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Background: β-glucan from Lentinus edodes (LNT) is a plant-derived medicinal fungus pos-
sessing significant bioactivities on anti-tumor. Both hypoxia-induced factor-1α (HIF)-1α and
Nur77 have been shown to be involved in the development of breast cancer. However, there
is yet no proof of Nur77/HIF-1α involvement in the process of LNT-mediated tumor-inhibition
effect.
Methods: Immunohistochemistry, immunofluorescence and Hematoxylin–Eosin staining
were used to investigate tumor growth and metastasis in MMTV-PyMT transgenic mice.
Proliferation and metastasis-associated molecules were determined by Western blotting and
reverse transcription-quantitative PCR. Hypoxic cellular model was established under the
exposure of CoCl2. Small interference RNA was transfected using Lipofectamine reagent.
The ubiquitin proteasome pathway was blunted by adding the proteasome inhibitor MG132.
Results: LNT inhibited the growth of breast tumors and the development of lung metastases
from breast cancer, accompanied by a decreased expression of HIF-1α in the tumor tissues.
In in vitro experiments, hypoxia induced the expression of HIF-1α and Nur77 in breast cancer
cells, while LNT addition down-regulated HIF-1α expression in an oxygen-free environment,
and this process was in a manner of Nur77 dependent. Mechanistically, LNT evoked the
down-regulation of HIF-1α involved the Nur77-mediated ubiquitin proteasome pathway. A
strong positive correlation between Nur77 and HIF-1α expression in human breast cancer
specimens was also confirmed.
Conclusion: Therefore, LNT appears to inhibit the progression of breast cancer partly
through the Nur77/HIF-1α signaling axis. The findings of the present study may provide
a theoretical basis for targeting HIFs in the treatment of breast cancer.

Introduction
Breast cancer is one of the most frequently diagnosed cancers worldwide with a high mortality rate [1].
According to statistics from 2012, 1.67 million women worldwide were diagnosed with breast cancer, ac-
counting for 25.2% of all cancers in women [2]. As the increasing breast cancer incidence in women is
alarming, there is an urgent need for more effective methods of prevention, diagnosis and treatment. Tra-
ditional cancer therapies, such as surgery, chemotherapy, and radiation therapy, exhibit various limitations
due to poor prognosis and severe associated side effects [3]. Currently, natural product extracts appear to
hold promise as a therapeutic strategy due to their ability to prevent and treat cancer [4]. Polysaccharides
isolated from natural sources, such as fungi, plants, algae and animals, have been extensively investigated
and found to possess anti-tumor activity over the past few decades [5,6]. Therefore, anti-cancer drugs
discovered and developed from natural resources are expected to become a focus anti-cancer drug inter-
vention study.
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Orphan nuclear receptor Nur77, a product of an immediate early gene, is also referred to as TR3, nuclear receptor
subfamily 4 group A member 1 (NR4A1) and nerve growth factor-induced clone B (NGFI-B) [7]. Nur77 has the typ-
ical structural characteristics of nuclear receptors, including the activation functions (AF)-1, DNA-binding domain
(DBD), ligand-binding domain (LBD), and AF-2 domains, but no specific in vivo ligands have been identified. How-
ever, it can respond to a number of intracellular and extracellular signaling stimuli, for example, it may participate in
the body’s energy regulation, and can regulate cell proliferation, cell differentiation, cell apoptosis, mitosis, autophagy
and senescence, among others [8]. Related research indicates that Nur77 plays a dual role for the development of tu-
mors [9]. Nur77 promotes invasion and metastasis of breast cancer and colorectal cancer (CRC) by activating trans-
forming growth factor-β, matrix metallopeptidase (MMP)-9 and E-cadherin [10,11]. On the other hand, overexpres-
sion of Nur77 also inhibits cancer cell and tumor growth of other types of solid tumors [12,13]. There is increasing
evidence that Nur77 is a key regulator in immune responses, such as T-cell dysfunction, nuclear factor-κB-dependent
inflammatory signaling and macrophage polarization [14,15]. In the hypoxic microenvironment, macrophages accu-
mulation and polarization contribute to tumor angiogenesis and creation of an inflammatory environment which is
associated with hypoxia-inducible factor (HIF)-1α (HIF-1α). Importantly, multiple interactions between HIF-1α and
Nur77 have been found during numerous tumors growth. It is confirmed that overexpression of the potent oncogenic
protein β-catenin in CRC can increase Nur77 transcription through HIF-1α rather than T-cell factor, suggesting that
there is an interaction between Nur77 and HIF-1α during tumorigenesis [16].
β-glucan from Lentinus edodes (LNT) (a β-1,3-glucan) is a type of lentinan containing two β-1,6-glucose

branches, and is the first medicinal fungus to enter the field of modern biotechnology. LNT appears to exert marked
antitumor effects due to its unique triple-helical conformation [17]. Clinical studies have demonstrated that chemi-
cal immunotherapy with lentinan may prolong the survival of patients with advanced gastric cancer compared with
chemotherapy alone [18]. Since the 1970s, extensive research has shown that lentinan alone or in combination with
other chemotherapeutic drugs may be used to treat ovarian [19], gastric [18], liver [20] and lung [21] cancers. As
an immunomodulator, the underlying anti-tumor mechanism may be the activation of immune responses to induce
cell apoptosis [22]. Of note, α- and β-d-glucans from Shiitake mushrooms have been recently demonstrated to be
effective on MDA-MB-231 breast carcinoma cells, whereas no cytotoxic activity on MCF-10A cells, considered as
a normal mammary gland cell counterpart [23]. Furthermore, the impact of LNT mycelial extract on breast cancer
therapy has recently been reviewed including breast cancer cell lines, tumor bearing animals and clinical trials [24].
A few studies are only dedicated to reveal the molecular mechanisms underlying LNT anti-cancer effect. However,
it is not known whether LNT-mediated tumor suppression in breast cancer involves the interaction between Nur77
and HIF-1α.

The aim of the present study was to investigate whether LNT administration suppresses the growth and metastasis
of breast cancer by inhibiting HIF-1α, and whether this effect is Nur77-dependent. The results may provide a novel
insight into the mechanism underlying LNT-induced tumor suppression, and indicate whether β-glucan or foods
containing β-glucan may be used for treating the patients with lung metastases from breast cancer.

Materials and methods
Subjects
A total of six breast cancer patients (three patients with invasive ductal breast carcinoma, grade II; two with inva-
sive ductal breast carcinoma, grade III; one patient with papillary carcinoma) from Zhongshan Hospital of Xiamen
University were included in the present study (ranging from March to June 2019). Clinical information is shown in
Table 1. Informed consent was signed and the experimental protocol was approved by the Human Ethics Committee
of Zhongshan Hospital of Xiamen University (ethic number: 2018027). Briefly, clinical tumor samples (0.4 cm3) and
paired corresponding adjacent normal tissue were collected and cut into pieces from the mentioned six patients. Ad-
jacent normal tissue was obtained on the set of 2 cm from tumor edge. Then the tissues were lysed using RIPA buffer
through tissue homogenate. After standing for 30 min on ice, the cell lysate was centrifuged at 12000 rpm for 10 min.
The supernatant was collected and 40 μg protein were used to performed Western blotting.

Animals and treatment
MMTV-PyMT transgenic mice (FVB), which are well-recognized breast cancer model mice, were purchased from
The Jackson Lab. All animals were housed at 20 +− 2◦C, with a 12-h dark–light cycle and a relative humidity of 60–70%.
The mice had ad libitum access to normal chow and water under specific pathogen-free (SPF) conditions. All ani-
mal experiments were approved by the Animal Ethics Committee of Minnan Normal University and Xiamen Uni-
versity (ethic number: IACUC-20190311-01). After genotyping through PCR amplification using specific primer of

2 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).



Bioscience Reports (2020) 40 BSR20201006
https://doi.org/10.1042/BSR20201006

Table 1 Clinical information of breast cancer patients

Number Age Gender IHC TNM stage Pathological diagnosis

477111 68 Female ER (+ +), PR (+ +), Her-2 (1+), TOPI-II (+/-), E-Cad (++),
CK-L (++), CD56 (-), CgA (-), SYN (-), Ki-67 (+, 3%)

T3 N1 M1 Invasive ductal breast carcinoma
(II)

460482 40 Female ER (+ +), PR (+ +), Her-2 (2+), TOPI-II (+, 8%), E-Cad (+),
P120 (+), Ki-67 (+, 7%)

T3 N1 M1 Invasive ductal breast carcinoma
(III)

470667 44 Female ER (+ +), PR (+ +), Her-2 (2+), CK5/6 (-), SMA (+),
calponin (+), p63 (+), CD10 (+), Ki-67 (+, 20%)

T1 N0 M0 Papillary carcinoma

465297 49 Female ER (+ +), PR (+ +), Her-2 (0), TOPI-II (+, 3%), E-Cad (++),
P120 (++), Ki-67 (+, 10%)

T2 N1 M0 Invasive ductal breast carcinoma
(II)

465298 41 Female ER (+ +), PR (+ +), Her-2 (1+), TOPI-II (+, 2%), E-Cad
(++), P120 (++), Ki-67 (+, 4%)

T2 N1 M0 Invasive ductal breast carcinoma
(II)

470354 31 Female ER (+, 50%), PR (+, 30%), Her-2 (3+), TOPI-II (+, 10%),
Ki-67 (+, 60%)

T2 N0 M0 Invasive ductal breast carcinoma
(III)

PyMT gene (Supplementary Figure S1), 8-week-old female MMTV-PyMT transgenic mice with similar initial body
weight and growth status were selected and randomly divided into two groups, the control and drug-treated groups
(n=6/group). Mice were killed in the following situations, for example: during the treatment with LNT, mice lost 15%
weight or more of their body weight or mice continued to suffer pain from tumor burden such as tumor diameter
reaching to more than 2.5 centimeters and ulcerated tumor. Tumor growth of all ten mammary glands were evaluated
by biweekly palpations and measured by Vernier calliper from days 21 to 70. Tumor onset was recorded as the first day
when tumors could be detected by palpation. Tumor size was calculated and categorized into two groups randomly.
The control group was injected with a solvent that dissolves the drug. LNT was isolated from the dried fruiting bodies
of Lentinus edodes (LNT) according to previously reported methods. In brief, the fruiting bodies were immersed
in boiling water (100◦C) for 2 h followed by the immersion of 1.25 M NaOH/0.05% NaBH4 at room temperature for
two-times. After centrifugation to remove the residues, the supernatant was collected and performed hyperfiltration.
Then the entrapped sugar was filtered by sepharoseA50 and washed with 0.02 M Tris (pH: 7.2) and Tris solution
containing 0.3% NaOH. The filter liquor was then hyperfiltrated and centrifugated to remove the residues and sub-
sequently with freeze-drying. The drying product was Lentinan (LNT). The product and purity were identified by
High Performance Liquid Chromatography-mass spectrometer analysis (HPLC/MS) according to previous study [6]
(Supplementary Figure S2). Briefly, combined with phenol–sulfuric acid analysis using d-glucose and the method of
Bradford using bovine serum albumin (BSA, Sigma), total sugar composition of LNT and protein content was ana-
lyzed to prove that LNT used in the following experiments was of high purity. The endotoxin contained in LNT was
assessed by the chromogenic limulus amebocyte lysate assay according to previous study [25]. LNT was identified as
a β-(1,3)-glucan with β-(1,6)-branches by GC-MS and NMR. The mean molecular weight of LNT was conducted to
be 562.8474 kDa by HPLC. Finally, LNT was dissolved in PBS buffer for in vitro assays and in saline solution for in
vivo assays.

For the treatment of mice, LNT was administered by tail intravenous injection at a dose of 20 mg/kg for 2 consecu-
tive weeks in the drug-treated group. At the end of the administration, all mice were killed using cervical dislocation
method and the tumor tissues and lung tissues were immediately harvested. Each mouse presented ten subcutaneous
tumors (one tumor per mammary gland). Tumor tissue samples were photographed and weighed. And the long di-
ameter of each mice at the time of killing was recorded. Subsequently, part of the tumor tissue and lung tissue were
used for protein detection and some were stored at −80◦C for frozen sections. In addition, a portion of the sample
was immersed in 4% paraformaldehyde and embedded in paraffin. The selected tissues in the follow-up experiments
were guaranteed to be the same site of the mouse mammary solid tumor tissue. The parallelism of the materials was
guaranteed, and the remaining samples were stored in liquid nitrogen.

Cell culture, transfection and cell treatment
The human breast cancer cell lines MCF-7 and T47D were obtained from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 1% penicillin/streptomycin and 10% (v/v) fetal bovine serum (FBS) and maintained at
37◦C in a 5% CO2 incubator. MCF-7 cells were seeded in 60-mm culture dishes. After 24 h of pre-incubation, cells
were transfected with siRNA and scramble siRNA of Nur77 (sc-36109, Santa Cruz Biotechnology, Inc.) using Lipo-
fectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer’s protocol. The sequence
of Nur77 siRNA was as follows: 5′-GGC UUG AGC UGC AGA AUG A-3′. At 48 h post-transfection, the cells were
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rinsed with PBS and stimulated with LNT. For oxygen-deficient environment, cells were treated with 100 μM CoCl2
(Sigma–Aldrich, St. Louis, U.S.A.) for different times (0.5, 1, 3, 6 9, 12, 24, 36 and 48 h). We also used 20 μM MG132
(Selleck, U.S.A.) to block the ubiquitin proteasome pathway (treatment for 6 h) under low oxygen conditions. Cells
were seeded in 6- or 12-well plates at a density of 105 cells/cm2 the day prior to the experiments. Cell lysates were
collected for subsequent Western blotting analysis.

Histological staining
Mouse lung tissue samples were placed in 4% paraformaldehyde at 4◦C, then dehydrated with graded ethanol, im-
mersed in xylene, and embedded in paraffin. The paraffin was cut into 4-μm longitudinal sections. Following dewax-
ing, the sections were stained with Hematoxylin–Eosin (HE) according to the manufacturer’s instructions (Beyotime
Institute of Biotechnology, China). Each group of samples was observed with an optical microscope (Olympus IX71,
Olympus Corporation). For immunohistochemical staining, endogenous peroxidase activity was blocked with 0.3%
hydrogen peroxide at room temperature for 30 min. Nonspecific protein binding was blocked by incubation with 2%
BSA for 20 min and then incubated with the primary antibody anti-vascular endothelial growth factor (VEGF) poly-
clonal antibody (dilution 1:100; Affinity) or anti-HIF-1α (diluted 1:100; Affinity) overnight at 4◦C. Subsequently, the
sections were incubated with secondary antibody for another 1 h at room temperature (Beijing Zhongshan Biotech-
nology, China). The sections were counterstained for 1 min by using Hematoxylin. Each group were examined using
a light microscope (Olympus IX71; Olympus Corporation).

Immunofluorescence staining
Paraffin sections (4 μm) of tumor and lung tissue were subjected to immunofluorescence staining. Primary antibody
against proliferating cell nuclear antigen (PCNA; dilution 1:100; Affinity) was used to detected the proliferation abil-
ity. The Alexa Fluor 488-labeled goat anti-rabbit IgG (dilution 1:200; Molecular Probes) was used as the secondary
antibody. DAPI (dilution 1:300; Beyotime Institute of Biotechnology) was used to stain the nucleus. Photograph ob-
servation was performed under a Biological inverted microscope (IX51, Olympus, Japan). Comprehensive analysis
included measuring staining intensity and the number of positive cells using ImagePro Plus software (Media Cyber-
netics, Inc., Maryland, U.S.A.). Five high-power fields for each sample were chosen for evaluation by three indepen-
dent pathologists.

Western blotting
Total protein of breast cancer cells and tumor tissue were extracted using lysis buffer. Briefly, the cells were seeded at a
density of 3 × 106 cells/dish in a 60-mm culture dish in a medium containing 10% FBS for 24 h and then treated with
or without LNT under different conditions. At the end of the treatment, cells were harvested and treated with RIPA
buffer containing 1 mM PMSF for 20 min on ice. Following centrifugation at 12000 rpm for 15 min, the supernatant
was saved as a total protein extract. Tumor tissue was cut into small pieces and lysed on ice using the same RIPA
buffer as above for 20 min. After centrifugation at 12000 rpm for 15 min, the supernatant was collected as a tumor
tissue protein extract. The membrane was incubated with corresponding specific primary antibodies against VEGF,
HIF-1α, β-actin, MMP9, N-cadherin, α-smooth muscle actin (SMA), Nur77, PCNA, poly (ADP) ribose polymerase
(PARP), p-Akt, AKT, p-mammalian target of rapamycin (mTOR) and mTOR. After incubating with the appropriate
horseradish peroxidase-conjugated secondary antibodies (dilution, 1:2000; Beyotime Institute of Biotechnology) for
1 h at room temperature, blots were detected with Super Signal West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific, Inc.) and visualized by Versa Doc (Bio-Rad Laboratories, Inc.). The optical densities of the protein
bands were quantified by Quantity One software (Bio-Rad, Laboratories, Inc.) and normalized to the optical density
of GAPDH or β-actin on the same membrane.

Statistical analysis
All experiments were processed at least three times. All data were expressed as mean +− standard deviation. Quantita-
tive analysis of intracellular proteins was proceeded by Quantity One software and statistical analysis was determined
by two-tailed Student’s t test using GraphPad Prism software (GraphPad Software, Inc.). P<0.05 was considered to
indicate statistically significant differences.
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Figure 1. Effects of LNT on breast tumor growth and expression of HIF-1α in mice

(A) Mammary tumor size observation in the LNT group and the control group. (B) Tumor weight statistics for the LNT and con-

trol groups. (C) Immunofluorescence was used to determine the expression of PCNA and Ki67 in LNT group and control group.

Immunohistochemistry was employed to detect the expression of HIF-1α and VEGF in both groups. (D) The expression of VEGF,

HIF-1α, PARP, phosphorylated Akt, Akt, phosphorylated mTOR and mTOR in different groups as analyzed by Western blotting.

β-Actin served as the internal control. (E) Quantitative analysis of each protein in panel (D). Abbreviation: LNT, Lentinus edodes.

Data are shown as the means +− standard deviation (SD), n≥3. *P<0.05; **P<0.01.

Results
LNT inhibits tumor biological characteristics along with the decrease in
HIF-1α in MMTV-PyMT transgenic mice
LNT was reported to inhibit the proliferation of breast cancer cells [26], but whether HIF-1α was involved in this pro-
cess remained unknown. To solve this problem, MMTV-PyMT transgenic mice that displayed obvious breast tumor
contour characteristics at 2 months of age were employed for in vivo experiments. In the present study, LNT treat-
ment significantly suppressed the growth of breast tumors, followed by the declined body weight in MMTV-PyMT
transgenic mice compared with that in the control group (Figure 1A and Supplementary Figure S3 and Table S1).
Meanwhile, the maximum diameter of each mice and the tumor weight in each pair of mammary glands in the
LNT-treated group were notably lower compared with that in the control mice (Figure 1B and Supplementary Tables
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Figure 2. Impact of LNT on lung metastasis of mouse breast tumors

(A) Tumor images (left) and HE staining results of lung tissue in the LNT group and control group (middle). The expression of PCNA

was detected by immunofluorescence in the LNT group and control groups (right). Yellow arrows: tumor mass. (B) The expression

of MMP9, N-cadherin and α-SMA proteins in different groups as analyzed by Western blotting. (C) Quantitative analysis of each

protein in panel (B). Abbreviation: LNT, Lentinus edodes. Data are shown as the means +− SD, n≥3. *P<0.05; **P<0.01.

S2 and S3). Microscopically, the decrease in PCNA and Ki67 expression were observed in LNT-exposed tumor tissues
(Figure 1C, the first row). These results indicate that LNT obviously suppressed the tumor growth of breast cancer.

Importantly, the number of HIF-1α- and VEGF-positive cells in tumor tissues was significantly reduced following
LNT addition (IHC staining results) (Figure 1C, the second and third rows). Through Western blotting, it also con-
firmed that LNT not only reduced the levels of VEGF and HIF-1α in tumor tissues, but also inhibited the activity
of Akt and mTOR (Figure 1D,E). Further investigation revealed that LNT administration promoted cleavage of the
apoptotic protein PARP (Figure 1D,E). These data indicate that LNT inhibits tumor tissue growth, proliferation and
its downstream signal transduction, accompanied by a reduction in HIF-1α expression. The inhibitory effect of LNT
on tumor growth may be mediated by apoptosis activation.

LNT inhibits lung metastasis of breast tumors in MMTV-PyMT mice
MMTV-PyMT transgenic mice develop lung metastasis from breast cancer. To explore the role of LNT in lung metas-
tasis, tumor images and HE staining demonstrated that multiple inflammatory lesions appeared in the lung tissues
of the control group (Figure 2A, the left row). However, only few inflammatory lesions were observed in the lung
tissue of mice treated with LNT (Figure 2A). Subsequent immunofluorescence staining in lung tissue indicated that
the number of PCNA-positive cells in LNT-exposed mice was significantly lower compared with that of the control
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Figure 3. Association of HIF-1α and Nur77 in breast cancer cells under anoxic conditions

Protein expression of HIF-1α, Nur77 and VEGF (A) in MCF-7 cells and HIF-1α, Nur77 and p-mTOR (B) in T47D cells treated with

cobalt chloride for 0, 0.5, 1, 3, 6, 9, 12, 24, 36 and 48 h. Protein expression of HIF-1α, Nur77 and mTOR (C) in MCF-7 cells and

(D) T47D cells treated with different concentrations of LNT under treatment with cobalt chloride (0 and 100 μM). Abbreviation: LNT,

Lentinus edodes. Data are shown as the means +− SD, n≥3.

group (Figure 2A). Additionally, the expressions of migration-related proteins MMP9, N-cadherin, and α-SMA were
significantly higher in the control group compared with the LNT group (Figure 2B,C). The above results demonstrate
that LNT effectively counteracts the metastasis ability of breast cancer cells to the lung.

LNT down-regulates the expression of HIF-1α and Nur77 under the
hypoxic condition
Next, MCF-7 cells and T47D cells were employed to further elucidate whether HIF-1α participated in the process of
LNT-mediated breast cancer suppression. Related reports indicate that with the prolongation of hypoxia stimulation,
the expression of HIF-1α initially increases, and then declines [27]. In our research, it was observed that the expression
of HIF-1α and VEGF increased with the treatment time of cobalt chloride, and reached a maximum at 9 h in MCF-7
cells (Figure 3A and Supplementary Figure S4A). After continued culture, the expression levels of HIF-1α and VEGF
were gradually reduced (Figure 3A and Supplementary Figure S3A). Interestingly, after cobalt chloride treatment,
Nur77 expression increased transiently at 9 and 12 h, and also exhibited a decreasing trend with prolonged treatment
time (Figure 3A and Supplementary Figure S3A). T47D cells also displayed an initially increasing trend in HIF-1α
and Nur77 expression, followed by a decrease under conditions of oxygen deficit. Additionally, hypoxia also induced
the up-regulation of mTOR activity in T47D cells (Figure 3B and Supplementary Figure S4B), indicating that hypoxia
would continuously affect the inflammatory signaling in tumor cells. Once treated with LNT, hypoxia induced the
up-regulation of HIF-1α/Nur77 and mTOR activity was obviously neutralized in MCF-7 and T47D cells, and the
neutralization was concentration-dependent (Figure 3C,D and Supplementary Figure S4C,D).
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Figure 4. Role of ubiquitin proteasome pathway in LNT-mediated degradation of HIF-1α

(A) Expression of HIF-1α, Nur77, mTOR, VEGF, PARP and PCNA in MCF-7 cells treated with cobalt chloride (0 and 100 μM) in the

control group and Nur77-knockdown group. (B) Protein levels of HIF-1α, Nur77, mTOR and VEGF as analyzed by Western blotting

in MCF-7 cells treated with MG132 and LNT under normoxic and hypoxic conditions. Abbreviation: LNT, Lentinus edodesr. Data

are shown as the means +− SD, n≥3.

LNT-mediated HIF-1α inhibition is involved in the Nur77-dependent
ubiquitin proteasome pathway
To further investigate whether the effect of LNT on HIF-1αdepended on Nur77, small interference RNA of Nur77 was
used to knock down its expression in breast cancer cells (Supplementary Figure S5). It was found that down-regulation
of Nur77 not only inhibited the expression of HIF-1α, but also reduced the expression of VEGF and PCNA, mTOR ac-
tivity and full-length PARP under oxygen-deficit conditions (Figure 4A and Supplementary Figure S6). Conversely,
LNT addition repressed hypoxia-activated mTOR/Nur77/HIF-1α and its downstream signaling molecules includ-
ing PCNA and PARP in cells transfected with negative control. Once Nur77 was depleted, the neutralizing effect
of LNT on this signaling pathway was abrogated, indicating that LNT launched the degradation of HIF-1α was
Nur77-dependent in breast cancer cells (Figure 4A and Supplementary Figure S6).

The degradation of HIF-1α is involved in the ubiquitin proteasome pathway [28]. To explore the mechanism
through which LNT degraded HIF-1α, proteasome inhibitor MG132 was employed to treat breast cancer cells under
stimulation by cobalt chloride and LNT. Under normoxia, MG132 addition activated (Figure 4B, second row vs first
row; and Supplementary Figure S7), while LNT inhibited the HIF-1α/Nur77 signaling axis and VEGF expression
(Figure 4B, fifth and sixth rows vs first row; and Supplementary Figure S7) in MCF7 cells. However, this inhibition
induced by LNT was abolished after MG132 treatment (Figure 4B, third and fourth rows VS second row; and Supple-
mentary Figure S7). Under hypoxic conditions, HIF-1α, Nur77 and VEGF expressions were significantly increased
compared with that cells under normoxic conditions (Figure 4B, seventh row vs first row; and Supplementary Fig-
ure S7). However, MG132 further promoted HIF-1α and Nur77 expression, but partially inhibited VEGF expression
under hypoxia conditions (Figure 4B, eighth row vs seventh row; and Supplementary Figure S7). As previously men-
tioned, LNT negatively regulated HIF-1α/Nur77/VEGF signaling axis in hypoxia environment (Figure 4B, eleventh
and twelfth rows vs seventh row; and Supplementary Figure S7). Of note, in the absence of oxygen, MG132 abrogated
the LNT-mediated the degradation of HIF-1α and the decline of VEGF expression, but did not affect Nur77 level
(Figure 4B and Supplementary Figure S7). It was also observed that neither MG132 nor LNT, or their combination
treatment, had no effect on mTOR activity in normoxia. Conversely, LNT significantly inhibited mTOR activity in
hypoxia environment, which was not reversed in the presence of MG132 (Figure 4B and Supplementary Figure S7).
The above results demonstrate that LNT launched the degradation of HIF-1α via Nur77 may depend on the ubiquitin
proteasome pathway, and this effect is independent of oxygen content.
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Figure 5. Correlation between Nur77 and HIF-1α in breast cancer patients

(A) Protein expression of HIF-1α and Nur77 in six clinical breast cancer patients as determined by Western blotting. (B) Scatter plot

of quantitative analysis of each protein in panel (A). Abbrevition: HIF, hypoxia-inducible factor. Data are shown as the means +− SD,

n≥3.

There is a positive correlation between Nur77 and HIF-1α expression in
breast cancer patients
To further investigate the association of HIF-1α and Nur77, six clinical breast tumor tissues were collected from three
patients with invasive ductal breast carcinoma (grade II), two patients with invasive ductal breast carcinoma (grade
III) and one patient with papillary carcinoma. The clinical information of the patients was summarized in Table 1. It
was found that the expression of HIF-1α in the tumor tissues of the five groups (83.33%) was significantly higher than
that in the adjacent tissues, and the expression of Nur77 in the four tumor tissues (66.67%) was significantly higher
compared with that in the adjacent tissues (Figure 5A,B). Among the tissues, high expression of both HIF-1α and
Nur77 appeared in the tumor tissues of three patients (numbers 1, 2 and 5) compared with adjacent tissues (Figure
5A). Thus, there appears to be a positive correlation between Nur77 and HIF-1α expression in breast tumor tissues,
which also supports that the mechanism underlying the progression of breast cancer may involve the Nur77/HIF-1α
signaling axis.

Discussion
Tumor hypoxia is a common finding in breast cancer and is associated with a significant increase in the risk of tumor
cell metastasis and patient mortality [29]. Studies have shown that the hypoxic microenvironment contributes to
the development of breast cancer [29]. Hypoxia induces breast cancer stem cell phenotype by HIF-dependent [30].
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Therefore, targeted hypoxia intervention is crucial for breast tumor growth. LNT was proven to regulate HIF-1α in
order to inhibit the growth of breast tumors, which provides an important reference for the treatment of breast cancer.

Currently, accumulating evidence indicates that tumor hypoxia is a principal character in breast cancer which is
closely associated with a significant increase in the risk of tumor cell metastasis, growth, invasion and patient mor-
tality [31]. Hypoxia stimulates tumor angiogenesis and metastasis through up-regulating HIF-1α, followed by VEGF
activation [32]. HIF-1α is overexpressed in primary breast cancer, that is associated with over proliferation and poor
differentiation [33,34]. However, whether the regulation of breast cancer progression by LNT has the involvement
of HIF-1α remains elusive. In the present study, LNT treatment inhibited the growth of breast tumor along with a
declined VEGF and HIF-1α levels, and the decreased AKT and mTOR activities. Related studies have shown that
β-glucan can interfere with the process of tumor lung metastasis from colon cancer or B16-BL6 melanoma cells in
a dose-dependent manner [35]. Our results also revealed that there were few inflammatory lesions in the lung tissue
of the LNT group, implying that LNT inhibited the capability of breast tumor cells to invade to lung tissue. Hy-
poxic microenvironment is the hallmark of solid tumors. HIF-1α expression is able to modulate the recruitment of
macrophages to tumor hypoxic areas, leading to strong immune responses [36]. Accumulating evidence shows that
LNT is a critical switch on immunoregulation in tumor development; thus, it may be hypothesized that LNT-induced
decreased HIF-1α is partly through tumor immunosuppression.

HIF-1 is a transcription factor that widely exists in mammals and humans under anoxic conditions [37]. Under
normal conditions, the α subtype has a half-life of no more than 5 min and is then degraded. During hypoxia, sta-
bilization of HIF-1α occurs by inhibiting 4-prolyl hydroxylase activity, an enzyme that requires oxygen to function
[38]. It has been reported that HIF-1α specifically binds to the promoter of Nur77 and subsequently activates the
transcription of Nur77 under hypoxic stimulation [39]. Our previous findings have also confirmed that Nur77 can
stabilize the expression of HIF-1α in hypoxic state of ovarian cancer cells (unpublished data). Here, in breast cancer
cells, the expression of HIF-1α and Nur77 also increased instantaneously under hypoxic conditions. Of note, LNT ad-
dition inhibited hypoxia-mediated the accumulation of HIF-1α in a concentration-dependent and Nur77-dependent
manner. In addition to that, the strong association between Nur77 and HIF-1α was also observed in breast cancer
specimens. Recently, Nur77 has been proven to be a key immunomodulator and its inhibition may be a promis-
ing strategy for cancer immunotherapy [40]. As mentioned above, HIF-1α also participates in the process of tumor
immune responses. Given that LNT-mediated HIF-1α inhibition depended on Nur77, it may be inferred that the
anti-tumor effect of LNT on breast cancer is through regulating immune response via the Nur77/HIF-1α axis.

Nur77 up-regulation is able to inhibit the binding of mouse double minute 2 (MDM2) to HIF-1α, leading to
the degradation of HIF-1α by the ubiquitin proteasome pathway [41]. Nur77 also stabilizes HIF-1α by inhibit-
ing pVHL-mediated HIF-1α ubiquitination [42]. This study found that ubiquitin-proteasome inhibitor blocked
LNT-evoked the degradation of HIF-1α under hypoxia conditions, but did not significantly affect LNT-mediated
the inhibition in Nur77 expression. Therefore, LNT-mediated down-regulation of HIF-1α under treatment is pos-
sibly dependent on the ubiquitin proteasome pathway. However, what role of Nur77 in this ubiquitin proteasome
pathway needs a further exploration.

Taken together, the results of the present study demonstrate that LNT inhibits the growth of breast tumors in mice
and the ability to metastasize to lung tissues, which is accompanied by the decline of HIF-1α in tumor tissues. In
vitro, LNT down-regulates hypoxia-induced HIF-1α in a concentration-dependent and Nur77-dependent manner,
which is possibly mediated by the ubiquitin proteasome pathway. Our results explain the LNT-mediated mechanism
underlying breast tumor suppression, and may provide a theoretical basis for targeting HIFs in the treatment of breast
cancer.
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