the protein array results, the supernatant
of the fibroblasts isolated from human tissues (numbers
were assigned by the collection order) was further examined by ELISA targeting IL-6 (Fig. 2 c). The IL-6 levels
in NAF and FAD were lower than those in PCFs and
CAFs (Fig. 2 d, p < 0.001). We compared the IL-6 level
in paired PCFs and CAFs; however, only two pairs of
PCFs and CAFs were well isolated in our cohorts, and
the IL-6 level was lower in PCF74 than in CAF74,
whereas it was comparable in PCF53 and CAF53. In
summary, we found that the CM of the CAFs contained
slightly more, but not significantly more, IL-6 than that
of the PCFs on average (p = 0.0687), implying that PCFs
might retain CAF-like characteristics.

CAF40- and CAF74-CM compared with NAF1-CM (Fig.
3 b) due to abundant IL-6 in MDA-MB-231 cells (Fig. 5
a). We then detected the expression of IL-6 receptor
alpha (CD126) in three low IL-6-secreting BrCA cell
lines and found that SK-BR-3 expressed the highest
amount of CD126 (10.3% positive) in the cell membrane
(Fig. 3 c). Therefore, SK-BR-3 cells were used in the following experiments.
SK-BR-3 cells were cocultured with NAF1, CAF40 and
CAF74 for 24 h, and the proportion of S and G2 phase
cells was augmented when SK-BR-3 cells were cocultured with CAFs compared with NAF1 cells (Fig. 3 d).
In addition, the supernatant of the CAFs also promoted
SK-BR-3 colony formation compared with the NAF1
supernatant (Fig. 3 e).

CAFs promote breast cancer cell proliferation

CAF-derived IL-6 decreases HIC1 expression in SK-BR-3
cells

To explore the function of CAFs in BrCA, four different
types of BrCA cell lines, MCF-7, BT-474, SK-BR-3 and
MDA-MB-231, were cocultured with CM from NAF1,
CAF40 and CAF74. NAF1 was isolated from an operable
patient with accessory breast. CAF40- and CAF74-CM
significantly induced higher proliferation of all BrCA cell
types compared with NAF-CM (Fig. 3 a), but most remarkably in SK-BR-3 cells. The cocultured CM from
cancer cells and fibroblasts were coordinately collected.
Expectedly, the IL-6 concentration remained significantly elevated when MCF-7, BT-474 and SK-BR-3 cells
but not MDA-MB-231 cells were cocultured with

When cocultured with CAF40 and CAF74, SK-BR-3 displayed activation of STAT3 and decreased levels of
HIC1 compared to cells cocultured with NAF1 (Fig. 4 a).
We then used rhIL-6 to mimic the CAF-derived IL-6 in
order to avoid interference from other factors. rhIL-6 indeed decreased HIC1 expression in a time- and dosedependent manner and was accompanied by increased
cyclin D1 (Fig. 4 b-c). Moreover, the decreased HIC1 induced by rhIL-6 was completely restored by STAT3 inhibition (Fig. 4 d). We next focused on the IL-6/STAT3/
HIC1 axis in BrCA cell lines.

Fig. 4 CAF-derived IL-6 decreased HIC1 expression in SK-BR-3 cells. HIC1 was decreased in SK-BR-3 cells cocultured with CAF40 and CAF74
compared to cells cocultured with NAF1. b-c HIC1 was decreased in SK-BR-3 by rhIL-6 in a time- and dose-dependent manner. d The decreased
HIC1 induced by rhIL-6 was completely restored by STAT3 inhibition
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(See figure on previous page.)
Fig. 5 The IL-6/pSTAT3/HIC1 axis in MDA-MB-231 cells. ELISA results of secreted IL-6 and expression of pSTAT3 and HIC1 in the BrCA cell lines. b
Real-time PCR was used to examine the IL-6 knockdown effect in MDA-MB-231 cells. c ELISA results to confirm the decreased expression of IL-6
in 231-shIL-6 cells. d HIC1 expression was increased in sh-IL-6 cells. e Cell viability assay in 231-shIL-6 cells for 2, 4 and 6 days. f Colony formation
was decreased in 231-shIL-6 cells after 10 days. g Examination of the cell cycle by flow cytometry analysis in 231-shIL-6 cells

IL-6/pSTAT3/HIC1 axis in MDA-MB-231 cells

To verify the IL-6/pSTAT3/HIC1 axis in BrCA, we examined IL-6 expression in various types of BrCA cells and
found that IL-6 was highly secreted by MDA-MB-231 cells
(Fig. 5 a). Furthermore, pSTAT3 was highly activated and
HIC1 was weakly expressed. Subsequently, we knocked
down IL-6 gene expression by lentiviral vectors (Fig. 5 b-c).
HIC1 was found to be increased in sh-IL-6 cells (Fig. 5 d).
The proliferation ability of 231-shIL-6 cells was dramatically lower than that of the control group (Fig. 5 e), and the
cell colony formation was clearly inhibited (Fig. 5 f). Cell
cycle detection showed that the proportions of 231-shIL-6
cells in the S and G2 phases decreased significantly (37% vs
53 and 3% vs 10%, respectively) (Fig. 5 g).

Discussion
Increasing evidence suggests that the conversion of stromal fibroblasts into CAFs plays a significant role in
BrCA development [9, 28]. In our study, it was found
that stromal fibroblasts isolated from four molecular
subtypes of BrCA tissues secreted high levels of IL-6
compared to noncancer patient tissues. It has already
been demonstrated that CAFs secrete abundant IL-6 in
BrCA [12]. Here, we further examined the CAFs from

four subtypes of BrCA and demonstrated that the CAFs
express high levels of IL-6 in all types of BrCA.
We also found that fibroblasts isolated from the peripheral tissue of the cancers showed comparable levels
of IL-6. This finding is consistent with a previous report
that fibroblasts present in histologically normal surgical
margins (interface zone fibroblasts, INFs) of BrCA patients exhibited a tumor-promoting phenotype [7]. Although neither PCFs nor INFs were considered as
cancer-associated fibroblasts, the PCFs were treated as
normal or control group in some studies [7, 29], we
think that the bona fide role in BrCA requires further
investigation.
In addition to IL-6, IL-8 and GRO (including CXCL1,
2 and 3) were also found to be higher in CAFs than in
other benign fibroblasts. It is known that either IL-8 or
GRO function as growth factors or chemokines. When
we stimulated the breast cancer cell line SK-BR-3 with
rhIL-8 and rhCXCL1, HIC1 expression was not decreased (data not shown). Thus, IL-8 and GRO were not
analyzed in this study. Nevertheless, we could still not
exclude both roles in BrCA development.
By stimulation with rhIL-6, we found that MCF-7 and
BT-474 showed decreased expression of HIC1 at both

Fig. 6 Schematic of the potential mechanisms by which IL-6 activates STAT3 and downregulates HIC1 expression through paracrine or
autocrine signaling
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the protein and mRNA levels (data not shown), and SKBR-3 exhibited decreased HIC1 protein but increased
mRNA. Herein, we examined the promoter methylation
level of the HIC1 gene and protein ubiquitination level
after rhIL-6 stimulation, and no obvious changes were
found (data not shown). Therefore, we speculate that
there are different IL-6-mediated HIC1 regulatory mechanisms in different breast cancer cell lines.
In our previous study, HIC1 was found to be a suppressor of IL-6 in non-small cell lung cancer [24], and
HIC1 was found to be weakly expressed in the TNBC
cell line MDA-MB-231 [22]. In this paper, we found that
IL-6 could inhibit HIC1 expression. Therefore, IL-6 and
HIC1 should be reciprocally regulated by each other.
Their regulation mode and role in cancer deserve to be
investigated in future work.
Based on our findings, we discovered that all types of
CAFs from BrCA tissues secrete high levels of IL-6 that
promote BrCA development and that the IL-6/pSTAT3/
HIC1 axis plays an important role in BrCA development.
Additionally, in BrCA cells enriched with IL-6, IL-6 is able
to decrease HIC1 expression by autocrine signaling, which
causes a more aggressive phenotype and poor prognosis.

Conclusions
Increased IL-6 was found in the supernatant of isolated
CAFs, which suppressed HIC1 expression in cancer cells
and promoted BrCA cell proliferation. By stimulation
with rhIL-6, STAT3 was phosphorylated, and HIC1 was
decreased in the BrCA cells, while STAT3 inhibition
completely rescued HIC1 expression (Fig. 6). Moreover,
in high-IL-6-secreting MDA-MB-231 breast cancer cells,
HIC1 was restored upon knocking down IL-6 expression, accompanied by decreased STAT3 activity. These
findings indicate that IL-6 downregulates the tumor suppressor HIC1 and promotes BrCA development in the
tumor microenvironment through paracrine or autocrine signaling.
Abbreviations
BrCA: Breast cancer; CAFs: Cancer-associated fibroblasts; FADs: Fibroblasts
from fibroadenoma; GRO: Includes CXCL1, CXCL2 and CXCL3; Her2-oe: Her2overexpressing; HIC1: Tumor suppressor hypermethylated in cancer 1; IL6: Interleukin-6; L-A: Luminal A; L-B: Luminal B; NAFs: Non-cancer-associated
fibroblasts; PCFs: Paracancer fibroblasts; rhIL-6: Recombinant human IL-6;
STAT3: Signal transducers and activators of transcription 3; TNBC: Triplenegative breast cancer
Acknowledgements
We thank Prof. Kunwei Shen and Dr. Xiaosong Chen (Comprehensive Breast
Health Center, Shanghai Jiao Tong University School of Medicine, Ruijin
Hospital, Shanghai) for supplying us with breast cancer tissues for the
fibroblasts isolation work.
Authors’ contributions
XS conceived of the study and participated in its design and coordination
and drafted the manuscript. MH carried out the molecular genetic studies
and helped draft the manuscript. QQ participated in the isolation and culture
of the fibroblasts. YL carried out the molecular genetic studies. MZ and XY

Page 10 of 11

helped to culture the BrCA cell lines and finished the coculture experiments.
HZ performed the immunoassays. YW performed the ELISA assays. JY1 (Jie
Yang) and JY2 (Jing Yi) participated in the design of the study and helped to
correct the drafts. All authors read and approved the final manuscript.
Funding
This study was supported by the National Natural Science Foundation of
China (No. 81402282 and 81602308) in sample collection, most data analysis
and writing the manuscript. The study was also supported by the National
Natural Science Foundation of China (No. 31771522) and the Natural Science
Foundation of Shanghai (No.16ZR1418400) in partial data analysis.
Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.
Ethics approval and consent to participate
All tissues were obtained from the Ruijin Hospital with approval of the Ruijin
Hospital Ethics Committee affiliated to Shanghai JiaoTong University School
of Medicine (2013) and the patients’ written informed consent (Shanghai,
China).
Consent for publication
Not Applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Biochemistry and Molecular Cell Biology, Shanghai key
Laboratory of Tumor Microenvironment and Inflammation, Shanghai Jiao
Tong University School of Medicine, Shanghai 200025, China. 2Department of
Oncology, Shanghai Jiao Tong University School of Medicine, Ruijin Hospital,
Shanghai 200025, China. 3Institution of Life Science, Chongqing Medical
University, Chongqing 400016, China. 4Department of Otolaryngology Head
and Neck Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai 200011, China. 5Department of
Cancer Biology, University of Cincinnati College of Medicine, Cincinnati, OH
45267, USA.
Received: 12 February 2019 Accepted: 5 November 2019

References
1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer
statistics, 2012. CA Cancer J Clin. 2015;65:87–108.
2. Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, Jemal A, Yu XQ, He J.
Cancer statistics in China, 2015. CA Cancer J Clin. 2016;66:115–32.
3. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, Pollack JR,
Ross DT, Johnsen H, Akslen LA, et al. Molecular portraits of human breast
tumours. Nature. 2000;406:747–52.
4. Sotiriou C, Pusztai L. Gene-expression signatures in breast cancer. N Engl J
Med. 2009;360:790–800.
5. Turley SJ, Cremasco V, Astarita JL. Immunological hallmarks of stromal cells
in the tumour microenvironment. Nat Rev Immunol. 2015;15:669–82.
6. Buckley CD, Pilling D, Lord JM, Akbar AN, Scheel-Toellner D, Salmon M.
Fibroblasts regulate the switch from acute resolving to chronic persistent
inflammation. Trends Immunol. 2001;22:199–204.
7. Gao MQ, Kim BG, Kang S, Choi YP, Park H, Kang KS, Cho NH. Stromal
fibroblasts from the interface zone of human breast carcinomas induce an
epithelial-mesenchymal transition-like state in breast cancer cells in vitro. J
Cell Sci. 2010;123:3507–14.
8. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer. 2006;6:392–401.
9. Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem R,
Carey VJ, Richardson AL, Weinberg RA. Stromal fibroblasts present in invasive
human breast carcinomas promote tumor growth and angiogenesis through
elevated SDF-1/CXCL12 secretion. Cell. 2005;121:335–48.
10. Liao D, Luo Y, Markowitz D, Xiang R, Reisfeld RA. Cancer associated fibroblasts
promote tumor growth and metastasis by modulating the tumor immune
microenvironment in a 4T1 murine breast cancer model. PLoS One. 2009;4:e7965.

Sun et al. BMC Cancer

(2019) 19:1180

11. Hugo HJ, Lebret S, Tomaskovic-Crook E, Ahmed N, Blick T, Newgreen DF,
Thompson EW, Ackland ML. Contribution of fibroblast and mast cell
(afferent) and tumor (efferent) IL-6 effects within the tumor
microenvironment. Cancer Microenviron. 2012;5:83–93.
12. Studebaker AW, Storci G, Werbeck JL, Sansone P, Sasser AK, Tavolari S, Huang
T, Chan MW, Marini FC, Rosol TJ, et al. Fibroblasts isolated from common sites
of breast cancer metastasis enhance cancer cell growth rates and invasiveness
in an interleukin-6-dependent manner. Cancer Res. 2008;68:9087–95.
13. Hodge DR, Hurt EM, Farrar WL. The role of IL-6 and STAT3 in inflammation
and cancer. Eur J Cancer. 2005;41:2502–12.
14. Kishimoto T. Interleukin-6: from basic science to medicine--40 years in
immunology. Annu Rev Immunol. 2005;23:1–21.
15. Zheng J, Wang J, Sun X, Hao M, Ding T, Xiong D, Wang X, Zhu Y, Xiao G,
Cheng G, et al. HIC1 modulates prostate cancer progression by epigenetic
modification. Clin Cancer Res. 2013;19:1400–10.
16. Fujii H, Biel MA, Zhou W, Weitzman SA, Baylin SB, Gabrielson E. Methylation
of the HIC-1 candidate tumor suppressor gene in human breast cancer.
Oncogene. 1998;16:2159–64.
17. Ahuja N, Mohan AL, Li Q, Stolker JM, Herman JG, Hamilton SR, Baylin SB, Issa
JP. Association between CpG island methylation and microsatellite
instability in colorectal cancer. Cancer Res. 1997;57:3370–4.
18. Dong SM, Kim HS, Rha SH, Sidransky D. Promoter hypermethylation of multiple
genes in carcinoma of the uterine cervix. Clin Cancer Res. 2001;7:1982–6.
19. Stocklein H, Smardova J, Macak J, Katzenberger T, Holler S, Wessendorf
S, Hutter G, Dreyling M, Haralambieva E, Mader U, et al. Detailed
mapping of chromosome 17p deletions reveals HIC1 as a novel tumor
suppressor gene candidate telomeric to TP53 in diffuse large B-cell
lymphoma. Oncogene. 2008;27:2613–25.
20. Jenal M, Britschgi C, Fey MF, Tschan MP. Inactivation of the
hypermethylated in cancer 1 tumour suppressor--not just a question of
promoter hypermethylation? Swiss Med Wkly. 2010;140:w13106.
21. Dehennaut V, Loison I, Boulay G, Van Rechem C, Leprince D. Identification
of p21 (CIP1/WAF1) as a direct target gene of HIC1 (Hypermethylated in
Cancer 1). Biochem Biophys Res Commun. 2013;430:49–53.
22. Cheng G, Sun X, Wang J, Xiao G, Wang X, Fan X, Zu L, Hao M, Qu Q, Mao Y,
et al. HIC1 silencing in triple-negative breast cancer drives progression
through misregulation of LCN2. Cancer Res. 2014;74:862–72.
23. Hao M, Li Y, Wang J, Qin J, Wang Y, Ding Y, Jiang M, Sun X, Zu L, Chang K,
et al. HIC1 loss promotes prostate cancer metastasis by triggering epithelialmesenchymal transition. J Pathol. 2017;242:409–20.
24. Wang X, Wang Y, Xiao G, Wang J, Zu L, Hao M, Sun X, Fu Y, Hu G,
Wang J. Hypermethylated in cancer 1(HIC1) suppresses non-small cell
lung cancer progression by targeting interleukin-6/Stat3 pathway.
Oncotarget. 2016;7:30350–64.
25. Svedlund J, Koskinen Edblom S, Marquez VE, Akerstrom G, Bjorklund P,
Westin G. Hypermethylated in cancer 1 (HIC1), a tumor suppressor gene
epigenetically deregulated in hyperparathyroid tumors by histone H3 lysine
modification. J Clin Endocrinol Metab. 2012;97:E1307–15.
26. Hua X, Yu L, Huang X, Liao Z, Xian Q. Expression and role of fibroblast
activation protein-alpha in microinvasive breast carcinoma. Diagn
Pathol. 2011;6:111.
27. Rudnick JA, Kuperwasser C. Stromal biomarkers in breast cancer
development and progression. Clin Exp Metastasis. 2012;29:663–72.
28. Hasebe T, Sasaki S, Imoto S, Ochiai A. Highly proliferative fibroblasts forming
fibrotic focus govern metastasis of invasive ductal carcinoma of the breast.
Mod Pathol. 2001;14:325–37.
29. Peng Q, Zhao L, Hou Y, Sun Y, Wang L, Luo H, Peng H, Liu M. Biological
characteristics and genetic heterogeneity between carcinoma-associated
fibroblasts and their paired normal fibroblasts in human breast cancer. PLoS
One. 2013;8:e60321.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 11 of 11

