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Abstract
Glucose-6-phosphate dehydrogenase (G6PD) is involved in triple-negative breast cancer (TNBC) progression. Metabolic 
crosstalk between cancer cells and tumor-associated macrophages mediates tumor progression in TNBC. Molecular biological 
methods were applied to clarify the mechanism of the crosstalk between TNBC cells and M2 macrophages. In the present 
study, we verified that G6PD overexpression drives M2 macrophage polarization by directly combining with phospho-STAT1 
and upregulating CCL2 and TGF-β1 secretion in TNBC cells. In turn, M2-like TAMs activated TNBC cells through IL-10 
secretion, providing feedback to upregulate G6PD and promote TNBC cell migration and proliferation in vitro. Furthermore, 
we found that 6-AN (a specific inhibitor of G6PD) not only suppressed the cancer-driven polarization of macrophages toward 
the M2 phenotype but also inhibited the inherent M2 polarization of macrophages. Targeting the G6PD-regulated pentose 
phosphate pathway restrained TNBC progression and M2-type polarization of macrophages in vitro and in vivo.
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Abbreviations
TNBC  Triple-negative breast cancer.
PPP  Pentose phosphate pathway.
G6PD  Glucose-6-phosphate dehydrogenase.
6-AN  6-Aminonicotinamide.

TAMs  Tumor-associated macrophages.
Mφ  Macrophage.
ELISA  Enzyme-linked Immunosorbent Assay.
CM  Conditioned medium.
q-PCR  Quantitative polymerase chain reaction.
MTT  Thiazolyl blue.
IHC  Immunohistochemistry.
H&E  Hematoxylin and eosin.
DAPI  4′,6-Diamidino-2-phenylindole.
CCL2  Chemokine (C–C motif) ligand 2
TGF-β1  Transforming growth factor beta 1
IL-10  Interleukin-10

Introduction

Among the most common cancers diagnosed in women 
in 2021, breast cancer alone accounted for 30% of female 
cancers. Breast cancer has the highest incidence among all 
female malignancies and remains one of the leading causes 
of cancer-related death [1]. Currently, the concept of intrin-
sic subtype is widely recognized and used for breast cancer 
treatment guidance. Among different subtypes, triple-neg-
ative breast cancer (TNBC) is defined as lacking estrogen 
receptor (ER), progesterone receptor (PR), and human epi-
dermal growth factor receptor 2 (HER2) expression and 
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accounts for approximately 20% of all breast cancer subtypes 
[2]. Compared to other molecular subtypes, TNBC exhibits 
more powerful invasiveness, a higher recurrence rate and 
a worse prognosis. Due to the lack of specific therapeutic 
targets, the TNBC mortality rate is stubbornly high and 
remains a huge challenge for oncologists.

Recently, energy metabolism reprogramming has been 
recognized as one of the hallmark events that contributes 
to carcinogenesis. TNBC has a unique energy metabolism 
model, and it is much more dependent on glucose metabo-
lism than non-TNBC (MCF-7) [3]. In glucose catabolism, 
the pentose phosphate pathway (PPP) is one of the major 
pathways. The PPP directly or indirectly provides reduc-
ing power to fuel the biosynthesis of lipids and nucleotides 
and sustains antioxidant responses to support cell survival 
and proliferation. In the PPP, glucose-6-phosphate dehydro-
genase (G6PD) is the rate-limiting enzyme and acts as a 
“gatekeeper” of this pathway. The activity of G6PD directly 
reflects the flux of the PPP. Previous studies revealed that 
G6PD was highly dependent on the breast cancer molecular 
subtype, and its overexpression was associated with poor 
prognosis [4, 5].

No disease exists on its own, and breast cancer is no 
exception. Its carcinogenesis involves the tumor microen-
vironment (TME). The TME is a dynamic entity composed 
of cancerous and noncancerous cells. Macrophages are 
the most abundant infiltrating immune cells present in and 
around tumors, and they can be polarized into classically 
activated M1-type macrophages or alternately activated 
M2-type macrophages by different stimuli. An important 
feature of macrophages is that they can rapidly change 
their activation status and function in response to micro-
environment signals. In the early stage of tumorigenesis, 
macrophages promote inflammation, whereas they become 
immunosuppressive in the later stage, suggesting the high 
plasticity of macrophages. Tumor-associated macrophages 
(TAMs), accounting for 50–80% of interstitial cells, have 
been generally considered M2-polarized TAMs [6]. To date, 
it is clear that TAMs exert multiple protumorigenic roles, 
including stimulation of angiogenesis, extracellular matrix 
remodeling, promotion of tumor cell survival, proliferation, 
invasion and metastasis, and inhibition of antitumor immu-
nity [7]. TAMs can highly express key molecules that pro-
mote tumor cell growth and migration and play an important 
role in TNBC initiation, growth, and metastasis. Recently, 
in a coculture study of TNBC and macrophages, Gpr132 
sensed lactate in the TME to transform macrophages into 
M2-like phenotypes to promote tumor adhesion, migration, 
and invasion [8]. In addition, HIF-1α-stabilizing HISLA is 
transferred from TAMs to TNBC via extracellular vesicle 
transmission, which increases glycolysis in TNBC [9]. Meta-
bolic reprogramming in cancer cells can not only affect other 
cells in the TME but also contribute to the regulation of 

critical cancer-related processes. TAMs are influenced by 
their surroundings and readily respond to perturbations by 
altering the metabolic profile. Therefore, investigating the 
metabolic interactions between cancer cells and TAMs in the 
TME may reveal the key point of TNBC development and 
open new scenarios from both diagnostic and therapeutic 
points of view.

Our previous studies have shown that inhibition of G6PD 
in breast cancer cells could weaken cell viability, inhibit 
proliferation, and decrease migration and colony forma-
tion by inducing cell autophagic death [10]. Further stud-
ies discovered that regulating G6PD in TNBC affected the 
transformation of macrophages into TAMs. In the present 
study, we found that suppression of G6PD altered cytokine 
secretion in TNBC, thereby inhibiting macrophage polari-
zation toward the M2 phenotype. On the other hand, M2 
macrophages exhibited activation of the PPP. G6PD inhibi-
tors prevented M2 polarization of macrophages and inhib-
ited the pro-oncogenic effect of M2 macrophages. This work 
revealed that targeting G6PD inhibited TNBC survival and 
metastasis by triggering a positive feedback loop between 
macrophages and cancer cells. G6PD may be a promising 
therapeutic target for TNBC.

Materials and methods

Cell lines and culture

The human breast cancer cell lines MDA-MB-231 (MDA-
231), MDA-MB-453 (MDA-453), MDA-MB-468 (MDA-
468), MCF10A and THP-1 were purchased from ATCC. 
THP-1 cells were cultured in RPMI 1640 medium with 
10% FBS and 100U/mL penicillin/0.1 mg/mL streptomy-
cin (1% penicillin/streptomycin). MDA-231, MDA-453 
and MDA-468 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) with 10% FBS and 1% penicil-
lin/streptomycin. MCF10A cells were grown in DMEM 
F-12 supplemented with 5% horse serum, 10 µg/mL human 
insulin, 20 ng/mL EGF, 100 ng/mL cholera toxin, 0.5 µg/
mL hydrocortisone, and 1% penicillin/streptomycin. MDA-
MB-231 shNC/shG6PD cells were established in our lab and 
cultured in the corresponding medium with 10% FBS, 1% 
penicillin/streptomycin and 1 µg/mL puromycin. All cultures 
were incubated at 37 °C in a humidified 5%  CO2 atmosphere. 
Phorbol-12-myristate-13-acetate (PMA) was purchased from 
Beyotime. THP-1 cells were treated with PMA (100 ng/mL) 
for 24 h to differentiate the cells into resting macrophages 
(M0 cells). The M2 phenotype was generated using 30 ng/
mL IL-4 (PeproTech, Rocky Hill, NJ, USA) stimulation for 
48 h. The M1 phenotype was generated using 50 ng/mL 



G6PD activation in TNBC cells induces macrophage recruitment and M2 polarization to promote…

1 3

Page 3 of 20 165

IFNγ (PeproTech, Rocky Hill, NJ, USA) and 300 ng/mL LPS 
(Beyotime, Shanghai, China) stimulation for 48 h.

Conditioned medium preparation

Cells were seeded in 6-well or 10 cm plates at a density of 
70% cells in serum-containing medium. After cell attach-
ment, the medium was replaced with serum-free medium, 
and the cells were incubated for an additional 24 h/48 h. 
The conditioned medium was collected and centrifuged at 
3000 rpm for 5 min to remove the cells or cell debris.

Cytokine array analysis

Cells were seeded in 10 cm plates (1 ×  106 cells/plate) with 
serum-free medium for 48 h. The conditioned medium (CM) 
was centrifuged for 5 min at 3000 rpm, and then the super-
natant was collected to perform the assay. Human Cytokine 
Antibody Array C5 (RayBiotech, Peachtree Corners, Geor-
gia, USA) was incubated overnight with 3 mL of CM at 
4 °C. After washing with the buffer, the membranes were 
incubated for 2 h at room temperature with biotinylated 
antibody cocktail, washed three times, reacted with HRP-
streptavidin in blocking buffer for 2 h at room temperature 
and photographed on a chemiluminescence imaging system.

ELISA

Cytokine secretion in the culture medium was assayed using 
an ELISA kit according to the manufacturer’s protocol, 
CCL2 and IL-10 (mlbio, Shanghai, China), TGF-β1 and 
IFNγ (Jiangsu Meimian Industrial Co., Ltd, Jiangsu, China). 
Human recombinant CCL2, TGF-β1 and IL-10 were pur-
chased from PeproTech (Rocky Hill, NJ, USA). Intracellular 
levels of Ru-5-P was assayed using an ELISA kit according 
to the manufacturer's protocol.

G6PD activity assay

G6PD activity was measured in cells using a Beyotime kit 
(G6PDH Activity Assay Kit with WST-8, Shanghai, China) 
according to the manufacturer’s instructions. Values were 
normalized to the protein content in each sample.

NADPH level assay

NADPH level was detected using Beyotime kit (NADP + /
NADPH Activity Assay Kit with WST-8, Shanghai, China) 
according to the manufacturer's instructions.

Western blot analysis

The primary antibodies used in this study were CD163 
(Abcam, Cambridge, UK), CD80 and CD86 (Bioss, Bos-
ton, MA, USA), 6PGD (Sigma, Burlington, MA, USA), 
phospho-STAT1 (Ser727), phospho-NFκB p65 (Ser536), 
G6PD, PKM2, HK2, GLUT1 and GLUT4 (Cell Signal-
ing Technologies, Danvers, MA, USA), CD206, phospho-
STAT3 (Tyr705), STAT3, STAT1, NFκB p65, GLUT3, 
Lamin B1 and β-actin (Santa Cruz, Dallas, Texas, USA). 
α-tubulin (Neomarker, Fremont, CA, USA). The blotted 
membranes were then scanned using Tanon 5200 Multi 
acquisition software.

Cell viability assay

Change in suspension cell viability was determined by 
using the Cell Counting Kit-8 (CCK-8; MeilunBio, Dalian, 
China) assay. THP-1 cells were seeded into 96-well plates 
in 200 µL of the tumor conditioned medium and incubated 
for additional 24 h at 37 °C. At the end of each experi-
ment, CCK8 reagent was added to the cells (20 μL per 
well) and the cells were further cultured for 2 h at 37 °C 
to measure cell viability. The absorbance was measured 
at OD = 450 nm.

The MTT assay was carried out to determine cell viabil-
ity. Briefly, 20 μL of MTT solution (5 mg/mL) was added 
to each well. After incubation for 1–4 h, 100 μL of DMSO 
was added to each well and cultured at 37 °C for 10 min. The 
absorbance was measured at OD = 490 nm.

Chromatin immunoprecipitation (ChIP) assay

ChIP was presented using ChIP kit (absin, Shanghai, China). 
The cells were cultured in 10 cm petri dishes and operated 
according to the manufacturer's instructions. The samples 
were immunoprecipitated with phospho-STAT1 and IgG 
antibodies. Complexes of DNA and protein were pulled 
down by phospho-STAT1 antibodies, IgG antibody was set 
as a negative control. Primers for the amplification contain-
ing phospho-STAT1-binding site-specific region of CCL2 
promoter (nucleotides − 376 bp to − 79 bp) were designed 
as forward 5′-GGA ATG TGG CCT GAA GGT -3′ and reversed 
5′-TGA TAA GTG GGC TGT TAA ATC-3′, and the size of 
production was expected to 298 bp. STAT1 binding motif 
(nucleotides − 717 bp to − 382 bp) in TGF-β1 promoter 
sequences was designed as forward 5′-TGG CAC AGT GGT 
CAA GAG C-3′ and reversed 5′-CTG GGA AAC AAG GTA 
GGA GAAG-3′, and the size of production was expected to 
336 bp. PCR was presented to amplify the sequence of the 
target gene.
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Co‑immunoprecipitation (Co‑IP) assay

Measures of 1 μg of anti-G6PD and anti-phospho-STAT1 
antibodies were incubated with cell lysate after different 
treatments for 4 h at 4 °C, followed by incubation with pro-
tein-A/G agarose (Santa Cruz Biotechnology, Texas, USA) 
overnight at 4 °C. The beads were washed 5 times and sus-
pended with SDS loading buffer, then centrifuged after boil-
ing to acquire the supernatant for immunoblotting analysis.

Nuclear and cytosolic extractions

Extracts of cytosolic and nuclear were isolated by using the 
nuclear and cytoplasmic extraction kit (Solarbio, Peking, 
China) according to the manufacturer's recommendations.

Flow cytometry staining

Cells were centrifuged at 1000 rpm for 5 min, washed with 
PBS and filtered through a 100-μm mesh. The cells were 
subsequently stained with an antibody against an M2 mac-
rophage surface markers (PE-labeled anti-human CD163 
(Biolegend, CA, USA)). All data were collected using BD 
LSR Fortessa flow cytometer (BD Biosciences, NJ, USA) 
and analyzed using FlowJo software (BD Biosciences, NJ, 
USA).

Immunohistochemistry (IHC)

IHC analysis was carried out to test G6PD, CD163 and Ki67 
expression profiles in tissues. The primary antibodies were 
applied to the slides and incubated at 4 °C overnight. The 
slides were washed and then stained with the secondary anti-
body and DAB.

Cell migration assay

Cancer cells (1 ×  105) were seeded into the upper chamber 
in 200 μL of serum-free medium and cocultured with M0/
M2-Mφ (5 ×  105) in the bottom chamber in 750 μL of 20% 
FBS medium.

In addition, a total of 8–10 ×  104 cells per well were 
seeded in the upper chamber in 200 μL of serum-free 
medium or serum-free medium containing IL-10, IL-10R 
Ab (R&D Systems, Minneapolis, Minnesota, USA) or TGF-
β1, and 750 μL of 20% FBS medium was added to the lower 
chamber. After incubation at 37 °C for another 24 h or 48 h, 
the cells remaining at the upper surface of the membrane 
were removed with cotton swabs, and the cells on the lower 
surface of the membrane were the migrated cells. The cells 
were fixed in 10% formalin for 10 min and then stained with 
0.05% crystal violet for 10 min.

EdU cell proliferation assay

Cells were seeded in a 24‐well culture plate at a rate of 
6 ×  104 cells/well and incubated for 48 h. An EdU analysis 
kit (Beyotime) was used to analyze and evaluate cell prolif-
eration, and the specific method was carried out following 
the instructions provided by the manufacturer. The samples 
were analyzed with a confocal microscope (Leica).

q‑PCR

Total RNA was extracted using TRIzol (Thermo Fisher 
Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions. Then, 1 μg of RNA from each sample 
was reverse transcribed to cDNA by the First Strand cDNA 
Synthesis Kit (YEASEN, Shanghai, China). q-PCR was per-
formed using SuperReal PreMix Plus SYBR Green (TIAN-
GEN, Beijing, China) in a final volume of 10 μL on a PCR 
machine. The primer pairs for human genes were as follows:

G6PD,

F: CGA GGC CGT CAC CAA GAA C, R: GTA GTG GTC GAT 
GCG GTA GA.β-actin,

F: CAC CAT TGG CAA TGA GCG GTTC, R: AGG TCT 
TTG CGG ATG TCC ACGT.

CCL2,
F: CAG CCA GAT GCA ATC AAT GCC, R: TGG AAT CCT 

GAA CCC ACT TCT.
TGF-β1,
F: CTA ATG GTG GAA ACC CAC AACG, R: TAT CGC 

CAG GAA TTG TTG CTG.
IL-10,

Fig. 1  Correlation of G6PD expression in TNBC and TAM infiltra-
tion. A The TCGA database was used to analyze the gene expres-
sion of G6PD in normal individuals (n = 113) and TNBC patients 
(n = 140). B The Kaplan‒Meier Plotter website was used to inves-
tigate the relationship between G6PD expression and survival prob-
ability in TNBC human samples (n(high) = 30, n(low) = 47). C q-PCR 
analysis of the transcription levels of G6PD in TNBC compared 
to MCF10A cells. D Reanalysis of previously published expres-
sion array data (GEO accession number GSE81032) was performed 
using an online tool. E Statistical analysis revealed that the expres-
sion intensity of G6PD was positively correlated with CD163. F The 
Kaplan‒Meier Plotter website was used to investigate the relation-
ship between CD163 infiltration and survival probability in TNBC 
human samples (n(high) = 33, n(low) = 93). G IHC staining detected 
G6PD, CD163 and Ki67 in human breast cancer tissues and adjacent 
normal tissues. TNBC patient tissue sections were collected from the 
hospital (Magnification 400 × , bar = 50  μm. Magnification 200 × , 
bar = 100 μm). **P < 0.01, ****P < 0.0001

◂
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F: GAC TTT AAG GGT TAC CTG GGTTG, R: TCA CAT 
GCG CCT TGA TGT CTG.

CD206,

F: TCC GGG TGC TGT TCT CCT A, R: CCA GTC TGT TTT 
TGA TGG CACT.

CD163,
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F: TTT GTC AAC TTG AGT CCC TTCAC, R: TCC CGC 
TAC ACT TGT TTT CAC.

CD86,
F: CTG CTC ATC TAT ACA CGG TTACC, R: GGA AAC 

GTC GTA CAG TTC TGTG.
IL-1β,
F: ATG ATG GCT TAT TAC AGT GGCAA, R: GTC GGA 

GAT TCG TAG CTG GA.
IL-12,
F: GTC GGA GAT TCG TAG CTG GA, R: CCA TGA CCT 

CAA TGG GCA GAC.
M-CSF,
F: AGA CCT CGT GCC AAA TTA CATT, R: AGG TGT 

CTC ATA GAA AGT TCGGA.
TNF-α,
F: GAG GCC AAG CCC TGG TAT G, R: CGG GCC GAT 

TGA TCT CAG C.
TIMP2,
F: GCT GCG AGT GCA AGA TCA C, R: TGG TGC CCG 

TTG ATG TTC TTC.
IGFBP2,
F: GAC AAT GGC GAT GAC CAC TCA, R: CAG CTC CTT 

CAT ACC CGA CTT.
IFNγ,
F: GAG GCC AAG CCC TGG TAT G, R: CGG GCC GAT 

TGA TCT CAG C.
STAT1
F: CAG CTT GAC TCA AAA TTC CTGGA, R: TGA AGA 

TTA CGC TTG CTT TTCCT 

Xenografted tumor model

Specific pathogen-free (SPF) 5-week-old female CD-1 nude 
mice were used in this study and maintained in accord-
ance with institutional guidelines for the use of laboratory 

animals. MDA-MB-231 cells (5 ×  106 cells in 100 μL of 
PBS) bearing a luciferase reporter were injected subcuta-
neously into the bilateral mammary glands of nude mice. 
The survival time of differentiated macrophages in vivo is 
generally approximately 20 days. Therefore, we first inocu-
lated MDA-MB-231 cells subcutaneously into mice, and 
when the tumor volume reached approximately 250  mm3, 
we inoculated 3 ×  105 THP-1 cells treated with PMA (M0) 
macrophages around the tumor.

Luminescent tumor images were checked weekly after 
the intraperitoneal injection of luciferin (150 mg/kg) (Perki-
nElmer) and assessed using bioluminescence imaging (BLI). 
Images were analyzed by Living Image Software 4.5 through 
the photon flux of the BLI signal within a region. Tumor vol-
umes were calculated by the formula V  (mm3) = (Length * 
 width2)/2. The primary tumor tissue was removed. Five mice 
were included in each group. After 3 weeks, the mice were 
euthanized, and the tumors were dissected and prepared for 
protein or RNA extraction. Tissues were fixed in 4% for-
maldehyde and prepared for histopathological evaluation.

Statistical analysis

All experiments were repeated at least three independent 
times. Statistical analysis was performed using GraphPad 
Prism software. Data are presented as the means ± S.E.M. 
Statistical differences between the two groups were analyzed 
using Student's t test. p < 0.05 was considered a statistically 
significant difference.

Result

Correlation of G6PD expression in TNBC and TAM 
infiltration

Recently, metabolic reprogramming has emerged as a 
hallmark of cancer cells, and these alterations confer 
many advantages to cancer cells, including the promo-
tion of biosynthesis, ATP generation, detoxification and 
support of rapid proliferation. TNBC, which is a high-
grade breast cancer, is especially dependent on glucose 
metabolism, particularly the PPP. Because G6PD acts as 
a “gatekeeper” of the PPP, the activity of G6PD directly 
reflects the PPP flux. We detected overexpression of 
G6PD in TNBC patients relative to normal breast tis-
sues (Figs. 1A and S1A). Meanwhile, we observed that 
high G6PD expression in patients was associated with a 
lower survival probability in the TNBC subtype (Fig. 1B). 
To further determine G6PD expression in TNBC (MDA-
231, MDA-453 and MDA-468), q-PCR and immunob-
lot analysis were performed in TNBC cells. The results 

Fig. 2  G6PD expressed in TNBC cells induced macrophage recruit-
ment and M2 polarization in  vitro. A Transwell migration assays 
used M0-Mφ cells in the upper chamber and tumor cells in the lower 
chamber. B Levels of the M2 markers were compared by q-PCR 
after M0-Mφ coculture with the specified MDA-231-CM for 6 h. C 
Flow cytometry was used to measure the amount of CD163 positive 
in macrophages. D, E The protein expression was determined using 
western blotting after M0-Mφ coculture with the specified MDA-
231-CM for 6 h. F ELISA measured the secretion of the M2-polariz-
ing cytokine IL-10 in macrophages cocultured with the specified CM. 
G Gene expression was measured using q-PCR after M0-Mφ cocul-
ture with the indicated CM for 6  h. H IL-10 secretion in M0-Mφ 
cocultured with the indicated CM was analyzed by ELISA. I Immu-
noblot analysis of protein expression after M0-Mφ coculture with the 
specified CM for 6 h. J ELISA measured IL-10 after M0-Mφ cocul-
ture with the specified CM. F, H, J CM was added to M0-Mφ for 6 h 
and replaced with serum-free culture for 6 h. The supernatants were 
recovered and analyzed for IL-10 secretion. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001

◂
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showed that the expression of G6PD was upregulated at 
both the transcriptional and translational levels in TNBC 
cells compared with normal breast epithelial MCF10A 

cells (FigS. 1C and S1B). By analyzing the key mole-
cules of glycometabolism, lipid metabolism and amino 
acid metabolism in public gene databases [11], G6PD 
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expression was found to be upregulated significantly in 
MDA-231 cells compared with MCF10A cells (Fig. 1D). 
After that, we linked G6PD expression with clinical data 
from the patients and found that G6PD expression was 
associated with patient's race. In Asian, there are more 
breast cancer patients with high expression of G6PD in 
tumor cells. However, there was no association of G6PD 
between the different N stage, cancer stages and age of 
the patients (Fig. S1C–F). The abovementioned results 
suggested that the expression of G6PD was upregulated 
both in human TNBC cells and tissues.

The choice and extent of metabolic reprogramming 
directly met the survival need of tumors and promoted 
tumor development by altering the function of noncan-
cerous cells in the metabolic crosstalk of the surround-
ing microenvironment [12]. Notably, immune cells 
were the largest population in non-cancerous cells, 
in particular tumor associated macrophages (TAMs). 
Thus, we analyzed the expression of G6PD with CD163 
(a specific marker for M2-Mφ), results showed that 
G6PD was positively correlated with CD163 in TIMER 
database (http:// timer. cistr ome. org/) (Fig.  1E), and 
higher expression of CD163 indicated poorer prognosis 
(Fig. 1F). To evaluate G6PD and CD163 expression and 
relationship in human TNBC tissues, the levels of these 
protein expression were detected in TNBC fresh tissues 
and matched adjacent normal (Non-TNBC) tissues by 
IHC. IHC confirmed that the tumor samples showed a 
higher G6PD and CD163 than adjacent normal sam-
ples (Fig. 1G). Above all, the link between G6PD and 
TAM infiltration may have important implications in 
the study of TNBC.

G6PD expressed in TNBC cells induced macrophage 
recruitment and M2 polarization in vitro.

Macrophages differentiate into two polarization types, 
M1 and M2. In the tumor microenvironment, TAMs often 
exhibit M2 polarization and are associated with malignant 
transformation of tumor cells and poor prognosis of patients 
[13]. Theoretically, G6PD overexpression in TNBC cells 
may impact not only cancer cells but also macrophages. We 
employed the human THP-1 monocyte–macrophage dif-
ferentiation model. Treatment THP-1 cells with PMA for 
24 h results in differentiated macrophage cells (M0-Mφ) dis-
playing an adherent phenotype with extended pseudopods. 
Firstly, to investigate the impact of the activation of G6PD 
in tumor cell on macrophage proliferation and migration, 
we examined the effect of the G6PD expression in tumor 
cell on macrophage migration in transwells co-culture sys-
tem. In co-culture assays, G6PD-deficient tumor cells were 
seeded at lower chamber, and M0-Mφ were implanted in 
the upper chamber. After 48 h, migrated macrophages were 
stained and counted. We found that control cells promoted 
macrophage migration by fourfold, whereas G6PD knock-
down cells abrogated the induction of macrophage migra-
tion (Fig. 2A and S2A). We then examined the roles of 
G6PD in tumor cell on macrophage proliferation, THP-1 
cells were treated with the conditioned media (CM) from 
control and G6PD knockdown cells. CCK-8 assays showed 
that CM from control cells promoted THP-1 proliferation, 
whereas CM from G6PD knockdown cells abolished the 
induction of THP-1 proliferation (Fig. S2B). Meanwhile, 
the TIMER database revealed the expression of G6PD cor-
related positively with CD68 (a specific marker for mac-
rophage) in breast cancer (Fig. S2C). These results indicated 
that G6PD promoted macrophages recruitment in the TME 
of TNBC. Next, we wondered whether tumor cell-expressed 
G6PD modulated macrophage polarization by treating 
macrophages with tumor-CM. Specifically, we tested the 
influence of CM from TNBC cells on the polarization of 
macrophages. TNBC cells CM was cultured in serum-free 
medium for 48 h and added to M0 macrophages for 6 h to 
identify markers of M1-Mφ and M2-Mφ. Interestingly, the 
induced mRNA levels of M2-Mφ markers (CD163, CD206, 
IL-10 and TGF-β1) were relatively increased in macrophages 
cocultured with CM from MDA-231 cells compared with 
DMEM, but the increase was significantly impaired upon 
shRNA-mediated knockdown of G6PD. However, there was 
no difference in M1-related markers (CD86, IL-12 and IL-
1β) in human macrophages (Figs. 2B and S2D). The M2 
macrophages surface markers CD163 was measured by flow 
cytometry. Increased ratio of CD163 in macrophages were 
observed with the CM of control MDA-231 cells treatment, 

Fig. 3  G6PD-triggered cytokine secretion contributed to M2-Mφ 
activation. A Cytokine arrays were incubated with the CM of MDA-
231 cells (shNC control vs. shNC 6-AN (20  μM) vs. shG6PD) to 
identify the secreted cytokines specific to the indicated cellular con-
ditions. The right graph summarizing the relative levels of the indi-
cated cytokines is presented. The red box indicates the site of CCL2 
and TGF-β1. B Gene expression of G6PD, CCL2 and TGF-β1 was 
measured using q-PCR. Cells were treated with 6-AN for 24  h. C 
MDA-231 cells were treated with 6-AN for 24 h. The mRNA levels 
of M-CSF, TNF-α, TIMP-2 and IGFBP2 were detected by q-PCR. 
D CCL2 and TGF-β1 contents in the CM of MDA-231, MDA-453, 
MDA-468 or MCF10A cells as determined by ELISA. E Immunob-
lotting analysis of CD163 and CD206 levels in M0-Mφ cocultured 
with MDA-231-CM after the addition of 30  ng/mL CCL2 or TGF-
β1 to the coculture system. F ELISA detected levels of IL-10 in CM 
from M0-Mφ cocultured with MDA-231-CM after the addition of 
30  ng/mL CCL2 or TGF-β1 to the coculture system. E, F CM was 
added to M0-Mφ for 6 h and replaced with serum-free culture for 6 h. 
The cells were harvested, and the supernatants were recovered. A–F 
TNBC cells were treated with 6-AN (20  μM for MDA-231, 50  μM 
for MDA-453 and MDA-468). *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001

◂

http://timer.cistrome.org/


 Y. Li et al.

1 3

165 Page 10 of 20

and the percentage of CD163 positive cells was lower in 
macrophages cocultured with the CM of cells with G6PD 
knockdown or 6-aminonicotinamide (6-AN, a specific inhib-
itor of G6PD) (Figs. 2C and S2E). Consistently, both the CM 
of cells with G6PD knockdown and 6-AN treatment reduced 

CD163 and CD206 protein abundance in macrophages 
(Figs. 2D,E). These results indicated that G6PD deficiency 
inhibited the polarization of M2-like macrophages in the 
TME. Then, G6PD was overexpressed in MCF10A cells, 
accompanied with increased protein expression and activity 
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(Fig. S2F and S2G). CM was added to M0-Mφ for 6 h and 
then incubated in serum-free medium for 6 h. The superna-
tants were recovered and analyzed for IL-10 secretion by 
ELISA. Consistently, it was demonstrated that IL-10 was 
increased in the supernatants of macrophages co-incubated 
with CM from G6PD-overexpressing MCF10A cells, and 
this IL-10 increasement could be reversed by G6PD inhibi-
tion (Figs. 2F and S2H). Moreover, other TNBC cell lines, 
such as MDA-435 and MDA-468, also showed a similar 
effect of G6PD on the M2 polarization of macrophages 
(Fig. 2G–J). Taken together, G6PD-induced macrophage M2 
polarization is common in TNBC and is worthy of further 
investigation.

G6PD‑triggered cytokine secretion contributed 
to M2‑Mφ activation

Cell‒cell interactions can take place via two main types of 
signaling: direct cell-to-cell contact and indirect cell-to-cell 
communication by secreting cytokines or exosomes [14]. 
Cytokines play important roles in mediating the crosstalk 
between different types of cells in the tumor microenviron-
ment. To determine how G6PD activation in TNBC cells 
promoted M2-Mφ, the cytokine profile in the supernatants of 
MDA-231 cells with 6-AN treatment or G6PD knockdown 
was examined by cytokine array to identify the key factors 
in the communication between cancer cells and macrophage 
cells. The results indicated that CCL2 and TGF-β1 secretion 
was dramatically reduced in the supernatants after G6PD 
inhibition compared with the control (Fig. 3A). The CCL2 
and TGF-β1 mRNA levels inhibited by G6PD downregu-
lation were further detected by q-PCR (Fig. 3B). We also 
investigated the mRNA expression of other cytokines asso-
ciated with M2-polarized macrophages in a cytokine array 
(Fig. 3C).

Next, ELISA confirmed that CCL2 and TGF-β1 secre-
tion was promoted by G6PD overexpression in MCF10A 
cells and could be significantly repressed in TNBC cells with 

G6PD inhibition (Fig. 3D). To further confirm that CCL2 
and TGF-β1 induced M2-like polarization, we added recom-
binant CCL2 and TGF-β1 to MDA-231 cell-CM after G6PD 
inhibition. Supplementation with either CCL2 or TGF-β1 
effectively promoted CD163 and CD206 protein expression 
to induce M2-Mφ (Fig. 3E). In addition, the secretion of 
IL-10, a characteristic marker of M2-like TAMs, was also 
assessed. Consistent with alterations in immunoblotting, 
IL-10 secretion was higher in macrophages cocultured with 
CM supplemented with CCL2 or TGF-β1 (Fig. 3F). In brief, 
these findings implied that CCL2 and TGF-β1 secreted into 
the TME by TNBC cells could induce M2 polarization.

G6PD‑controlled cytokine secretion achieved 
by STAT1 signaling

Then, we explored the signaling pathway of CCL2/TGF-β1 
secretion regulated by G6PD. The STAT and NFκB sign-
aling pathways are widely involved in macrophage polari-
zation. In mammals, the JAK/STAT pathway is the main 
signaling mechanism for a wide array of growth factors and 
cytokines. Existing studies have confirmed aberrant STAT1 
activation in breast cancer [15]. Meanwhile, the NFκB 
pathway plays an essential role in the regulation of immune 
responses and inflammation [16]. Hence, we analyzed the 
gene expression of STAT1, STAT3 and RELA in cancerous 
and noncancerous mammary tissues on the StarBase web-
site (https:// starb ase. sysu. edu. cn/). STAT1 gene expression 
was obviously increased in breast cancer tissue compared 
with normal breast tissue (Fig.  4A). To verify whether 
these signaling pathways are associated with CCL2/TGF-
β1 secretion induced by G6PD, we examined the protein 
levels of STAT1/3 and NFκB in TNBC cells treated with 
6-AN. Surprisingly, the expression of phospho-STAT3 did 
not appear to be altered in TNBC cells treated with 6-AN 
(Fig.  S3A). Meanwhile, cells with G6PD knockdown 
increased the expression of phospho-NFκB (NFκB subu-
nit p65) but decreased the expression of phospho-STAT1 in 
MDA-231 cells, and such tendency was also confirmed in 
MCF10A cells with G6PD overexpressing (Fig. 4B). Addi-
tionally, consistent with shRNA-mediated knockdown of 
G6PD, pharmacological inhibition of G6PD also resulted 
in decreased phospho-STAT1 and increased phospho-p65 
in TNBC cells. However, the expression of G6PD showed 
no changes upon STAT1 inhibitor (fludarabine) and NFκB 
inhibitor (parthenolide) treatment (Figs. 4C and S3B). 6-AN 
significantly reduced the PPP flux and G6PD enzymatic 
activity without changing the G6PD protein and mRNA 
levels; likewise, the activity of G6PD showed no changes 
upon fludarabine and parthenolide treatment (Fig S3C-E). 
Finally, we evaluated whether STAT1 or NFκB signaling 
was involved in modulating the expression of G6PD-induced 
cytokines in TNBC cells. The mRNA levels of CCL2 and 

Fig. 4  G6PD-controlled cytokine secretion achieved by STAT1 sign-
aling. A The StarBase 3.0 website examined the gene expression of 
STAT1, STAT3, and RELA in healthy persons (n = 291) and breast 
cancer patients (n = 1085). B Immunoblot analysis of the proteins 
in MDA-231-shG6PD, MCF10A-pcG6PD and corresponding con-
trol cells. C MDA-231 cells were treated with 6-AN, parthenolide or 
fludarabine. The levels of proteins were assessed by immunoblotting. 
D MDA-231 cells were harvested and subjected to immunoprecipita-
tion with anti-G6PD, followed by Western blot analysis with the indi-
cated antibodies. E Western blot analysis was used to detect indicated 
proteins from the cytosolic and nuclear extracts. F Schematic diagram 
showing the potential binding sites in the promoter region for STAT1. 
G, H q-PCR was performed to determine gene abundance of CCL2 
or TGF-β1 promoter region in the groups of positive control (Input), 
negative control (IgG) and IP, which were immunoprecipitated with 
anti- phospho-STAT1 antibody in MDA-231 cells (G) and statistically 
analyzed (H). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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TGF-β1 were significantly decreased upon treatment with 
fludarabine, while parthenolide had a contradictory effect 
(Figs. S3F). Furthermore, ELISA showed that the secretion 

of CCL2 and TGF-β1 of MDA-231 cells had consistent 
mRNA results after fludarabine and parthenolide treat-
ment (Fig. S3G). Next, we collected MDA-231-CM with 
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different treatments and incubated with macrophages to 
observe changes in M2 polarization. The results showed that 
MDA-231-CM treated with parthenolide further induced 
M2 polarization, and there was a significant restraint in M2 
polarization after G6PD knockdown in MDA-231 cells. On 
the anther hand, MDA-231-CM treated with fludarabine 
inhibited M2 polarization, and G6PD overexpression in 
MDA-231 cells induced M2 polarization (Fig. S3H).

We next investigated how G6PD orchestrated STAT1 
signaling and NFκB signaling to regulate cytokine secretion 
and induce M2 polarization. The relevant literature showed 
that G6PD directly bound to certain proteins in the cells 
and induced downstream signaling pathway [17, 18]. There-
fore, is there a direct contact between G6PD and STAT1 or 
NFκB(p65)? Interestingly, co-immunoprecipitation experi-
ments showed that G6PD interacted with phospho-STAT1 
in MDA-231 cells, rather than phospho-p65, p65 and STAT1 
(Figs. 4D and S4A). Thus, we speculated that NFκB signal-
ing changed might depend on the feedback effect formed by 
other indirect pathways. What's more, both 6-AN treatment 
and G6PD knockdown drastically reduced the quantity of 
protein through phospho-STAT1 pulling down by G6PD 
antibody in the same experiment condition (Fig. 4D). Fur-
thermore, we examined whether G6PD and STAT1 regu-
lation influences cytokine gene expression. It has been 
reported that IFNγ induced the activation of STAT1 signal-
ing pathway [19], additional IFNγ promoted the expression 
of CCL2 and TGF-β1 after G6PD-knockdown (Figs. S4B 
and S4C). Analogously, we used siRNA to interfere with 
STAT1 and then overexpressed G6PD, results showed that 
CCL2 and TGF-β1 expression were activated in MDA-231 
cells (Fig. S4D). The TIMER database and q-PCR further 
validated a positive correlation between G6PD and STAT1 

in breast cancer (Figs. S4E and S4F). STAT1 belongs to 
the STAT protein family that form homo or hetero dimers 
and translocate to the nucleus to exert regulatory effects as 
a transcriptional activator [20]. To explore whether G6PD 
regulates phospho-STAT1 translocated into the nucleus, we 
separated the nucleus and cytoplasm of the cells. Lamin 
B1 and α-tubulin were used as markers of the nucleus and 
cytoplasm, respectively. As expected, STAT1 and phospho-
STAT1 expression was inhibited in both nucleus and cyto-
plasm of cells with 6-AN treatment or G6PD knockdown 
(Fig. 4E). Naturally, we sought to identify whether CCL2 
and TGF-β1 were regulated by STAT1. To this end, we que-
ried the promoter sequence of CCL2 and TGF-β1 in the 
ensemble online website (https:// asia. ensem bl. org/ index. 
html) to detect whether STAT1 could directly promote the 
transcription of CCL2 and TGF-β1. Potential binding site 
for STAT1 was discovered in the promoter region of CCL2 
and TGF-β1 (Fig. 4F). The former and revised primers 
were designed around the potential binding motif, and the 
results of ChIP PCR illustrated that phospho-STAT1 could 
bind to the promoter region of CCL2 and TGF-β1 to pro-
mote its transcription, and the inhibition of G6PD further 
reduced the transcriptional expression of CCL2 and TGF-β1 
(Fig. 4G,H and S5A). The TIMER database further validated 
a positive correlation between STAT1 and CCL2/TGF-β1 
in breast cancer (Fig. S5B), which was consistent with our 
results. Overall, our study revealed that the STAT1 signal-
ing pathway was involved in G6PD-regulated CCL2/TGF-β1 
secretion.

M2‑Mφ synergized the malignant phenotype 
of TNBC via PPP

The above results demonstrated the important role of G6PD 
in tumor cells, and in turn what effect did it have on mac-
rophages? To this end, we inhibited/overexpressed G6PD 
in M0-Mφ cells. The results showed that M0-Mφ cells with 
G6PD silenced further suppressed M2 macrophage polari-
zation and favoring M1 macrophage polarization, whereas 
M0-Mφ cells with G6PD-overexpressed possessing the 
opposite result (Figs. S6A and S6B). These results indicated 
a significant relationship between G6PD and macrophage 
polarization. During breast cancer progression, cancer cells 
interact with surrounding tissues to create a microenviron-
ment. TAMs predominantly polarized toward M2-like mac-
rophages and promoted malignant tumor progression. To 
investigate whether the antitumor effect of 6-AN also regu-
lated M2-like macrophage polarization, we generated polar-
ized M2-like macrophages. THP-1 cells were induced by 
PMA for 24 h and transformed into macrophages (M0-Mφ). 
Subsequently, IL-4 was administered to induce M2-Mφ dif-
ferentiation. Firstly, we examined the change of the M2-type 
marker, and the results showed that the protein levels of 

Fig. 5  M2-Mφ synergized the malignant phenotype of TNBC via 
PPP. A The macrophages markers CD206, IL-10, IL-12, IL-1β and 
IFNγ were determined using q-PCR. B Protein expression in mac-
rophages was examined using immunoblotting. C G6PD enzyme 
activity was detected in macrophages. D M0-Mφ and M2-Mφ were 
treated with different concentrations of 6-AN (0, 1.2, 2.4, 5, 10, 
20, 40, 78, 156, 313 and 625 μM) for 48 h. Cell viability after drug 
treatment was measured using the MTT assay. E Altered proteins in 
M0-Mφ incubated with CM were measured by western blotting. F 
G6PD enzyme activity was detected in macrophages. G MDA-231 
cells and macrophages were cocultured in the transwell migration 
experiment. Magnification 40 × , bar = 200  μm. H The cell viabil-
ity of MDA-231 cells cocultured with CM from macrophages for 
48 h detected by MTT assay. I The proliferation of MDA-231 cells 
cocultured with CM from macrophages for 48 h detected by the EdU 
assay. The green color represents EdU positivity, and the blue color 
represents DAPI (nucleus). Representative images at 630 × mag-
nification is presented, bar = 25  μm. J G6PD enzyme activity was 
detected in MDA-231 cells coincubated with CM from macrophages. 
K Altered protein in MDA-231 cells incubated with the supernatant 
medium of macrophages was measured by western blot. H–K CM 
was transferred to MDA-231 cells after mixing 1:1 with fresh media. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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CD163 and CD206, the mRNA levels of CD206 and IL-10, 
together with the secretion of IL-10 were all significantly 
increased in IL-4-stimulated macrophages (Fig. S6C–E), 
indicating that M2-Mφ were successfully induced by IL-4. 
In our study, we found that glucose metabolism, particularly 
the PPP, was activated in M2-Mφ compared with M0-Mφ, 
but the activation was counteracted by 6-AN (Fig.  5B, 
C, S6F and S6G). Interestingly, 6-AN treatment not only 
suppressed M2-Mφ polarization, but also switched mac-
rophages from M2 to M1 (Figs. 5A,B and S6H). Moreover, 
compared with M0, 6-AN was more cytotoxic to M2-Mφ 
and suppressed its cell viability (Fig. 5D). The above results 
indicated that overactivation of the PPP is intrinsically 

required for tumor cells but is also essential for M2-Mφ. 
Further surveillance of macrophage glucose metabolism 
in cocultures with the CM of MDA-231 cells showed that 
the PPP was upregulated compared with DMEM (Fig. 5E, 
F). However, there was no significant change in PKM2, a 
key enzyme of glycolysis. Hence, our study revealed that 
macrophages were induced to become M2-Mφ in the TME 
of MDA-231 cells, accompanied by PPP activation. Mean-
while, we generated polarized M1-Mφ. The protein levels of 
CD86 and CD80, the mRNA levels of CD86, IFNγ and IL-
12, and the secretion of IFNγ were significantly increased in 
LPS + IFNγ stimulated macrophages (Fig. S6I–K), indicat-
ing that M1-Mφ were successfully induced. Otherwise, both 

Fig. 6  M2-Mφ secretory IL-10 mediated PPP in TNBC. A MDA-
231 cells were treated with 100  pg/mL IL-10 or TGF-β1 for 48  h, 
and cell viability was measured with MTT. B Cell migration was 
measured using transwell assays. Magnification 40 × , bar = 200 μm. 
C Migration assays of MDA-231 cells were pretreated with IL-10R 

Ab (40 μg/mL) followed by IL-10 (200 pg/mL) coculture in the tran-
swell for 48 h. Magnification 40 × , bar = 200 μm. D Altered protein 
in MDA-231 cells that were treated with IL-10 (200 pg/mL) for 48 h 
was measured by western blot. E G6PD enzyme activity was detected 
in MDA-231 cells. *P < 0.05, **P < 0.01, ***P < 0.001
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the G6PD expression and activity were inhibited in M1–Mφ 
compared with M0–Mφ (Figs. S6I and S6L). To sum up, 
G6PD deficiency coordinately stimulated M1-Mφ conver-
sion and inhibited M2-Mφ alternative activation, in which 
G6PD was downregulated in M1-Mφ but upregulated in M2. 
Therefore, 6-AN may be potential to inhibit M2 polarization 
and repolarization of M2 to M1-Mφ in the TME by targeting 
G6PD of macrophages to treat TNBC.

A previous study reported that M2-Mφ promoted breast 
cancer cell proliferation and migration in the tumor micro-
environment [21]. To inspect whether migration and prolif-
eration of TNBC cell are affected by M2-Mφ, the precon-
ditioned macrophages were placed in the lower chamber to 
test the migration ability of MDA-231 cells from the upper 
chamber. The migration of MDA-231 cells was facilitated in 
coculturing with M2-Mφ, whereas pretreatment with 6-AN 
failed to activate M2 polarization, thus suppressing migra-
tion (Fig. 5G). Furthermore, MTT and EdU assays revealed 
that MDA-231 cells exhibited enhanced proliferation ability 
when incubated with the supernatants from M2-Mφ, while 
its proliferation was repressed by CM with 6-AN (Fig. 5H, 
I). Oncogene-driven metabolic reprogramming of cancer 
cells shapes the metabolism of neighboring cells and vice 
versa. Here, we wondered if M2-Mφ affected the PPP in 
MDA-231 cells. The supernatants of macrophages were 
collected and used as CM to culture MDA-231 cells, and 
the results showed that the supernatants from the M2-Mφ 
markedly promoted the PPP flow and the enzyme activity of 
G6PD in tumor cells (Figs. S6M, S6N and 5J). In addition, 
phospho-STAT1/STAT1 was significantly increased and 
phospho-p65/p65 was significantly decreased in MDA-231 
cells, and these results were reversed by the G6PD inhibitor 
6-AN (Fig. 5K), suggesting that the activation of G6PD in 
tumor cells might partially be attributed to M2-Mφ.

We demonstrated that TNBC cells influenced the polari-
zation of macrophages through cytokines, and in turn 
whether macrophages influence tumor development through 
cytokines. M2-Mφ was reported to secrete growth factors, 
including IL-10 and TGF-β1, two of the most abundantly 
produced cytokines of TAMs [22]. To demonstrate that 
cytokines secreted by M2-Mφs involved in the prolifera-
tion and migration of TNBC, we directly added recombi-
nant IL-10 or TGF-β1 to MDA-231 cells. The results 
indicated that cell migration and cell viability were signifi-
cantly upregulated by IL-10 but not TGF-β1 (Fig. 6A,B). 
The enhanced migration of MDA-231 cells induced by the 
supernatants of IL-10 was abolished in the presence of the 
specific anti-IL-10 Ab (Fig. 6C). Similarly, MDA-231 cells 
treated with IL-10 further increased the glucose metabolism 
of breast cancer cells (Fig. 6D, E), suggesting that M2-Mφ 
might facilitate the PPP of TNBC cells through IL-10 secre-
tion. A number of cytokines mediate their secretion through 
activation of the STAT and NFκB signaling pathways [23, 

24]. In our study, the STAT1 and NFκB pathways were 
involved in the secretion of CCL2 and TGF-β1 in TNBC, 
and we assumed a similar mechanism in macrophages. 
Western blot results showed that the phospho-p65/p65 and 
phospho-STAT1/STAT1 ratios were increased, rather than 
phospho-STAT3/STAT3, during the process of M2 polari-
zation, but the effect was restrained by 6-AN (Fig. S7A). 
To verify that IL-10 secretion was regulated by the STAT1 
and NFκB pathways, we assessed the effects of the STAT1 
inhibitor fludarabine or the NFκB inhibitor parthenolide in 
M2-Mφ. ELISA revealed that IL-10 secretion was mark-
edly attenuated with fludarabine or parthenolide treatment, 
and the tendency was comparable to 6-AN (Fig. S7B). By 
Western blot, 6-AN treatment decreased the ratio of phos-
pho-STAT1/STAT1 and phospho-p65/p65, but the G6PD 
level did not appear to be changed by parthenolide and 
fludarabine in M2-Mφ. Furthermore, CD163 and CD206 
expression were decreased with all three kinds of inhibitors 
treatment (Fig. S7C and S7D). These results illustrated that 
the STAT1/NFκB signaling pathway might be involved in 
the regulation of M2 polarization of macrophages by G6PD. 
In addition, CCL2 or TGF-β1 supplementation alone was 
sufficient to activate the STAT1 and NFκB pathways in mac-
rophages, as well as the CD163 and CD206 protein expres-
sion and mRNA levels of CD206 and IL-10. Likewise, CD86 
and IFNγ (M1 marker) showed no change under CCL2 and 
TGF-β1 stimulation (Figs. S7E and S7F). MDA-231 cells 
promoted survival when incubated with the supernatants 
from macrophages induced by CCL2, TGF-β1 or tumor 
cells CM (Fig. S7G). Therefore, these results suggested 
that M2-Mφ secreted IL-10 through PPP activation via the 
STAT1/NFκB pathway and promoted the PPP of TNBC cells 
to enhance their proliferation and migration ability.

Dual inhibition of M2‑Mφ and TNBC cells by 6‑AN 
in vivo

To investigate the influence of inhibiting G6PD on mac-
rophage polarization and tumors in vivo, MDA-231 cells 
inoculated with M0 macrophages were subcutaneously 
transplanted into nude mice to establish a xenograft 
model. Tumor growth was monitored using a fluores-
cence imaging system and a Vernier caliper. The mean 
tumor fluorescence intensity in 6-AN-treated tumors was 
significantly decreased compared with that in the con-
trol group. Consistently, the tumor growth of the 6-AN 
group was also significantly inhibited (Fig.  7A). To 
further evaluate the inhibitory activity of 6-AN in vivo, 
tissue was collected for immunoblot and q-PCR analy-
sis. The protein results showed that the M2-type mac-
rophage markers CD163 and CD206 protein levels in 
the 6-AN group were significantly lower than those in 
the control group, the ratio of phospho-STAT1/STAT1 
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was decreased, and the ratio of phospho-p65/p65 was 
increased, revealing that STAT1 and NFκB pathway reg-
ulated by G6PD in tumor tissues were consistent with 
TNBC cells in vitro (Fig. 7B). In addition, 6-AN treat-
ment significantly downregulated the mRNA expression 
of the cytokines CCL2, TGF-β1 and IL-10 in xenograft 
tumors (Fig. 7C). Additionally, ELISA was performed 
to detect the content of cytokines in tissue of all groups. 
6-AN treatment was effective in decreasing the levels 
of the cytokines CCL2, TGF-β1 and IL-10 (Fig. 7D). In 
the TME, TAMs often exhibit M2 polarization and are 
associated with malignant transformation of tumor cells 
and poor prognosis of patients. Therefore, we detected 
whether macrophages exhibited M2 polarization in vivo 
by immunoblotting, and the protein results showed that 
CD163 was significantly increased in the MDA-231 plus 
M0-Mφ group, while CD163 expression was very low in 
the 6-AN treatment and MDA-231 groups (Fig. 7E, F). 
Meanwhile, the G6PD enzymatic activity of tumor tis-
sue was detected, and it was found that compared with 
the MDA-231 group, the G6PD activity of the MDA-
231 plus M0-Mφ group was increased. Similarly, 6-AN 
significantly reduced G6PD enzymatic activity without 
changing G6PD protein and mRNA expression (Fig. 7G). 
Finally, we checked CD163 and Ki67 expression in the 
primary tumor site by IHC staining. In the present study, 
the protein expression of the M2-Mφ markers CD163 and 
Ki67 in the 6-AN treatment group was significantly lower 
than that in the respective control group. Moreover, the 
expression levels of CD163 and Ki67 in the MDA-231 
plus M0-Mφ group were significantly increased com-
pared to those in the MDA-231 group alone (Fig. 7H). 
Taken together, these data suggested that the TNBC 
microenvironment induced the polarization of M2 mac-
rophages to promote tumor proliferation. Moreover, 
6-AN treatment inhibited xenograft tumor growth and 
macrophage M2 polarization in vivo.

Discussion

To date, TNBC is still the most intractable subtype of breast 
cancer. Several studies have identified extensive differences 
between the metabolic profiles of breast cancer and normal 
breast tissues, such as glycolysis, the pentose phosphate 
pathway, and amino acid, nucleotide and lipid metabolism 
[25–29]. Metabolic profiling also revealed high metabolic 
variability among different breast cancer cell lines. Lucas 
Willmann et al. analyzed metabolic differences in different 
breast cancer cells, and glycolysis in ER-positive cells was 
weaker than that in ER-negative cells [30], which was also 
proven in breast cancer tissues [31]. Metabolic changes in 
TNBC cells indicated increased energy demand, consistent 
with the aggressive biological behavior of the TNBC sub-
type [32]. In this study, we reported that G6PD in TNBC 
was overactivated. Given that G6PD is the first rate-limiting 
enzyme in the PPP, the activity of G6PD directly reflects the 
PPP flux. This result was consistent with the fact that the 
PPP played a critical role in regulating cancer cell growth 
by supplying cells with ribose-5-phosphate for ribose bio-
genesis and NADPH for intracellular ROS detoxification and 
reductive biosynthesis [33]. Furthermore, G6PD enhanced 
tumor growth by maintaining intracellular redox homeosta-
sis. This could be the main reason why G6PD activity was 
increased in several types of cancers, including hepatoma, 
colorectal cancer, cervical carcinoma and bladder cancer 
[34–37]. These results underline the importance of G6PD 
in tumor development.

Recently, the cancer microenvironment was consid-
ered to be a complex system known as the TME, con-
taining tumor cells, TAMs, interstitial cells, and noncel-
lular components [38]. As an important component in the 
TME, TAMs interact with tumor cells and play pivotal 
roles in tumor progression by switching from the M1-like 
antitumor phenotype to the M2-like protumor phenotype 
[39, 40]. It is well established that TAMs (particularly 
M2-polarized TAMs) are key regulators of the therapeutic 
response in the TME [41]. M2-like TAMs promote angio-
genesis, tumor migration and invasion, and are also associ-
ated with poor prognosis in breast cancer patients [42]. In 
this study, we identified G6PD overexpression in TNBC 
induced macrophage polarization toward an M2-like TAM 
phenotype, which in turn favored the activation of sur-
vival signaling that promoted proliferation and migration. 
Cytokines are canonical signals that directly link immune 
cells and tumor cells. The TME is enriched with cytokines 
that recruit circulating monocytes and favor the genera-
tion of TAMs resembling M2-type macrophages. We used 
a cytokine array to demonstrate that CCL2 and TGF-β1 
were crucial secreted cytokines in G6PD mediating 
M2-like TAM polarization. To date, polarized activation 

Fig. 7  Dual inhibition of M2-Mφ and TNBC cells by 6-AN in vivo. 
A Tumor-bearing mice were intraperitoneally administered either 
vehicle or 6-AN (5  mg/kg, once every two days). The statistical 
graphs in the right panel indicate the photon flux of the tumor. Sub-
cutaneous tumor size statistics after 20  days of mouse administra-
tion (n = 5 in each group). B Immunoblot analysis of G6PD, STAT1, 
phospho-STAT1, p65, phospho-p65, CD163 and CD206 in xeno-
graft tumors from mice treated with 6-AN. C The gene expression 
of G6PD, CCL2, TGF-β1, IL-10 and CD163 in xenograft tumor tis-
sues was detected by q-PCR. D Cytokine levels in xenograft tumor 
tissues were determined by ELISA. E Immunoblotting was used to 
test G6PD and CD163 in xenograft tumors. F Densitometry was 
performed to analyze CD163 protein expression, and β-actin served 
as an internal reference. G G6PD enzyme activity was detected in 
xenograft tumors. H IHC staining for CD163 and Ki67 in orthotopic 
tumors. Magnification 400 × , bar = 50  μm. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001
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of macrophages has aroused extensive interest, and several 
main M2 stimuli has been identified, including CSF-1, 
IL4 and IL13 [43–45]. Our study suggested a significant 
role of CCL2 and TGF-β1 in M2-like TAM polarization 
in the tumor microenvironment of TNBC. STAT1, STAT3 
and NFκB are important regulators of the production of 
inflammatory factors and the infiltration of inflammatory 
cells. Previous studies have demonstrated that the STAT 
signaling pathway plays an important role in oncogen-
esis mediated by G6PD [46]. G6PD deficiency regulates 
cytokine secretion by upregulating the NFκB pathway 
[47]. In other cell types, CCL2 and TGF-β1 expression 
is regulated by the NFκB- or STAT1-mediated signal-
ing pathway or directly bound to their promoter region 
[48–51]. Additionally, the elevation of CCL2 evoked 
aggressive forms of malignant tumors characterized by 
TAM recruitment, cell proliferation, invasion and angio-
genesis. We obtained similar results showing that TGF-
β1 contributed to M2 macrophage polarization [52]. In 
our research, we found that phospho-STAT1(Ser727) and 
G6PD could be directly combined and initially identified 
STAT1 signaling–dependent cytokine secretion in TNBC, 
which contributed to M2-like macrophage activation.

It is well known that macrophages have divided loyalties 
and can change their functions in response to the TME. Dur-
ing the process of inflammation, macrophages adopt distinct 
metabolic signatures as they switch from quiescent to acti-
vated states. However, the importance of metabolic crosstalk 
in tumor immunity and progression and the mechanism for 
regulating glucose metabolism in TAMs are poorly under-
stood. Emerging evidence suggests that glycolysis promotes 
proinflammatory effects in macrophages; simultaneously, it 
is also crucial for M2 subtype macrophage activation [53]. 
Our current data suggested that the PPP was activated rather 
than glycolysis in M2-Mφ. Interestingly, in addition to inhib-
iting TNBC, we further discovered that 6-AN restrained M2 
transformation and viability. Moreover, our results suggested 
that STAT1 and NFκB signaling was activated in M2-Mφ 
induced by IL-4 or cocultured with MDA-231 cells, thus 
upregulating IL-10 secretion in macrophages. TAMs have 
the property of M2-Mφ, which are related to cancer pro-
gression, and the role of M2-like TAMs in promoting tumor 
growth and migration has been widely investigated [54]. 
Similar to many other immune cells, macrophages can 
rapidly adjust their cellular metabolism in response to the 
TME, and TAMs, in turn, regulate the biological behavior of 
tumor cells by secreting small molecular substances. IL-10 
and TGF-β1 are the most abundantly produced cytokines in 
TAMs. Our results indicated that migration and cell viabil-
ity were significantly promoted by IL-10 but not TGF-β1. 
TGF-β1 can be tumor promoted or suppressive. The effects 
of TGF-β1 depended on the cellular context, and this contex-
tual nature was particularly manifested in tumors. In cancer 

cell lines with high autocrine TGF-β production, endoge-
nous TGF-β1 opposed the migratory and growth-inhibitory 
responses induced by MEK-ERK signaling [55]. Apoptosis 
in TGF-β-sensitive PDA cells is induced by TGF-β [56]. 
Similarly, our research revealed that TGF-β1 inhibited the 
migration of MDA-231 cells but had no effect on prolif-
eration. Furthermore, our findings suggested that M2-like 
macrophages substantially activated the PPP of MDA-231 
cells, which further accelerated the process of migration and 
proliferation in TNBC. In addition, studies have shown that 
tumor-derived cytokines induce the polarization of M2 mac-
rophages and promote tumor progression in a xenograft nude 
murine model [57, 58]. This was also consistent with our 
in vivo experiments. G6PD-overexpressing TNBC tissues 
were infiltrated with more M2-like TAMs. The downregula-
tion of G6PD activity by 6-AN in TNBC cancer cells led to 
decreased tumorigenesis accompanied with expression sup-
pression of M2-polarizing markers such as CD163, CD206, 
TGF-β1 and IL-10. Under the premise of reprogramming 
glucose metabolism, the crosstalk between TNBC and 
macrophages via cytokines forms a loop to jointly promote 
tumor progression.

However, there are some disadvantages in this study. 
We did not fully examine the molecular mechanism of the 
signaling pathway in macrophages, and we will further 
identify it in the future. In addition, our data preliminarily 
suggested that G6PD participated and affected the polari-
zation of macrophages, and that G6PD directly bound to 
phospho-STAT1 (Ser727) to regulate cytokine secretion 
and macrophage polarization. While phospho-STAT1 
(Tyr701) and G6PD did not interact with each other in 
Co-IP experiments (results not shown), it is not enough to 
explain the mechanism, and more in-depth future studies 
required to clarify. Based on these findings, we consid-
ered a better understanding of the circuits between TAMs 
and TNBC to facilitate TNBC diagnosis, prevention and 
therapeutics.

Conclusion

In summary, our data shed light on an important role of the 
feedback circuit between G6PD overexpression in TNBC 
and macrophage polarization in TNBC progression, thus 
providing new insights and robust preclinical evidence for 
targeting G6PD in the treatment of TNBC.
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