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Highly expressed high mobility group box-1 protein (HMGB1) promotes tumor metastasis. Whether HMGBI partici-
pates in breast cancer cell activation of fibroblasts is unknown. The culture medium of 6 breast cancer cell lines with different
migration potential, and with HMGBI1 overexpression or knockdown was used to induce fibroblast activation, and collagen
and a-SMA expression were measured. We evaluated the migration potential of MDA-MB-231 cells with fibroblasts treated
with 3-PO (3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one) inhibitor, anti-HMGBI treatment, or RAGE (receptor for
advanced glycation end products) knockdown. A lung metastasis murine model was used to evaluate whether the RAGE-
knockdown fibroblasts mitigates MDA-MB-231 metastasis. Breast cancer cells that are highly migratory and have a high
invasive potential, had higher HMGBI expression and induced greater fibroblast activation strongly than cells with poorer
motility. hrHMGBI1 and the supernatants of HMGB1-overexpressed MCE-7 cells promoted fibroblast activation, but loss-
HMGBI of MDA-MB-231 abolished potential. Moreover, a novel mechanism was identified by which HMGBI facilitated
fibroblast activation by RAGE/aerobic glycolysis. Consistently, fibroblasts enhanced MDA-MB-231 metastasis, but the
enhancement was reversed by 3-PO inhibition, anti-HMGBI treatment, or RAGE knockdown in vitro and in vivo. We
identified that HMGBI1 secreted by breast cancer cells promotes fibroblast activation via RAGE/aerobic glycolysis, and

activated fibroblasts enhance breast cancer cell metastasis through increased lactate.
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The surrounding microenvironment is a well-recognized
prometastatic factor for cancer cells [1, 2]. Paracancerous
fibroblasts are the most dominant cells in the stroma of breast
cancer, which secrete extracellular matrix (ECM) to induce
cancer cell growth and metastasis, and act as an important
paracrine source that regulates cancer hallmark [3]. On the
other hand, paracancerous fibroblast behavior also is influ-
enced by breast cancer cells [4].

High-mobility group box protein 1 (HMGBI1) is
abundantly expressed in the nucleus and has an important
role in chromatin organization [5]. HMGBI also plays a role
as a cytokine with multiple effects when it is secreted into the
extracellular space [6]. A report has found that an increase
in HMGBI level in the blood of early-stage breast cancer
patients who received neoadjuvant chemotherapy shown
a better overall survival [7]. But another research reported
that HMGBL1 and its receptor RAGE were multiple risk-
associated factors in breast cancer progression [8]. However,
whether breast cancer cells that secreted HMGBI influence
fibroblast behavior is unknown.

Aerobic glycolysis (Warburg effect) is an important mecha-
nism for the development of lung fibrosis [9]. The Warburg
effect is characterized by increased glucose intake as well as
declined endogenous adenosine triphosphate (ATP) because
of incompletely glycolysis, thus numerous intermediate
metabolites and lactate are produced in fibroblasts for activa-
tion and ECM production [10]. Especially, lactate accumu-
lation provides an environment with a lower pH value that
accelerates the motility of cancer cells, leading to tumor
metastasis [11]. However, whether paracancerous fibroblasts
exhibit aerobic glycolysis, and whether the metabolic shift
influences breast cancer cell metastasis is unclear.

This study was to identify whether secretion of HMGB1
from breast cancer cells influences fibroblasts activation and
whether aerobic glycolysis is a participant in this process.

Patients and methods

Cell culture. Breast cancer cell lines (MCF-7, T-470,
BT474, MDA-MB-231, ZR-75-30, and BT549) and fibro-
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blast (human embryonic lung fibroblast, HFL-1) used in our
study were all purchased from ATCC (Manassas, VA). The
cells were cultured in Dulbeccos modified Eagle’s medium
(DMEM) or RPMI-1640 medium, in which 10% fetal bovine
serum (FBS) (Life Technologies/Invitrogen, Carlsbad, CA)
was supplemented. The cells were incubated in 5% CO, at
37°C. The breast cancer cell lines were validated by Short
Tandem Repeat (STR) profiling. Cells were used for experi-
ments after 3 cell passages.

Human breast cancer tumor samples, immunohis-
tochemistry, and scoring. Institutional Human Subject
Research Review Committee of Nanchang University
approved all procedures. The study was approved by the
Ganzhou People’s Hospital Ethics Committee and written
consent was obtained from all participants.

All patients received radical resection of breast tumor
dissection at Ganzhou People’s Hospital, the Afhiliated
Ganzhou Hospital of Nanchang University between June
2017 and December 2018. Tumors were confirmed histo-
pathologically and staged according to TNM classifica-
tion by UICC [12]. The paraffin sections of tumor samples
were collected from the pathology department for routine
immunohistochemistry (IHC) staining for anti-HMGBI
(Abcam, U.S.A.). The expression levels of HMGBI in the
tissue were scored according to the percentage of HMGBI1-
positive breast cancer cells in each whole area of tissue and
their staining intensity as previously described [13, 14].
Specifically, percentages <1%, 2-25%, 26-50%, 51-75%, and
>75% were scored as 0, 1, 2, 3, and 4, respectively; non-signif-
icant brown, light brown, moderate brown, and deep brown
staining intensities were scored as 0, 1, 2, and 3, respec-
tively. Combined scoring was then calculated and graded as
negative (—; 0-1), weak (+; 2-4), moderate (++; 5-8), and
strong (+++; 9-12).

Lentivirus plasmids and siRNA. Lentivirus containing
pCMV-HMGBI1-EGFP-puro plasmid was purchased from
Cyagen (Shanghai, China) and used to infect MCF-7 cells
to generate polyclonal cells with stable overexpression
and secretion of HMGBI1. siRNA-HMGBI (siHMGB1) or
siRNA-RAGE (siRAGE) (Ribobio, China) were respectively
transduced into MDA-MB-231 or HFL-1 to knockdown
HMGBI or protein levels by Lipofectamine 2000 (Invit-
rogen, USA).

Western blotting analysis. Western blotting studies
referred to the previous publication [15]. The primary
antibodies included against HMGB1 (Abcam, ab18256),
collagen (Abcam, ab34710), a-SMA (Proteintech, 23081-
1-AP), RAGE (Abcam, ab3611), and B-actin (CST, 3700).
Secondary antibodies were IRDye800 (LI-COR Biosciences,
Lincoln, NE, 929-32211) and IRDye680 (LI-COR Biosci-
ences, Lincoln, NE, NO.925-68070). Signal intensities were
collected and analyzed by Odyssey Infrared Image System
(LI-COR Biosciences).

Enzyme-linked immunosorbent assay (ELISA). The
cell supernatants were harvested and HMGB1 concentra-

tion was measured by ELISA (eBioscience, San Diego, USA)
according to the kit instructions.

Invasionassays. Allinvasion assays referred to the previous
publication [16]. In the top compartment of a Transwell
chamber (Millipore, USA) were placed 5x10* MDA-MB-
231 cells. The Transwell chambers were put in 24-well plates
with cultured fibroblasts which were treated as follows. 1)
Control group: lower chamber without fibroblasts. 2) Lactate
group: lactate (10 mM) was added in the lower chamber [9].
3) Control-fibroblasts: fibroblasts (1x10°) were placed in the
lower chamber. 4) 3-PO-fibroblasts: fibroblasts were placed
in the lower chamber with 3-PO (3-(3-pyridinyl)-1-(4-
pyridinyl)-2-propen-1-one, 10 mM, Selleck). 5) IgG-fibro-
blasts: fibroblasts were placed in the lower chamber with IgG
(20 pug/ml, R&D Systems). 6) Anti-HMGB1-fibroblasts: fibro-
blasts were placed in the lower chamber with anti-HMGB1
(20 pg/ml, R&D Systems). 7) siNC-fibroblasts: fibroblasts
were placed in the lower chamber and transfected with siNC
for 48 h. 8) siRAGE-fibroblasts: fibroblasts were placed in the
lower chamber and transfected with siRAGE for 48 h. Then,
crystal violet was used for staining, and an inverted micro-
scope (Olympus, Tokyo, Japan) with 20x objective lens was
used for photographing.

Analysis of glucose uptake and lactate production.
Glucose uptake levels of fibroblasts were measured by
the uptake of *H-2-deoxyglucose [17]. A lactate assay kit
(Jiancheng Bioengineering Institute) was used for measuring
lactate accumulation levels in the culture medium.

Animal model. Animal studies were approved by the
Institutional Animal Care and Use Committee of the
Standing Committee on Animals at the Southern Medical
University. Female NOD/SCID mice with 15-20 g and 8-10
weeks of age were purchase from Laboratory Animal Center,
Nanchang University, Nanchang, China. Mice were housed
in standard cages with filtered air, 12 h light-dark cycle, ad
libitum access to food and autoclaved water. The mice were
randomly placed into 2 groups (6 mice/group) and injected
with cells (2x10° half MDA-MB-231 cells and half fibro-
blasts) via the tail vein. Groups setting were as follows: siNC
(MDA-MB-231 cells and fibroblasts with transfected with
siNC were suspended) and siRAGE (MDA-MB-231 cells and
fibroblasts with transfected with siRAGE were suspended).
The mice were sacrificed after 6 weeks and their lungs were
collected. Tissue was prepared in slides and HE stained.
Metastatic nodules were counted for analysis of metastasis.

Statistical analysis. All experiments in vitro were
performed in triplicate at a minimum. Results were presented
as mean * standard deviation by using a software program
(SPSSversion 13.0). All statistical tests were 2-sided. Student’s
t-test was used to compare continuous variables, p<0.05.

Results

The metastatic potential of breast cancer cells varies
with the secretion of HMGBI. It was recently reported that
HMGBI is increased in malignancies, and participates in
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tumor growth and metastatic potential [18, 19]. To deter-
mine if the secretion of HMGB1 enhances breast cancer cells’
ability to metastasize, we measured HMGBI1 expression and
compared different metastatic potentials in 6 breast cancer
cell lines (MCF-7, T-470, BT474, MDA-MB-231, ZR-75-30,
and BT549). Compared with MCF-7, T-470, and BT474 cells,
MDA-MB-231, ZR-75-30, and BT549 cells showed higher
HMGBI expression as well as the stronger ability of motility,
migration, and invasion than in those which exhibited poorer
motility (all, p<0.01, Figure 1A). HMGBI secretion was also
in line with above results (all, p<0.01, Figure 1B). We further
examined the levels of HMGBI1 in human breast cancer
tumors collected from 43 patients with different clinical and
pathological characteristics (Table 1) and found ACE2 was
highly expressed in distant metastatic cancer samples than
that in ductal (Figure 1C). These data indicate that high
expression and secretion of HMGBI1 was associated with
migratory and invasive breast cancer cells.

HMGBI secreted by breast cancer cells promotes fibro-
blast activation. Fibroblasts were treated with the superna-
tants from incubated breast cancer cells for 48 h. Collagen
and a-SMA protein expressions were higher in fibroblasts
treated with the supernatants from MDA-MB-231, ZR-75-
30, and BT549 cells, than those from MCEF-7, T-470, and
BT474 cells (all, p<0.01, Figure 2A).
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Based on the finding that highly migratory and invasive
breast cancer cells exhibit greater HMGB1 expression and
secretion, and these was more stroma fibrosis in breast
cancer sample with higher HMGB1 expression (Figure 1C),

Table 1. Clinical and pathological characteristics of breast cancer pa-
tients.

ductal cancer invasive p-value
Number 20 23 -
Age 51.93+8.35 62.08+5.48
Tumor stage
T1,T2 20 10
<0.001
T3,T4 0 13
Lymph node metastasis
No 20 9
<0.001
Yes 0 14
Distant metastasis
No 20 9
<0.001
Yes 0 14
Stage grouping
LI 20 6
<0.001
IILIV 0 17
ER(+)
No 8 8
0.724
Yes 12 15
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Figure 1. The expression of HMGBI in breast cancer. A) Detecting HMGB1 protein expression levels by western blotting in breast cancer cell lines with
different metastatic potential. B) Secretory HMGBI in supernatants were detected by ELISA. C) HMGB1 protein expression levels in the surgical tissue
section from the patient. Abbreviations: F-stroma fibrosis; C-cancer cells. Scale bars: 100 pm. *p<0.05
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we hypothesized that HMGBI secreted by breast cancer cells
promotes fibroblast activation. To test this hypothesis, we
infected MCF-7 cells with lenti-HMGBL1 or lenti-NC, and
transfected MDA-MB-231 cells with siHMGBI1. The infec-
tion or transfection efficiency was confirmed by western
blotting (Figures 2B, 2C) and ELISA (Figures 2D, 2E).
The overexpression of HMGB1 in MCEF-7 cells obviously
enhanced fibroblast collagen and a-SMA protein expression
(Figure 2F). In contrast, interfering HMGBI expression in
MDA-MB-231 cells produced a marked decrease of fibro-
blasts collagen and a-SMA protein expression (Figure 2F).
Here, we concluded that HMGBI secreted by breast cancer
cells promotes the activation of fibroblasts.
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HMGBI induces fibroblasts activation through RAGE/
glycolysis. RAGE has been reported to be the receptor for
HMGBI [20]. We found that increased expression of collagen
and a-SMA protein was arrested in RAGE knockdown fibro-
blasts induced by HMGBI (Figures 3A, 3D). These indicated
that HMGBI induces fibroblasts activation through RAGE.

Recently, investigators revealed the role of glycolysis in
regulating fibroblast activation [9]. To identify whether the
HMGB1/RAGE signaling pathway affects glycolysis in fibro-
blasts, we measured the level of glucose uptake and lactate
production in fibroblasts. Unsurprisingly, HMGBI1 induced
fibroblasts showed a higher level of glucose uptake and
lactate production compared with those of the control group
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Figure 2. HMGBI1 secreted by breast cancer cells promotes the activation of fibroblasts. A) Collagen and a-SMA protein expression levels in fibroblasts
treated with supernatants from breast cancer cells. B) The expression levels of HMGBI in the cytoplasm and supernatants of MCF-7 cells transfected
with lenti-HMGBI1 or lenti-NC by western blotting (B) and ELISA (D). MDA-MB-231 cells were transfected with siRNA, and then the expression of
HMGBI in cytoplasm and supernatants were detected by C) ELISA and E) western blotting, respectively. F) Fibroblasts were treated with hrHMGB1
and the supernatants of MCF-7 cells (lenti-NC or lenti-HMGB1) and MDA-MB-231 cells (siNC or siHMGB1) for 48 h. Collagen and a-SMA protein

expression levels in fibroblasts by western blotting. *p<0.05



FIBROBLAST PROMOTES BREAST CANCER CELL METASTASIS

75

Figure 3. HMGBI induces glycolysis and activation of fibroblasts by RAGE. A) Fibroblasts were transfected siRNA, and the expression of RAGE was
examined by western blotting. B) Glucose uptake and C) lactate production in fibroblasts treated with hrHMGBI, 3-PO, or siRNA. D) Western blots
showing collagen and a-SMA protein expression levels in fibroblasts treated with hrHMGB1, 3-PO, or siRNA. *p<0.05

(Figures 3B, 3C). In 3-PO, glycolysis inhibitor, pretreated
fibroblasts, HMGBI1 induced higher glucose uptake and
lactate production, and the expression of collagen and
a-SMA were significantly reduced (Figures 3B-3D), and
these findings were observed in RAGE-knockdown fibro-
blasts (Figures 3B-3D). These results suggest that HMGB1
induces fibroblasts activation through RAGE/glycolysis.
HMGBI1-activated fibroblasts promote breast cancer
cells metastasis. Previous research has indicated that
cancer cells can alter paracancerous fibroblasts to provide
a metastatic-supportive microenvironment [21, 22]. To
ascertain the effect of HMGB1 and anaerobic glycolysis
on fibroblasts and breast cancer cell metastasis, fibroblasts
and MDA-MB-231 cells were co-cultured in the upper and
lower compartments of Transwell chambers, respectively
(Figure 4A). We found more MDA-MB-231 cells invaded
through the membrane of the Transwell chamber in co-culture
with fibroblasts or the low compartment of the Transwell
chamber with lactate alone than in the control group (low
compartment of the Transwell chamber without fibroblast).
In contrast, fewer MDA-MB-231 cells invasive through the
membrane of Transwell chamber in co-culture with 3-PO
or anti-HMGBI treated, or RAGE-knockdown fibroblasts.

To determine whether fibroblasts promote the metastatic
potential of breast cancer cells in mice model, we injected
mice via the tail vein with MDA-MB-231 cells and fibroblasts
with or without downregulated RAGE expression. Mice
were sacrificed 42 days after injection. Fewer metastatic lung
nodules were founded in mice injected with MDA-MB-231
cells and fibroblasts with downregulated RAGE expression
than that in the siNC group (Figure 4B). These demonstrated
that HMGB1-activated fibroblasts promote breast cancer cell
metastasis by RAGE/anaerobic glycolysis.

Discussion

In this study, we demonstrated that the expression and
secretion of HMGB1 were higher in breast cancer cell lines
with the high ability of motility, migration, and invasive
potential. Moreover, HMGB1 promotes fibroblast activation
through its receptor-RAGE to upregulate aerobic glycol-
ysis. And also, lactate production of fibroblasts induced by
HMGBI facilitated breast cancer cell metastasis.

In breast cancer, HMGBI contributes to cancer progres-
sion and chemotherapy resistance [23]. A study has found
that nuclear HMGBI1 can maintain telomere homeostasis,
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Figure 4. HMGBI1-activated fibroblasts promote breast cancer cells metastasis. A) Transwell invasion assays with MDA-MB-231 cells treated with the
supernatants of fibroblasts. B) H&E staining of lung tissue sections from mice injected with the suspended fluid of MDA-MB-231 breast cancer cells
or fibroblasts with (without) RAGE. Scale bars: 100 pum. Lung metastatic foci were counted in 5 randomly selected fields in each group. C) Schematic
model for the HMGB1-activated fibroblasts promoting breast cancer cell metastasis. *p<0.05.

and repair damaged DNA in human breast cancer cells [24].
HMGBI acts as an extracellular signaling molecule during
inflammation, cell differentiation, and tumor ability of
migration and metastasis [25-27]. We demonstrated that the
expression and secretion of HMGBI1 were higher in breast
cancer cells that are highly migratory and have a high invasive
potential than in those with poorer motility. Moreover, we
found that HMGBI secreted from breast cancer cells induced
fibroblast activation. Lee et al. [28] and Wu et al. [29] also
reported that HMGBI1 participates in fibroblast activation.
Taken together, these results suggest that HMGBI secreted
by breast cancer cells acts as a fibroblast activating factor.
Like Ge et al. [30], we found that HMGB1-induced activa-
tion was weakened in RAGE knockdown fibroblasts, and the
increased aerobic glycolysis, which is a metabolic shift of
activated fibroblasts, was suppressed. Therefore, we guessed
that elevated aerobic glycolysis is essential for HMGBI1-
induced fibroblast activation. To verify the hypothesis, we
inhibited aerobic glycolysis. Interestingly, HMGBI1-induced
fibroblasts activation was strongly inhibited. Consistently,
the same results were observed in RAGE knockdown fibro-
blasts. Some recent studies report that RAGE is involved
in regulating the expression of HIF-1a [31], a key factor in
glycolysis [17, 32]. These results revealed the role of HMGB1/

RAGE-induced anaerobic glycolysis in the regulation of
fibroblast activation.

Increased anaerobic glycolysis is known to regulate the
growth of cancer cells, and a high lactate environment facili-
tates cancer cell motility, eventually leading to metastasis.
Thus, fibroblasts and MDA-MB-231 cells were co-cultured to
determine whether fibroblasts enhance breast cancer metas-
tasis by lactate production. We identified increased metas-
tasis of the MDA-MB-231 cells. However, if the anaerobic
glycolysis of fibroblasts was reduced, the increased metas-
tasis of the MDA-MB-231 cells was reversed. Additionally,
there was no increase of MDA-MB-231 cells’ metastasis
when co-cultured with RAGE knockdown fibroblasts. Taken
together, these results illustrated that lactate from fibroblasts
facilitates MDA-MB-231 cells’ metastasis.

In conclusion, our study demonstrated that HMGBI-
mediated anaerobic glycolysis of fibroblasts is required for
breast cancer cell activation of fibroblasts, and the fibroblast
enhancement of breast cancer cell metastasis. The study also
identified a new HMGBI1-mediated anaerobic glycolysis
pathway involving RAGE and fibroblasts. Furthermore, the
pathway suggested that inhibiting HMGB1 expression may
treat the subtypes of breast cancer with elevated HMGB1
levels. Further mechanism studies by which HMGBI
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enhancement modulates the process of anaerobic glycolysis
in breast cancer cells are expected.
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