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Abstract: Zeb1, a key epithelial-mesenchymal transition (EMT) regulator, has recently been found to be involved 
in M2 macrophage polarization in the tumor immune microenvironment, thereby promoting tumor development. 
However, the underlying mechanism of Zeb1-induced M2 macrophage polarization remains largely unexplored. To 
identify the potential role of Zeb1 in remodeling the tumor immune microenvironment in breast cancer, we crossed 
the floxed Zeb1 allele homozygously into PyMT mice to generate PyMT;Zeb1cKO (MMTV-Cre;PyMT;Zeb1fl/fl) mice. We 
found that the recruitment of M2-type tumor-associated macrophages (TAMs) was significantly reduced in tumors 
from PyMT;Zeb1cKO mice, and their tumor suppressive effects were weakened. Mechanistically, Zeb1 played a cru-
cial role in transcriptionally promoting the production of Cxcl1 in tumor cells. In turn, Cxcl1 activated the Cxcr2-Jak-
Stat3 pathway to induce M2 polarization of TAMs in a paracrine manner, which eventually led to T-cell inactivation 
and impaired the antitumor immune response in breast cancer. Our results collectively revealed an important role 
of Zeb1 in remodeling the tumor microenvironment, suggesting a novel therapeutic intervention for the treatment 
of advanced breast cancer.
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Introduction

The tumor microenvironment (TME) contains 
numerous types of cells, including immune and 
nonimmune cells [1, 2]. Innate and adaptive 
immune cells recognize and destroy tumor 
cells; however, their functions can be modified 
by tumor cells to establish an immunosuppres-
sive microenvironment that is favorable for 
tumor progression [3]. Infiltrating immunosup-
pressive cells include tumor-associated macro-
phages (TAMs), granulocytic myeloid-derived 
suppressor cells (G-MDSCs) and monocytic 
myeloid-derived suppressor cells (M-MDSCs) 
[4]. Tumorigenesis is regulated by TAMs, which 
are prominent immune cells in the TME [5, 6]. 
Macrophages can be polarized toward one of 

two distinct phenotypes based on microenvi-
ronmental signals: the classic (M1) phenotype 
or the alternative (M2) phenotype [7]. TAMs, 
which predominantly display M2-like proper-
ties, play an important role in the crosstalk 
between cancer cells and the immune system 
[8, 9]. Accordingly, TAMs can produce various 
factors that contribute to cancer development 
through sustaining proliferative signaling, evad-
ing growth suppression and immune destruc-
tion, thus enabling invasion and metastasis, 
inducing angiogenesis and resisting cell death 
[10-12]. For example, by producing immunosup-
pressive molecules such as IL-10 and TGF-β, 
TAMs suppress effective antitumor immune 
responses [13, 14]. Moreover, TAM-derived 
IL-35 enhances the proliferation of breast can-
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cer cells and thus accelerates tumorigenesis in 
patients [15]. Therefore, it is crucial to further 
elucidate the specific regulatory mechanism of 
TAM polarization in the immunosuppressive 
TME, which could be a viable therapeutic target 
for the treatment of advanced human cancers.

In addition, tumor cells can affect the TME 
through a process known as TME remodeling or 
reprogramming. Cancer cells have been shown 
to modulate the TME through multiple effects 
on stromal and immune cells, such as juxta-
crine, paracrine and endocrine effects [16, 17]. 
Upon juxtacrine signaling, adjacent cells direct-
ly interact with each other through ligand-
receptor recognition. For example, cancer cells 
expressing PD-L1 can interfere directly with T 
cells expressing programmed death protein 1 
(PD-1) [18]. Owing to the dependence of juxta-
crine signals on membrane proteins and the 
fact that endocrine signals primarily act on dis-
tant tissues, paracrine cytokine secretion is the 
main mechanism through which cancer cells 
interact with the TME [19, 20]. For instance, to 
escape from the immune system, breast can-
cer cells secrete ILT4 to induce T-cell senes-
cence and suppress tumor immunity [21]. 
Moreover, chemokines such as CCL20, are 
secreted by cancer cells and stimulate the infil-
tration and polarization of macrophages [22]. 
Of note, a growing body of evidence has shown 
that members of the CXC chemokine family are 
also involved in the infiltration and polarization 
of macrophages in several types of human can-
cers, suggesting their potential as therapeutic 
targets for cancer treatment [23].

Zinc-finger E-box binding homeobox 1 (Zeb1) 
has been shown to influence cell fate across a 
wide range of tissues during development and 
homeostasis [24, 25]. As a transcription factor, 
Zeb1 binds directly to the promoter region of its 
target genes, thus activating or suppressing 
gene expression [26-28]. Various types of 
human cancers have undergone malignant pro-
gression due to the ectopic expression of Zeb1, 
which is mostly found at the invasive fronts of 
tumors [29-36]. The presence of Zeb1 in can-
cer cells confers proinvasive and stem-like 
properties, which are associated with a rela-
tively poor clinical prognosis [32, 36-42]. 
Nevertheless, whether cancer cell-derived 
Zeb1 functions through paracrine processes  
to regulate components of the TME remains 
largely unclear.

In this study, we generated PyMT;Zeb1cKO 
(MMTV-Cre;PyMT;Zebfl/fl) mice and discovered 
that the proportion of M2-like TAMs in the TME 
was dramatically decreased by Zeb1 depletion 
in breast cancer cells through Cxcl1-dependent 
paracrine action. At the molecular level, we 
identified Zeb1 as a key activator of Cxcl1 tran-
scription by binding to its promoter. Moreover, 
the secretion of Cxcl1 from cancer cells with 
ectopic Zeb1 contributes to the M2-like polar-
ization of TAMs by triggering the Cxcr2-Jak-
Stat3 pathway, which eventually results in 
remodeling of the immunosuppressive TME  
of breast cancer in vitro and in vivo. Together, 
our data revealed the important correlation 
between the dysregulation of cancer cell-
derived Cxcl1 and the immunosuppressive TME 
through a Zeb1-dependent mechanism, high-
lighting the possibility of identifying new tar- 
gets and therapeutic strategies for cancer 
treatment.

Materials and methods

Generation of conditional Zeb1-knockout 
MMTV-PyMT mice

MMTV-PyMT mice (on the FVB/N background) 
and mice expressing FVB/N-MMTV-Cre under 
the control of a mouse mammary tumor virus 
(MMTV) promotor (on the FVB/N background) 
were purchased from Jackson Laboratory. 
MMTV-PyMT mice were crossed with Zeb1fl/fl 
mice (on the C57BL/6 background) to generate 
Zeb1fl/flPyMT+/- mice (PyMT), which were then 
crossed with MMTV-Cre mice to generate 
Zeb1fl/flPyMT+/-Cre+/- mice (PyMT;Zeb1cKO). The 
mice were palpated twice a week for tumor ini-
tiation and growth. All mice were handled in 
accordance with protocols approved by the 
Animal Care and Use Committees of Nankai 
University.

Allograft tumor model

Cxcl1-/- mice (on the C57BL/6 background) 
were purchased from GemPharmatech Com- 
pany. To establish the allograft tumor model, 
2×106 primary tumor cells in 100 μl of PBS 
mixed with 100 μl of Matrigel (#354234; 
Corning) were subcutaneously implanted into 
the 4th mammary fat pads of female mice. The 
mice were monitored for tumor growth every 
other day according to the animal protocol and 
were sacrificed at the time of tumor removal for 
analysis.
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Cell culture

Cells were cultured at 37℃ in 5% CO2 in a 
humidified incubator. MDA-MB-231 cells were 
cultured in RPMI-1640 containing L-glutamine 
(#11875093, Gibco) supplemented with 10% 
(vol/vol) FBS (#A5670701, Gibco), 100 IU/ml 
penicillin and 100 µg/ml streptomycin 
(#15070063, Gibco). SUM-159 cells and pri-
mary tumor cells were cultured in DMEM con-
taining L-glutamine (#11965092, Gibco) sup-
plemented with 10% (vol/vol) FBS, 100 IU/ml 
penicillin and 100 µg/ml streptomycin. THP1 
cells were cultured in RPMI-1640 medium with-
out calcium nitrate (#PWL034, Meiluncell) and 
supplemented with 2.05 mM L-glutamine 
(#A2916801, Gibco).

Peritoneal macrophage (PM) isolation

Eight-week-old male C57BL/6 mice were given 
4% thioglycolate medium (#LA4184, Solarbio) 
by intraperitoneal (i.p.) injection. After 4 days, 
PMs were obtained by i.p. lavage with 8 ml of 
ice-cold PBS supplemented with 3% (vol/vol) 
FBS. The PMs were subsequently pelleted, 
resuspended in complete RPMI-1640 medium 
and plated into cell culture dishes. PMs were 
incubated for 4 h, after which the nonadherent 
cells were removed by washing twice with PBS.

Fluorescence-activated cell sorting (FACS) 
analysis

Tumor-infiltrating immune cells were character-
ized by flow cytometry. Tumors were dissected 
and incubated in 1 mg/ml collagenase at 37℃ 
for 1 h to generate a single-cell suspension. For 
each test, 1×106 cells were stained with fluo-
rescently labeled antibodies for surface marker 
expression analysis, followed by fixation with 
4% paraformaldehyde. The following antibodies 
were used: Alexa Fluor 647-conjugated anti-
mCD206 (#141711, Biolegend), PerCP-con- 
jugated anti-mTGF-β1 (#141409, Biolegend), 
APC-conjugated anti-hCD206 (#321110, Bio- 
legend) and PE-conjugated anti-hTGF-β1 
(#562490, BD Biosciences). The cells were 
then subjected to FACS, and the results were 
analyzed via FlowJo software.

Real-time quantitative PCR (qPCR) analysis

RNA was isolated using TRIzol (#19203ES60, 
Yeasen) according to the manufacturer’s proto-
col. RNA was transcribed into cDNA using 

Revert Aid H Minus reverse transcriptase 
(#RR037A, TaKaRa) according to the manufac-
turer’s protocol. Gene expression was analyzed 
using SYBR Green mix (#11184ES25, Yeasen) 
for real-time qPCR under the following PCR con-
ditions: 15 s at 95℃, 10 s at 60℃, and 5 s at 
72℃. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used as a housekeeping 
gene to normalize the data. The primer details 
can be found in Table S1.

Immunofluorescence and immunohistochem-
istry

For immunofluorescence, tumor samples were 
frozen in OCT compound and cut into 5-µm-thick 
sections. The tissue slices were fixed in abso-
lute methanol for 5 min at -20℃. The antibod-
ies used for murine tissue immunostaining 
were as follows: anti-F4/80 (#ab6640, Abcam) 
and anti-CD206 (#ab64693, Abcam). The sec-
tions were then incubated with the appropriate 
fluorophore-conjugated secondary antibodies 
(Alexa 594- or 488-conjugated, Bioss), and the 
nuclei were counterstained with DAPI (#C1002, 
Beyotime). The samples were mounted using 
fluorescent mounting medium (#36307ES25, 
Yeasen). All immunofluorescence images were 
acquired and analyzed using a Leica SPEII  
confocal laser-scanning microscope (Leica 
Microsystems). Image acquisition was per-
formed with the same laser power, gain, and 
offset settings. Multiple independent fields (15-
20 for every section; 20× or 40× magnification) 
of each tumor section were randomly chosen 
and analyzed for at least three tumors for each 
experimental condition. Image quantification 
was performed using NIH ImageJ, and the data 
are expressed as the fluorescence area.

For immunohistochemistry, paraffin-embedded 
sections were deparaffinized and treated with 
antigen retrieval solution. The tissue sections 
were incubated with endogenous peroxidase 
blockers and then in blocking buffer (5% goat 
serum in PBS). The sections were incubated 
overnight at 4℃ in an antibody mixture (#9028, 
Origene) containing primary antibodies against 
Zeb1 (#ab87280, Abcam), Cxcl1 (#12335-1-AP, 
Proteintech) and CD163 (#ab182422, Abcam), 
followed by incubation with biotinylated sec-
ondary antibodies (#9001, Origene). Standard 
DAB (#9019, Origene) was used for the detec-
tion of HRP activity. The slides were counter-
stained with hematoxylin, dehydrated and 
mounted. Microarrays of human breast cancer 
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tissues (HBreD136Su02 and OD-CT-RpBre01- 
006) were obtained from Shanghai Outdo 
Biotech Co., Ltd. (Shanghai, China).

Cell migration assay

To analyze macrophage migration, we used a 
Transwell migration system. The macrophages 
were plated in the inner wells. Conditional 
medium (CM) supplemented with 10% FBS was 
added to the outer wells. Using ImageJ, the 
migrated cells were counted at 20 h by fixation 
with 4% formaldehyde and staining with crystal 
violet.

Chromatin immunoprecipitation (ChIP) and 
sequential ChIP assays

The ChIP assay was performed using an EZ-ChIP 
kit (#17-371, Millipore) according to the manu-
facturer’s instructions. Briefly, the cells were 
fixed in 37% formaldehyde for 10 min, and the 
reaction was quenched with 0.125 M glycine 
for 5 min. The cells were then washed three 
times with ice-cold PBS and lysed in lysis buffer 
supplemented with a protease inhibitor cock-
tail for 20 min on ice. Sonication was performed 
to fragment the DNA in the cell lysates into 200 
to 1,000-bp fragments. After centrifugation, 
the supernatants were precleared with protein 
A/G beads at 4℃ for 1 h. As an input control, 
2.5% of the sheared chromatin was utilized; the 
remaining chromatin was incubated overnight 
in the presence of antibodies against Zeb1 
(#21544-1-AP, Proteintech), acetyl-histone H3 
(Lys4; #ab176799, Abcam), acetyl-histone H3 
(Lys14; #ab52946, Abcam), acetyl-histone H3 
(Lys18; #ab177870, Abcam) and an IgG isotope 
control (#sc-2763, Santa Cruz) at 4℃ under 
rotation, followed by another incubation with 
protein A/G beads (#sc-2003, Santa Cruz) for 1 
h at 4℃. After one wash with low-salt wash buf-
fer, one wash with high-salt wash buffer, one 
wash with LiCl wash buffer and two washes 
with TE buffer, the bead-bound chromatin was 
eluted twice with elution buffer (1% SDS and 
0.1 M NaHCO3). The eluted DNA-protein com-
plexes were incubated with 0.2 M NaCl over-
night at 65℃, RNase A for 30 min at 37℃ and 
proteinase K for 1.5 h at 45℃. The bound DNA 
was purified using spin columns and then sub-
jected to PCR analysis.

For sequential ChIP assays, after sequential 
washes, half of the beads were eluted and 
saved for subsequent assays. Half of the beads 

were eluted with 2% DTT buffer at 37℃ for 30 
min. The supernatants were incubated with  
an anti-CBP antibody (#7389, Cell Signaling 
Technology), an anti-p300 antibody (#70088, 
Cell Signaling Technology) and an IgG isotope 
control overnight at 4℃, followed by incubation 
with protein A/G beads for 1 h at 4℃. The chro-
matin bound to the beads was sequentially 
washed with low- and high-salt wash buffers, 
LiCl wash buffer, and TE buffer (twice) and elut-
ed twice with elution buffer. The eluted DNA-
protein complexes and the resulting bound 
DNA were treated as described above. The 
sequences of the primers used are listed in 
Table S1.

Immunoblotting and co-immunoprecipitation 
(Co-IP) assays

RIPA buffer supplemented with protease inhibi-
tor cocktail (#87786, Thermo Fisher) was used 
to lyse the cells for immunoblot analysis. The 
cell lysates were subjected to immunoblotting 
using antibodies against Zeb1 (#21544-1-AP, 
Proteintech), CBP (#7389, Cell Signaling 
Technology), p300 (#70088, Cell Signaling 
Technology) and β-actin (#sc-47778, Santa 
Cruz), followed by incubation with appropriate 
HRP-conjugated secondary antibodies.

For the IP assays, cells were harvested and 
lysed on ice for 30 min in RIPA buffer contain-
ing a protease inhibitor cocktail. The sonicated 
cell lysates were clarified, incubated with anti-
bodies against Zeb1 (#21544-1-AP, Proteintech) 
and then incubated with precleared protein 
A/G agarose beads. The immunocomplexes 
were subjected to immunoblotting using anti-
bodies against CBP, p300 and Zeb1.

Dual-luciferase reporter assay

Fragments of the human Cxcl1 promoter (-1600 
~ +71) and truncated mutants were subcloned 
and inserted into the pGL3 basic luciferase 
reporter vector (#E1751, Promega) by PCR. The 
Cxcl1 reporter constructs and control pRL-TK 
Renilla luciferase constructs were co-transfect-
ed into wild-type or Zeb1-expressing MDA-
MB-231 cells. Dual-luciferase reporter assays 
were performed according to the manufactur-
er’s instructions (#E1910, Promega).

Enzyme-linked immunosorbent assay (ELISA)

ELISAs were used to measure the concentra-
tions of chemokines secreted by M1 and M2 
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macrophages. To measure chemokine levels, 
mouse serum was collected from the orbital 
plexus and incubated at room temperature for 
30 min before being centrifuged for 15 min at 
3500 RPM, and the supernatant was collected 
for analysis. All the samples were processed 
and analyzed according to the manufacturer’s 
instructions. The results were obtained using a 
microplate spectrophotometer.

Statistical analysis

All the data were presented as the mean ± 
standard error of the mean (SEM). One-way 
ANOVA with Bonferroni’s test was used for mul-
tiple-group analyses, and an unpaired Student’s 
t-test was used to compare two groups. The P 
value was calculated by the log-rank test. 
Differences were considered statistically sig-
nificant if P < 0.05.

Results

Zeb1 functions in the remodeling of the immu-
nosuppressive TME

To identify the potential role of Zeb1 in foster-
ing the tumor immune microenvironment, we 
crossed the floxed Zeb1 allele homozygously 
into PyMT mice to generate PyMT;Zeb1cKO mice 
[43] and examined the percentages of TAMs, 
M-MDSCs and G-MDSCs, which are the main 
tumor immunosuppressive cells in the TME, 
using FACS analysis (Figure 1A). The results 
showed that the proportion of TAMs dramati-
cally decreased upon Zeb1 depletion, whereas 
those of M-MDSCs and G-MDSCs did not 
(Figure 1B). Moreover, we found that the 
expression of M2-like TAM markers, including 
CD206, Arg1, CCL22 and IL-10, was downregu-
lated in F4/80+ TAMs derived from PyMT;Zeb1cKO 
tumors; however, the expression of M1-like TAM 
markers, such as TNF-α and IL-1β, was 
increased (Figure 1C). Accordingly, the immu-
nofluorescence assay further revealed that 
tumors with Zeb1 depletion exhibited fewer 
F4/80+/CD206+ M2-like TAMs in the TME 
(Figure 1D), highlighting a potential correlation 
between endogenous Zeb1 dysregulation and 
the development of an immunosuppressive 
TME in breast cancer.

Next, we extracted PMs from C57BL/6 mice, 
followed by treatment with CM from the primary 
tumor cells of PyMT;Zeb1cKO and PyMT mice. 
The analysis of qPCR revealed that the expres-

sion of M2-like TAM markers (CD206, Arg1, 
CCL22 and IL-10) was reduced in PMs treated 
with CM from PyMT;Zeb1cKO tumor cells, where-
as the expression of M1-like TAM markers (TNF-
α and IL-1β) was not markedly altered (Figure 
1E). Consistently, the inhibition of M2-like phe-
notypes was further confirmed by FACS analy-
sis, showing that the percentages of CD206+ 
(Figure 1F) and TGF-β1+ (Figure 1G) cells were 
reduced in PMs treated with CM from 
PyMT;Zeb1cKO tumor cells compared with those 
in the PyMT control. Transwell assays also dem-
onstrated that cell migration was strongly 
impeded in PMs by treatment with CM from 
PyMT;Zeb1cKO tumor cells (Figure 1H).

In addition, we established gain- (Figure 1I) and 
loss-of-function (Figure S1A) of Zeb1 in MDA-
MB-231 human breast cancer cells. The results 
revealed that the phenotypes of M2-like TAM 
polarization were markedly increased in PMA-
primed THP1 cells cultured in CM from Zeb1-
expressing MDA-MB-231 cells (Figure 1J-M), 
whereas these effects were weakened by Zeb1 
depletion (Figure S1B-E). These experiments 
were also performed in SUM-159 cells and sim-
ilar results were obtained (Figures S2 and S3). 
Together, our observations demonstrated that 
Zeb1-dependent paracrine action is involved in 
M2-like TAM polarization, which results in the 
development of an immunosuppressive TME in 
breast cancer.

Zeb1 transcriptionally activates Cxcl1

Consequently, we investigated the molecular 
mechanism by which Zeb1 regulated M2-like 
TAM polarization. For this purpose, primary 
tumor cells were isolated from PyMT;Zeb1cKO 
and PyMT mice for RNA sequencing. The results 
demonstrated that the expression of various 
paracrine factors was reduced by the loss of 
Zeb1 expression in PyMT;Zeb1cKO tumor cells, 
especially with significant alterations in the 
expression of CCL5, IL23a, and Cxcl1 (Figure 
S4A). Taken together with the RNA sequencing 
analysis of MDA-MB-231 cells with Zeb1 knock-
down, the mRNA level of Cxcl1 was consistently 
decreased (Figure S4B), suggesting that Zeb1 
might promote M2-like TAM polarization by 
modulating Cxcl1 production. Indeed, qPCR 
(Figure 2A) and ELISA (Figure 2B) further con-
firmed that Zeb1 depletion strongly decreased 
Cxcl1 expression at both the mRNA and protein 
levels in PyMT;Zeb1cKO tumor cells, which was 
further validated in MDA-MB-231 cells with 
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Figure 1. Zeb1 regulates the M2-like polarization of TAMs. (A) Flow chart of immunosuppressive cell dissociation. 
(B) Flow cytometry analysis of immunosuppressive cells in breast cancer tissues (n = 4 for both the PyMT group 
and the PyMT;Zeb1cKO group). (C) Relative mRNA levels of M1- and M2-TAM markers in F4/80+ macrophages sorted 
from breast cancer tissues (n = 4 for both the PyMT group and the PyMT;Zeb1cKO group). (D) Immunofluorescence 
staining for F4/80 and CD206 in breast cancer tissues (n = 5 for both the PyMT group and the PyMT;Zeb1cKO group). 
(E) Relative mRNA levels of M1- and M2-TAM markers in peritoneal macrophages treated with CM from primary 
cancer cells (n = 5 for both the PyMT group and the PyMT;Zeb1cKO group). (F, G) Flow cytometry analysis of CD206+ 
(F) and TGF-β1+ (G) cells in peritoneal macrophages treated with CM from primary cancer cells (n = 5 for both the 
PyMT group and the PyMT;Zeb1cKO group). (H) Analysis of the migration of peritoneal macrophages treated with CM 
from primary cancer cells using the Transwell assay (n = 5 for both the PyMT group and the PyMT;Zeb1cKO group). 
(I) Western blotting analysis of Zeb1 expression in Zeb1-expressing MDA-MB-231 cells. (J) Relative mRNA levels of 
M1- and M2-TAM markers in THP1 macrophages treated with CM from Zeb1-expressing MDA-MB-231 cells. (K, L) 
Flow cytometry analysis of CD206+ (K) and TGF-β1+ (L) THP1 macrophages treated with CM from Zeb1-expressing 
MDA-MB-231 cells. (M) Transwell assay analysis of the migration of THP1 macrophages treated with CM from Zeb1-
expressing MDA-MB-231 cells. The indicated P values were calculated using two-tailed unpaired Student’s t-tests. 
The data are presented as the mean ± SEM in (B-H). The dots represent individual samples in (B-H). The data are 
representative of four (B, C), five (D-H) or three (J-M) independent experiments. Source data are provided as a 
source data file.

Zeb1 knockdown (Figure S5). In contrast, we 
demonstrated that MDA-MB-231 cells with 
ectopic Zeb1 expression presented increased 
mRNA expression (Figure 2C) and protein 
secretion (Figure 2D) of Cxcl1. These experi-
ments were also performed in SUM-159 cells 
and similar results were obtained (Figures S6 
and S7).

Next, to test whether Zeb1 transcriptionally reg-
ulates the gene expression of Cxcl1, we con-
structed a luciferase reporter plasmid contain-
ing an approximately -1600/+71 region of the 
wild-type human Cxcl1 promoter (Figure 2E), 
which has two canonical E2-box elements 
(CAGGTG) at positions -1413/-1408 and -296/-
291 for the recruitment of Zeb1 [44]. A lucifer-
ase assay indicated that Zeb1 overexpression 
increased the activity of the wild-type Cxcl1  
promoter in MDA-MB-231 cells (Figure 2E). 
Deletion or site-directed mutagenesis of either 
E2 box did not markedly affect Zeb1-induced 
transcriptional activation of the Cxcl1 promoter, 
whereas simultaneous deletion or mutation of 
both E2 boxes completely abolished this effect 
(Figure 2E and 2F). Notably, quantitative ChIP 
analysis demonstrated that endogenous Zeb1 
was able to be recruited to both E2-box ele-
ments in the promoter of Cxcl1 (Figure 2G). 
Given that transcription factors might activate 
target genes by recruiting coactivators to pro-
mote histone acetylation at the promoters of 
these genes [45], we performed a Co-IP assay 
and found that endogenous Zeb1 was physi-
cally associated with the histone acetyltrans-
ferases CREB-binding protein (CBP) and p300 
in MDA-MB-231 cells (Figure 2H). Consequently, 
Zeb1 overexpression led to a marked increase 

in histone acetylation, including histone H3 
lysine 4 acetylation (H3K4Ac), H3K14Ac and 
H3K18Ac in the promoter of Cxcl1 in an E2 box-
dependent manner (Figure 2I). ChIP-on-ChIP 
analysis further indicated that Zeb1, CBP and 
p300 co-occupied the promoter of Cxcl1 
(Figure 2J and 2K), suggesting that CBP/p300 
interacts with Zeb1 in the promoter of Cxcl1 
and thus induces its transcriptional activation 
in breast cancer cells.

Zeb1-induced Cxcl1 production contributes to 
M2-like TAM polarization

Subsequently, we sought to validate whether 
cancer cell-derived Cxcl1 can modulate the 
M2-like polarization of TAMs. Thus, PMs were 
treated with CM from PyMT;Zeb1cKO or PyMT 
tumor cells in the presence or absence of a 
Cxcl1 neutralizing antibody. The results of qPCR 
(Figure 3A), FACS (Figure 3B and 3C) and 
Transwell (Figure 3D) assays demonstrated th- 
at preincubation with the Cxcl1-neutralizing an- 
tibody significantly blocked M2-like TAM polar-
ization, including M2-related marker expres-
sion and cell migration, in PMs after treatment 
with CM from PyMT tumor cells; however, these 
effects were attenuated in PMs incubated with 
CM from PyMT;Zeb1cKO tumor cells. We also 
performed these experiments in MDA-MB-231 
(Figure 3E-H) and SUM-159 (Figure S8) cells 
overexpressing Zeb1, confirming that Cxcl1 de- 
rived from breast cancer cells with ectopic 
Zeb1 expression predominantly contributes to 
M2-like TAM polarization.

To further examine the immunosuppressive 
effects of M2-like TAMs induced by Cxcl1, we 
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Figure 2. Zeb1 transcriptionally activates Cxcl1. (A) Relative mRNA levels of Cxcl1 in breast cancer tissues (n = 5 
for both the PyMT group and the PyMT;Zeb1cKO group). (B) Analysis of the Cxcl1 concentration in CM by ELISA (n = 5 
for both the PyMT group and the PyMT;Zeb1cKO group). (C) Relative mRNA levels of Cxcl1 in Zeb1-expressing MDA-
MB-231 cells. (D) Analysis of the Cxcl1 concentration in CM from Zeb1-expressing MDA-MB-231 cells via ELISA. (E) 
Luciferase assays of the wild-type (-1600/+71) and truncated Cxcl1 promoters in Zeb1-expressing MDA-MB-231 
cells. (F) Luciferase assays of the wild-type Cxcl1 promoter (-1600/+71) and E2 box element-mutated Cxcl1 promot-
ers in Zeb1-expressing MDA-MB-231 cells. (G) ChIP assays showing the recruitment of Zeb1 to E2 box elements in 
the endogenous Cxcl1 promoter in MDA-MB-231 cells. (H) Co-IP analysis of the interaction between ZEB1 and P300 
or CBP in MDA-MB-231 cells. (I) ChIP assays showing the recruitment of K4-, K14- and K18-acetylated α-histone H3 
to E2-box elements in the endogenous Cxcl1 promoter in Zeb1-expressing MDA-MB-231 cells. (J, K) ChIP-on-ChIP 
analysis showing the co-occupation of E2-box elements in the endogenous Cxcl1 promoter by Zeb1 with either CBP 
(J) or P300 (K) in MDA-MB-231 cells. The indicated P values were calculated using two-tailed unpaired Student’s 
t-tests. The data are presented as the mean ± SEM in (A, B). The dots represent individual samples in (A, B). The 
data are representative of five (A, B) or three (C-K) independent experiments. Source data are provided as a source 
data file.
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Figure 3. Zeb1-induced Cxcl1 production contributes to M2-like TAM polarization. (A) Relative mRNA levels of M2-
TAM markers in peritoneal macrophages treated with CM from primary cancer cells in the presence of a Cxcl1-
neutralizing antibody (n = 5 for both the PyMT group and the PyMT;Zeb1cKO group). (B, C) Flow cytometry analysis 
of CD206+ (B) and TGF-β1+ (C) cells in peritoneal macrophages treated with CM from primary cancer cells in the 
presence of a Cxcl1-neutralizing antibody (n = 5 for both the PyMT group and the PyMT;Zeb1cKO group). (D) Transwell 
assay analysis of the migration of peritoneal macrophages treated with CM from primary cancer cells in the pres-
ence of a Cxcl1-neutralizing antibody (n = 5 for both the PyMT group and the PyMT;Zeb1cKO group). (E) Relative mRNA 
levels of M1- and M2-TAM markers in THP1 macrophages treated with CM from Zeb1-expressing MDA-MB-231 cells 
in the presence of a Cxcl1-neutralizing antibody. (F, G) Flow cytometry analysis of CD206+ (F) and TGF-β1+ (G) THP1 
macrophages treated with CM from Zeb1-expressing MDA-MB-231 cells in the presence of a Cxcl1-neutralizing 
antibody. (H) Analysis of the migration of THP1 macrophages treated with CM from Zeb1-expressing MDA-MB-231 
cells in the presence of a Cxcl1-neutralizing antibody via the Transwell assay. (I, J) Flow cytometry analysis of CFSE+ 
cells among CD8+ (I) and CD4+ (J) T cells co-cultured with peritoneal macrophages treated with rmCxcl1. (K) Relative 
mRNA levels of TNF-α and IFN-γ in CD8+ T cells co-cultured with peritoneal macrophages treated with rmCxcl1. The 
indicated P values were calculated using two-tailed unpaired Student’s t-tests. The data are presented as the mean 
± SEM in (A-H). The dots represent individual samples in (A-D). The data are representative of five (A-D) or three (E-K) 
independent experiments. Source data are provided as a source data file.

stimulated CD8+ and CD4+ T cells with anti-
CD3/CD28 antibodies and recombinant mouse 
IL2 (rmIL-2) followed by coculture with PMs in 
the presence or absence of recombinant mo- 
use Cxcl1 (rmCxcl1). The results of FACS analy-
sis showed that the proliferation of both acti-
vated CD8+ (Figure 3I) and CD4+ (Figure 3J) T 
cells were strongly inhibited by rmCxcl1-pre-
treated PMs. Similarly, the mRNA levels of  
cytotoxic TNF-α and IFN-γ, two cytokines with 
documented immunostimulatory and antitumor 
activity [46, 47], were also decreased in acti-
vated CD8+ T cells cocultured with PMs in the 
presence of rmCxcl1 (Figure 3K). Together, 
these observations demonstrated a Zeb1-

Cxcl1-dependent paracrine mechanism that is 
involved in the development of an immunosup-
pressive TME.

Tumor cell-derived Cxcl1 is predominantly re-
sponsible for M2-like TAM polarization in the 
TME

In addition, to determine the role of the Zeb1-
Cxcl1 axis in tumor progression in vivo, we 
established allograft models in female C57BL/6 
mice using breast cancer cells from PyMT and 
PyMT;Zeb1cKO mice, followed by treatment wi- 
th a Cxcl1-neutralizing antibody (Figure 4A). 
Compared with that of PyMT allografts, the 
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Figure 4. Tumor cell-derived Cxcl1 is predominantly responsible for M2-TAM polarization in the TME. (A) Represen-
tative image of tumors dissected from a xenograft mouse model treated with a Cxcl1-neutralizing antibody. (B, C) 
The volume (B) and weight (C) of tumors generated by parental primary tumor cell injection into the mammary fat 
pads of C57BL/6 mice. (D) Immunofluorescence staining for F4/80 and CD206 in breast cancer tissues (n = 5 for 
the PyMT group, the PyMT+anti-Cxcl1 group, the PyMT;Zeb1cKO group, and the PyMT;Zeb1cKO+anti-Cxcl1 group). (E) 
Representative image of tumors dissected from xenograft mice model with or without Cxcl1-neutralizing antibody 
treatment. (F, G) The volume (F) and weight (G) of tumors generated by parental primary tumor cell injection into the 
mammary fat pads of C57BL/6 mice with or without Cxcl1-neutralizing antibody treatment. (H) Immunofluorescence 
staining for F4/80 and CD206 in breast cancer tissues (n = 5 for the PyMT group, the PyMT;Zeb1cKO group, the 



Involvement of Zeb1-Cxcl1 axis in breast cancer immune escape

4390 Am J Cancer Res 2024;14(9):4378-4397

growth of allografts established with Py- 
MT;Zeb1cKO tumor cells was significantly reduc- 
ed. Importantly, the addition of Cxcl1-neutrali- 
zing antibody resulted in obvious tumor regres-
sion in PyMT allografts, whereas these effects 
were not as evident in allografts established 
with PyMT;Zeb1cKO tumor cells (Figure 4B, 4C). 
Consistently, the immunofluorescence assay 
further revealed a decrease in the percentage 
of F4/80+/CD206+ M2-like TAMs in tumors 
from PyMT allografts upon Cxcl1-neutralizing 
antibody treatment, which was strongly attenu-
ated by Zeb1 depletion in PyMT;Zeb1cKO tu- 
mors (Figure 4D). These results indicated that 
breast cancer cell-derived Zeb1 promotes M2- 
like TAM polarization via a Cxcl1-dependent 
mechanism.

To further determine whether Cxcl1 from tumor 
cells plays a key role in Zeb1-regulated tumor 
growth in vivo, we constructed a breast cancer 
allograft model using female Cxcl1+/+ and  
Cxcl1-/- C57BL/6 mice with primary tumor cells 
from PyMT;Zeb1cKO and PyMT mice. Notably, 
the loss of Zeb1 markedly inhibited tumor 
growth in allografts established with PyMT; 
Zeb1cKO tumor cells compared with that estab-
lished with PyMT tumor cells, regardless of 
Cxcl1 expression in the recipient mice (Figure 
4E-G). Taken together with the immunofluo- 
rescence results showing that tumors from 
both Cxcl1+/+ and Cxcl1-/- mice with Zeb1 deple-
tion exhibited decreased numbers of F4/80+/
CD206+ M2-like TAMs (Figure 4H), these obser-
vations revealed that Zeb1-induced Cxcl1 pro-
duction from breast cancer cells predominantly 
contributes to tumor development.

Cxcl1 induces M2-like TAM polarization via Jak-
Stat3 signaling

To further identify the potential mechanism 
involved in Cxcl1-induced M2-like TAM polariza-
tion, we isolated total RNA from PMA-primed 
THP1 cells by treatment with rhCxcl1 and per-
formed RNA sequencing. The gene set enrich-
ment analysis (GSEA) confirmed that rhCxcl1 
treatment was significantly associated with the 
M2-like TAM signature and Jak-Stat signature 
(Figure 5A). Previous reports have shown that 
Jak2/Stat3 activation modulates the signal 

transduction of Cxcr2, a chemokine receptor 
for Cxcl1, to support M2-like TAM polarization 
[48]. Hence, western blotting analysis revealed 
that the expression of activated Stat3 increas- 
ed in PMA-primed THP1 cells treated with rhCx-
cl1, whereas this effect was reversed by the 
addition of either the Cxcr2 inhibitor Elubrixin 
or the Stat3 inhibitor Stattic (Figure 5B). Simi- 
larly, qPCR (Figure 5C) and Transwell (Figure 
5D) assays revealed that the expression of M2 
markers and cell migration increased in PMA-
primed THP1 cells treated with rhCxcl1; howev-
er, these effects were abolished by treatment 
with Elubrixin and Stattic, respectively.

Consequently, we cocultured CD8+ or CD4+ T 
cells with Cxcl1-pretreated PMs in the presence 
or absence of Stattic. FACS analysis showed 
that Cxcl1-pretreated PMs significantly inhibit-
ed the proliferation of CD8+ (Figure 5E) and 
CD4+ (Figure 5F) T cells, while these effects 
were blocked by Stattic. In consistent, the re- 
sults of qPCR demonstrated that the expres-
sion of TNF-α (Figure 5G) and IFN-γ (Figure 5H) 
was markedly decreased in CD8+ T cells cocul-
tured with PMs in the presence of Cxcl1, which 
was further attenuated upon Stattic treatment. 
Taken together, our observations revealed that 
Cxcl1 promotes M2-like TAM polarization by 
activating Cxcr2-Jak-Stat3 signaling.

The expression of Zeb1 and Cxcl1 is positively 
correlated with M2-like TAM polarization in 
breast cancer patients

To further examine the pathological associa-
tions among Zeb1, Cxcl1 and M2-like TAM 
polarization, we performed immunohistochemi-
cal staining for Zeb1, Cxcl1 and CD163 (an 
M2-like TAM marker) in human primary breast 
cancer samples from 215 patients. As shown in 
Figure 6A, the subjects were divided into two 
groups based on their Zeb1 expression score. 
The results demonstrated strong positive cor-
relations among the expressions of Zeb1, Cxcl1 
and CD163 (Figure 6B-D). Notably, survival rate 
analysis indicated that cancer patients with 
concomitantly high expression of Zeb1, Cxcl1 
and CD163 in their tumors had shorter overall 
survival than those with low Zeb1, Cxcl1 and 

PyMT+Cxcl1-/- group, and the PyMT;Zeb1cKO+Cxcl1-/- group). The indicated P values were calculated using two-tailed 
unpaired Student’s t-tests. The data are presented as the means ± SEMs in (B-D) and (F-H). The dots represent 
individual samples in (C-D) and (G-H). The data are representative of five (A-H) independent experiments. Source 
data are provided as a source data file.
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Figure 5. Cxcl1 induces M2-type TAM polarization via Jak-Stat3 signaling. (A) GSEA of transcriptome data from 
THP1_Cxcl1 vs. THP1 cells showing enrichment of gene signatures associated with M2-like polarization and the Jak-
Stat pathway in THP1_Cxcl1 cells. (B) Western blotting analysis of Stat3 and phosphorylated Stat3 (pStat3) levels 
in THP1 macrophages treated with rhCxcl1 in the presence of either the Cxcr2 or Stat3 inhibitor. (C) Relative mRNA 
levels of M2-TAM markers in THP1 macrophages treated with rhCxcl1 in the presence of either the Cxcr2 or Stat3 
inhibitor. (D) Transwell migration assay of THP1 macrophages treated with rhCxcl1 in the presence of either the 
Cxcr2 or Stat3 inhibitor. (E, F) Flow cytometry analysis of CFSE+ cells among CD8+ (E) and CD4+ (F) T cells cocultured 
with peritoneal macrophages treated with rmCxcl1 in the presence of Stat3 inhibitor. (G, H) Relative mRNA levels 
of TNF-α and IFN-γ in CD8+ T cells cocultured with peritoneal macrophages treated with rmCxcl1 in the presence 
of Stat3 inhibitor. The indicated P values were calculated using two-tailed unpaired Student’s t-tests. The data are 
presented as the mean ± SEM in (C-H). Source data are provided as a source data file.
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Figure 6. Zeb1 and Cxcl1 expression is positively correlated with M2-like TAM polarization in breast cancer patients. 
A. Immunohistochemistry staining images of Zeb1, Cxcl1 and CD163 from serial sections of the same tumor from 
two distinct cases. B-D. Positive associations between the expression of Zeb1, Cxcl1 and CD163 in 215 breast 
cancer samples. E-G. The overall survival of patients with high or low expression of Zeb1, Cxcl1 or CD163, as de-
termined by Kaplan-Meier analysis. The indicated P values were calculated using the log-rank test. Source data are 
provided as a source data file.

CD163 expression (Figure 6E-G). Taken togeth-
er, these observations revealed that aberrant 
function of the Zeb1-Cxcl1 axis might contrib-
ute to M2-like TAM polarization in the TME, 
which could be used to predict poor clinical out-
comes in breast cancer patients.

Discussion

TAMs, which display M2-like properties, are 
thought to play a pivotal role in the crosstalk 
between cancer cells and their TME. Identifying 
the oncogenic signaling pathways that instruct 
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cancer cells to educate TAMs could lead to the 
development of improved antineoplastic thera-
pies. According to our findings, breast cancer 
cell-derived Zeb1 contributes to the M2-like 
polarization of TAMs through the paracrine 
action of Cxcl1, thereby suppressing the anti-
cancer immune response and facilitating can-
cer progression. Mechanistically, the binding of 
Zeb1 to the Cxcl1 promoter leads to the tran-
scriptional activation of Cxcl1 in breast cancer 
cells, which subsequently triggers Cxcr2-Jak-
Stat3 signaling and thus induces the M2-like 
polarization of TAMs. Therefore, we have dem-
onstrated an alternative mechanism of Zeb1-
mediated Cxcl1 production, which is involved in 
reprogramming of the immunosuppressive TME 
to drive breast tumorigenesis.

Several mechanisms have been established to 
contribute to the ability of Zeb1 to promote can-
cer progression [32, 36]. Furthermore, our 
results concerning the occurrence of Zeb1-
dependent TME reprogramming revealed that 
Zeb1 has regulatory potential beyond its effect 
on EMT and is also linked to additional onco-
genic processes, including the M2-like polariza-
tion of TAMs. At the molecular level, we found 
that Zeb1 promotes M2 polarization of macro-
phages to facilitate the immune escape of 
breast cancer cells by inducing the paracrine 
production of Cxcl1. Consistent with our hypoth-
esis, Zeb1 is also involved in M2 macrophage 
polarization in ovarian cancer, which is mediat-
ed through a specific CCL18-Zeb1-M-CSF feed-
back loop that stimulates tumor-macrophage 
interplay [48]. This discrepancy may be attribut-
able to the different approaches used for 
screening: in that study, a cytokine array with 
CM was used to screen out M-CSF, whereas in 
our investigation, Cxcl1 was screened by tran-
scriptome sequencing with primary PyMT tumor 
cells in combination with MDA-MB-231 cells. 
Moreover, we previously identified that through 
the secretion of lactate, an aerobic glycolytic 
metabolite, Zeb1 confers M2 macrophage po- 
larization in breast cancer [49]. These findings 
collectively shed new light on the important 
role of cancer cell-intrinsic Zeb1 in TME repro-
gramming via paracrine action. In this process, 
Zeb1 most likely facilitates the recruitment of 
immunosuppressive cells by regulating the ex- 
pression of specific chemokines such as Cxcl1 
in breast, colorectal and pancreatic cancers 
[50-53]. Indeed, we also found that knockout of 

Zeb1 reduced the proportion of immunosup-
pressive M-MDSCs and G-MDSCs in tumors 
from PyMT;Zeb1cKO mice.

A protumoral TME is formed when immunosup-
pressive cells are attracted to chemokine-
releasing macrophages or cancer cells [50, 52, 
54]. In particular, protumoral M2-like TAMs 
tend to accumulate in Cxcl1-rich areas of the 
TME, and this process contributes to tumori-
genesis [54, 55]. However, exactly how Cxcl1 
educates the M2-like TAMs has remained large-
ly unclear. In this study, we proposed a poten-
tial mechanism by which Zeb1-induced Cxcl1 
expression potentiates the protumoral function 
of M2-like TAMs through binding to the Cxcr2 
receptor on macrophages and subsequently 
triggering the Jak2-Stat3 signaling pathway. In 
consistent, as the cognate receptor for Cxcl 
chemokines, Cxcr2 also confers the M2-like 
TAM phenotypes in glioblastoma and colorectal 
cancer [47, 51]. Notably, our present study 
identifying the pivotal role of Zeb1-Cxcl1-in- 
duced activation of Stat3 signaling in TAMs 
might offer additional approaches for targeting 
immunosuppressive TAMs in breast cancer.

Interestingly, as a product of macrophages, 
Cxcl1 also recruits neutrophils to establish an 
immunosuppressive environment and thus pro-
motes cancer metastasis [51]. Moreover, these 
findings indicate that Cxcl1 secreted by macro-
phages might promote their own M2 polariza-
tion to form positive feedback in the TME. 
Indeed, our results showed that knockout of 
host Cxcl1 did not significantly affect tumor 
growth or the proportion of M2 macrophages, 
which does not rule out the potential role of 
macrophage-derived Cxcl1 in the polarization 
of M2-like TAMs.

There are several limitations in this study. To 
validate our mechanism clinically, we examined 
the expression of Zeb1, Cxcl1 and CD163 in 
human breast cancer samples via immunohis-
tochemical staining. However, we detected the 
total expression of Cxcl1 in tumor tissues rath-
er than the secreted Cxcl1 level because of 
technological limitations. Although we measur- 
ed the secretion of Cxcl1 from PyMT;Zeb1cKO 
primary tumor cells and human breast cancer 
cell lines with aberrant Zeb1 expression, Cxcl1 
production in the blood serum of breast cancer 
patients should be further validated.
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In summary, our findings demonstrated that 
breast cancer cells with ectopic Zeb1 produxce 
elevated Cxcl1, thus conferring immunosup-
pressive properties to tumors in a paracrine-
dependent manner. Importantly, our study 
identified potential therapeutic approaches 
that disrupt Zeb1-induced M2-like polarization 
of TAMs and tumorigenesis, which ultimately 
leads to improved cancer outcomes in patients 
with aggressive breast cancer.
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Table S1. Primer sequences and shRNA used in this study
Gene Primer (5’-3’)
mCD206 Forward ACGCAGTGGTTGGCAGTGGG

Reverse TTGCCAGGTCCCCACCCTCC
mArg1 Forward CAGTCTGGCAGTTGGAAGC

Reverse TTGGCAGATATGCAGGGAG
mCCL22 Forward CAGGCAGGTCTGGGTGAA

Reverse TAAAGGTGGCGTCGTTGG
mIL10 Forward CAACATACTGCTAACCGACTC

Reverse CATGGCCTTGTAGACACCT
mTNFα Forward CCTCTTCTCATTCCTGCTTG

Reverse CACTTGGTGGTTTGCTACG
mIL1β Forward ATCCAGCTTCAAATCTCGC

Reverse ATCTCGGAGCCTGTAGTGC
hCD206 Forward GGGTTGCTATCACTCTCTATGC

Reverse TTTCTTGTCTGTTGCCGTAGTT
hMMP9 Forward ATGCGTGGAGAGTCGAAATC

Reverse TACACGCGAGTGAAGGTGAG
hIL10 Forward GGTTGCCAAGCCTTGTCTGA

Reverse GGGAGTTCACATGCGCCT
hArg1 Forward ACCATAGGGATTATTGGAGC

Reverse TGTCATTAGGGATGTCAGCA
hCCL22 Forward AGCCAATGAAGAGCCTAC

Reverse GCAGAGGATGGGTTAGAG
hTNFα Forward CGAGTGACAAGCCTGTAGCC

Reverse TGAAGAGGACCTGGGAGTAGAT
hIL1β Forward GCTTATTACAGTGGCAATGAGGAT

Reverse CCTCGTTATCCCATGTGTCG
mCxcl1 Forward GCACCCAAACCGAAGTCA

Reverse AAGCCAGCGTTCACCAGA
hCxcl1 Forward CCAAACCGAAGTCATAGCC

Reverse TTCCTCCTCCCTTCTGGTC
mIFNγ Forward AGCAACAACATAAGCGTCAT

Reverse CCTCAAACTTGGCAATACTC
GAPDH Forward GGAGCGAGATCCCTCCAAAAT

Reverse GGCTGTTGTCATACTTCTCATGG
hCxcl1-E2box1 Forward GGGGTAGAAACGGAGAGGCT

Reverse GCCCAGCTCAATAGGTAAGA
hCxcl1-E2box2 Forward CCTTCTCCGTTCCCAGCCCC

Reverse CGCCTTCTGCCCCAGATCCC
shZeb1-1 CGGCGCAATAACGTTACAAAT
shZeb1-2 GGCGCAATAACGTTACAAA
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Figure S1. (A) Western blotting of Zeb1 expression in Zeb1-interfered MDA-MB-231 cells. (B) Relative mRNA levels 
of M1- and M2-TAM markers in THP1 macrophages treated with CM from Zeb1-interfered MDA-MB-231 cells. (C, 
D) Flow cytometry analysis of CD206+ (C) and TGF-β1+ (D) cells in THP1 macrophages treated with CM from Zeb1-
interfered MDA-MB-231 cells. (E) Transwell migration assay in THP1 macrophages treated with CM from Zeb1-
interfered MDA-MB-231 cells. Indicated P-values were calculated using two-tailed unpaired Student’s t-test. Data 
are presented as mean ± SEM in (A-E). Data are representative of three (A-E) independent experiments. Source data 
are provided as a Source Data file.



Involvement of Zeb1-Cxcl1 axis in breast cancer immune escape

3 

Figure S2. (A) Western blotting of Zeb1 expression in Zeb1-expressing SUM-159 cells. (B) Relative mRNA levels of 
M1- and M2-TAM markers in THP1 macrophages treated with CM from Zeb1-expressing SUM-159 cells. (C, D) Flow 
cytometry analysis of (C) CD206+ and (D) TGF-β1+ cells in THP1 macrophages treated with CM from Zeb1-expressing 
SUM-159 cells. (E) Transwell migration assay in THP1 macrophages treated with CM from Zeb1-expressing SUM-
159 cells. Indicated P-values were calculated using two-tailed unpaired Student’s t-test. Data are presented as 
mean ± SEM in (A-E). Data are representative of three (A-E) independent experiments. Source data are provided as 
a Source Data file.
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Figure S3. (A) Western blotting of Zeb1 expression in Zeb1-interfered SUM-159 cells. (B) Relative mRNA levels of 
M1- and M2-TAM markers in THP1 macrophages treated with CM from Zeb1-interfered SUM-159 cells. (C, D) Flow 
cytometry analysis of (C) CD206+ and (D) TGF-β1+ cells in THP1 macrophages treated with CM from Zeb1-interfered 
SUM-159 cells. (E) Transwell migration assay in THP1 macrophages treated with CM from Zeb1-interfered SUM-159 
cells. Indicated P-values were calculated using two-tailed unpaired Student’s t-test. Data are presented as mean ± 
SEM in (A-E). Data are representative of three (A-E) independent experiments. Source data are provided as a Source 
Data file.

Figure S4. (A, B) RNA sequencing analysis of paracrine factors expressed in the indicated breast cancer tissues (A) 
and Zeb1-interfered MDA-MB-231 cells (B). Source data are provided as a Source Data file.



Involvement of Zeb1-Cxcl1 axis in breast cancer immune escape

5 

Figure S5. (A) Relative mRNA levels of Cxcl1 in Zeb1-interfered MDA-MB-231 cells. (B) ELISA analysis of Cxcl1 
concentration in CM from Zeb1-interfered MDA-MB-231 cells. Indicated P-values were calculated using two-tailed 
unpaired Student’s t-test. Data are presented as mean ± SEM in (A, B). Data are representative of three (A, B) inde-
pendent experiments. Source data are provided as a Source Data file.

Figure S6. (A) Relative mRNA levels of Cxcl1 in Zeb1-expressing SUM-159 cells. (B) ELISA analysis of Cxcl1 concen-
tration in CM from Zeb1-expressing SUM-159 cells. Indicated P-values were calculated using two-tailed unpaired 
Student’s t-test. Data are presented as mean ± SEM in (A, B). Data are representative of three (A, B) independent 
experiments. Source data are provided as a Source Data file.

Figure S7. (A) Relative mRNA levels of Cxcl1 in Zeb1-interfered SUM-159 cells. (B) ELISA analysis of Cxcl1 concen-
tration in CM from Zeb1-interfered SUM-159 cells. Indicated P-values were calculated using two-tailed unpaired 
Student’s t-test. Data are presented as mean ± SEM in (A, B). Data are representative of three (A, B) independent 
experiments. Source data are provided as a Source Data file.
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Figure S8. (A) Relative mRNA levels of M1- and M2-TAM markers in THP1 macrophages treated with CM from Zeb1-
expressing SUM-159 cells in the presence of a Cxcl1 neutralizing antibody. (B, C) Flow cytometry analysis of CD206+ 
(B) and TGF-β1+ (C) cells in THP1 macrophages treated with CM from Zeb1-expressing SUM-159 cells in the pres-
ence of a Cxcl1 neutralizing antibody. (D) Transwell migration assay in THP1 macrophages treated with CM from 
Zeb1-expressing SUM-159 cells in the presence of a Cxcl1 neutralizing antibody. Indicated P-values were calculated 
using two-tailed unpaired Student’s t-test. Data are presented as mean ± SEM in (A-D). Data are representative of 
three (A-D) independent experiments. Source data are provided as a Source Data file.


