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Abstract

Breast cancer is the leading cause of cancer death in female. Until now, advanced breast cancer is still lack effective treatment
strategies and reliable prognostic markers. In the present article, we introduced the physiologic and pathologic functions
and regulation mechanisms of ZBTB28, a tumor suppressor gene, in breast cancer. ZBTB28 is frequently silenced in breast
cancer due to promoter CpG methylation, and its expression is positively correlated with breast cancer patient survival.
The antineoplastic effect of ZBTB28 in breast cancer was elucidated through a series of in vitro and in vivo measurements,
including cell proliferation, apoptosis, cell cycle, epithelial mesenchymal transition (EMT), and growth of xenografts. Fur-
thermore, ZBTB28 can directly regulate IFNAR to activate interferon-stimulated genes and potentiate macrophage activation.
Ectopic ZBTB28 expression in breast cancer cells was sufficient to downregulate CD24 and CD47 to promote phagocytosis
of macrophages, demonstrating that ZBTB28 was beneficial for the combination treatment of anti-CD24 and anti-CD47.
Collectively, our results reveal a mode of action of ZBTB28 as a tumor suppressor gene and suggest that ZBTB28 is an
important regulator of macrophage phagocytosis in breast cancer, holding promise for the development of novel therapy
strategies for breast cancer patients.
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breast cancer, a great many of tumor suppressors or onco-
genes are regulated by cancer-related transcription factors
[4]. The latest study suggested that the inactivation of the
tumor suppressor gene is not only involved in tumorigen-
esis, but also contributed to tumor-immune escape [5].
Transcription factor ZBTB28 (also known as BCL6B,
BAZF or ZNF62), a novel suppressor for tumor, is a par-
alog of BCL6 [6]. We have been identified that ZBTB28
is expressed widely in normal tissues, and CpG methyla-
tion of its promoter leads to downregulation of ZBTB28
in various tumors such as colorectal cancer, gastric can-
cer, hepatocellular carcinoma, as well as cervical cancer
[7-10]. While the role and mechanism of ZBTB28 in tum-
origenesis for mammary cancer remain to be elucidated.
With the development of molecular biology, pharma-
cogenetics, and tumor immunology, immunotherapy has
become a prospective new field among clinical cancer
therapies [11]. As a large class of proteins that regulate
immune response, cytokines can directly activate immune
effector cells or stimulate tumor stromal cells to enhance
tumor cell susceptibility to immune attack, as well as
exert different anti-tumor responses according to differ-
ent tumor microenvironments [12]. Interferons (IFNs) are
among the most important cytokines in response to anti-
tumor response, facilitating macrophage activation and
anti-tumor immunity [13, 14]. About 20 IFNs bind to 3
kinds of cell-surface receptors, IFNAR (the type I IFN
receptor), IFNGR (the type II IFN receptor), and IFNLR
(the type III IFN receptor), to exert different biological
effects [15]. Evidence suggests that damaged IFN receptor
on tumor cells are associated with reduction of anti-tumor
effect [16]. Furthermore, the latest studies implicated that
CD24, a mucin-like cell-surface protein, can interact with
the inhibitory receptor sialic-acid-binding Ig-like lectin 10
(Siglec-10), which located on the surface of macrophages,
to compose novel immune checkpoint [17, 18]. CD24 also
is known as small-cell lung carcinoma cluster 4 antigen
or heat-stable antigen, which is overexpressed in nearly
70% of human cancers [19, 20]. The binding of CD24 to
Siglec-10 elicits an inhibitory signaling cascade, damages
macrophage phagocytosis, evades immune surveillance,
and allows tumor growth [18, 21]. Intriguingly, upon dual
blockade of CD24 and CD47 with antibodies further aug-
mented phagocytosis ability of macrophage, suggesting
the cooperativity of combinatorial blockade of CD24 and
CD47 in breast cancer cells [18]. CD47 (integrin-associ-
ated protein), another widely expressed transmembrane
protein, is correlated with a decreased probability of sur-
vival for multiple types of cancer [22]. In solid tumor cell-
surface, CD47 interacts with its receptor on macrophages,
SIRPa, to transmit a “don’t eat me” signal for phagocytic
cells [23, 24]. As a ‘self-labeling’ protein which is over-
expressed broadly across tumor types, it is emerging as a
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novel and effective macrophage immune checkpoint for
cancer immunotherapy [25].

Cancer-associated transcription factors are key play-
ers in cancer development and tumor-immune processes,
orchestrating gene expression networks in cancers [26]. In
this study, we identified the inhibitory effect of ZBTB28 on
the occurrence and development of breast cancer. In vitro
and in vivo experiments proved that ZBTB28 inhibited the
growth and movement of breast cancer cell. In addition, we
also found that ZBTB28 regulated IFNAR to activate down-
stream ISGs, as well as to promote macrophages polariza-
tion. Mechanistic studies have shown that ZBTB28 favored
the phagocytosis of macrophages by simultaneously down-
regulating CD24 and CD47, and enhanced the sensitivity of
CD24 and CD47 antibody combination effect. These results
indicated that ZBTB28 plays an important role in regulating
the biological functions of breast cancer and has the poten-
tial to act as an effective indicator of breast cancer treatment
and prognosis.

Materials and methods
Cell lines and human tumor samples

MCF7, MB231, BT549, MB468, SK-BR3, YCCBI1, T47D,
ZR75-1, THP-1, HEK-293 T, MCF10A, and 4TI cells
were obtained from the American Type Culture Collection
(ATCC) or collaborators. Cells were routinely maintained at
37 °C with 5% CO, in RPMI-1640 (Gibco-BRL, Karlsruhe,
Germany) or DMEM (Gibco-BRL, Karlsruhe, Germany)
supplemented with 10% fetal bovine serum (Biological
Industries). Primary human tumor tissues, which were
assessed by pathologists that the percentage of tumor cells
was no less than 70%, were obtained from the First Affiliated
Hospital of Chongqing Medical University. The clinical and
pathological studies were followed by Institutional Ethics
Committees of the First Affiliated Hospital of Chongqing
Medical University (Approval notice: # 2015-01-24).

Methylation-specific PCR (MSP)
and 5-Aza-2’-deoxycytidine (5-Aza) treatment

Bisulfite modification of DNA and how to conduct MSP was
described previously, as well as the primers of MSP [27].
MSP products were electrophoresis with 2% agarose gels
and were recorded on a gel imaging system (Bio-RAD Gel
Doc XR +, CA). Breast cancer cell lines were treated with
10 pmol/L 5-Aza (Sigma-Aldrich, Steinheim, Germany), a
demethylation agent, for 4 days. Then, harvested cells for
qRT-PCR analysis.
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Real-time quantitative PCR and RT-polymerase
chain reaction

gRT-PCR was performed using an SYBR-Green ER Kit
(Life Technologies, USA) and the HT7500 System (Applied
Biosystems). RT-PCR was performed using Go-Taq (Pro-
mega, Madison, WI), and the reaction conditions were as
previously described [28]. All the indicated primers are
listed in supplementary Table 1 and supplementary Table 2.
The mRNA expression of ZBTB28 in normal breast cells or
breast carcinoma was analyzed from an online cancer data-
base (http://www.Oncomine.org).

CCk8, colony formation assays, wound healing,
and Transwell’ assays

Cells were cultured in 96-well plates at a density of 3000
cells/well. The absorbance (at 450 nm) in each well was
measured with CCKS kit (C0037, Beyotime) at O h, 24 h,
48 h, 72 h. For colony formation assays, cells were plated
in 6-well plates (200 cells/well) with/without soft-agar for
14 days [27]. Cell colonies were photographed with a phase
contrast microscope (Leica DMI4000B, Milton Keynes,
Buckinghamshire, UK); colonies with more than 50 cells
were manually counted with Photoshop software. Wound
healing and Transwell® assays were performed as previ-
ously described [10, 27].

Immunofluorescence staining

Immunofluorescence staining was performed following the
protocol that we previously described [27]. In short, cells
were incubated with whole goat serum containing primary
antibody against vimentin (#2707-1; Epitomics, Cambridge,
MA), and E-cadherin (#1702-1; Epitomics, Cambridge,
MA) overnight at 4 °C. Then, the cells were incubated with
biotin-labeled secondary antibody (Jackson ImmunoRe-
search, West Grove, PA, USA) for an additional 20-30 min.
At the same time, nuclei were counterstained with DAPI
(Roche, Palo Alto, CA, USA). The staining was observed
under fluorescence microscopy.

Western blot assay

Western blotting was performed following the protocol
which we previously described [29]. The primary antibodies
used included HA-tag (#3724, Cell Signaling Technology),
vimentin (sc-6260, Santa Cruz), Occludin (TA306787, Ori-
Gene Technologies), Snail (#3897; Cell Signaling Technol-
ogy), iNOS (ab15323, Abcam), CD206 (ab8918, Abcam),
CD24 (sc-19585, Santa Cruz), CD47 (sc-12730, Santa
Cruz), IFN-yRp (sc-377291, Santa Cruz), IFN-y (sc-8423,
Santa Cruz), GAPDH (sc-47724, Santa Cruz), and f-actin

(sc-8432, Santa Cruz). The protein bands were clarified with
a chemiluminescence kit (Amersham Pharmacia Biotech,
Piscataway, NJ).

Immunohistochemistry (IHC)

Samples from mice were studied following a previously pub-
lished protocol [10]. The sections were incubated in block-
ing solution (Reagent 2) for 15 min, followed by overnight
incubation at 4 °C with PCNA (#13,110, Cell Signaling
Technology), Ki-67 (ab16667, Abcam), CD24 (sc-19585,
Santa Cruz), and CD47 (sc-12730, Santa Cruz) antibody
in immunohistochemical wet box. After the final staining
with DAB (ZSGB-BIO, ZLI-9018) and counterstaining with
hematoxylin (BL702B, Biosharp, China), the samples were
scanned using an IHC scanner (PANNNORAMIC MIDI,
Budapest, Hungary).

Dual-Luciferase’ assays

Luciferase reporter assay was performed following the
protocol which we previously described [10]. The dual-
luciferase reporter assay kit and the Luminometer (Infinite
M?200 PRO, Tecan, Austria) were used to quantify the light
emission of luciferase.

Chromatin immunoprecipitation (ChIP) analysis

ChIP-PCR analysis was performed using the SimpleChIP®
Enzymatic Chromatin IP Kit (#9003, Cell Signaling Tech-
nology) and followed the protocol that we previously
described [10]. The antibodies used included HA-tag anti-
body (#3274, Cell Signaling Technology), histone H3 anti-
body (#4620, Cell Signaling Technology), and normal rabbit
IgG (#2729, Cell Signaling Technology). Primers are listed
in supplementary Table 3.

In vivo assay

BALB/c nude mice, 4-6 weeks of age, were injected
with 5x 10° different cells into their lower backs.
Tumors’ volumes (mm?) were calculated as follows: vol-
ume = length x width? x 0.52. For the macrophage infiltration
assay, BALB/c mice were injected with 2 x 10° 4-T1 cells.
Tumor tissues were acquired fresh on the day of resection
and dissociated. Cells were analyzed by flow cytometry on
an LRSFortessa Analyzer (BD Biosciences), and measured
the number of CD11b*F4/80* macrophages were measured
and quantified as a percentage of the total cells. The experi-
ments were following by Institutional Ethics Committees of
the First Affiliated Hospital of Chongqing Medical Univer-
sity (Approval notice: # 2016-75).
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Macrophages co-culture with breast cancer cells

For macrophages testing, we derived human macrophages
from monocytic cell THP-1, and seeded 1 X 10° THP-1 cells
with RPMI-1640 medium-containing 10 ng/mL 12-myristate
13-acetate (PMA, Sigma) at the bottom chamber of the non-
contact co-culture Transwell® system (#3450, Corning,
USA). After 24 h, the medium was replaced by RPMI-1640
medium with 10% fetal calf serum. At the same time, the
breast tumor cells with or without ZBTB28 overexpression
were seeded at the upper chamber and co-cultured with
THP-1 macrophages for 5 days. Then, the macrophage cells
were harvested for the next experiments.

When detecting cancer cells, 5 X 10° THP-1 cells were
seeded in upper chambers then treated with PMA for 3 days.
The breast cancer cells were seeded in the bottom chambers
with/without IFN alpha-IFNAR-IN-1 hydrochloride (HY-
12836A, MCE) or IFN-yRf (sc-377291, Santa Cruz) for
8 h. The tumor cells were collected for the next experiments
after 24 h.

Phagocytosis assay

Monocytic line THP-1 cells were seeded with RPMI-1640
medium-containing 10 ng/mL PMA for 4 days to generate
macrophages. Next, the macrophages were harvested via
gentle scraping and then staining with Cslcein, AM (Yeasen,
China). Next, plated 5x 10* cells per well in a 6-well culture
plate (3471, Corning) with serum-free media for 4 h. Then,
2.5%10° target cells with DIL (USEVERBRIGHT® INC)
staining were added to the macrophage containing wells and
incubated overnight and then imaged by confocal laser scan-
ning microscopy.

When using flow cytometry to observe phagocytosis, can-
cer cells were blocked using anti-IgG (#2729, Cell Sign-
aling Technology), anti-CD24 (sc-19585, Santa Cruz), or
anti-CD47 (sc-12730, Santa Cruz) for 4 h before co-culture.
Then, THP-1 macrophages were incubated with breast tumor
cells overnight in 24-well culture plate (3473, Corning) with
serum-free media. Before testing, cells were washed 3 times
with PBS thoroughly. Prepare single-stained THP-1 mac-
rophages and single-stained tumor cells for gating. Phago-
cytosis was calculated as the percentage of PITFITC* cells
among FITC™ cells (1 x 10* cells per sample).

Statistical analyses

The NCBI Blast program (http://www.ncbi.nlm.nih.gov/
BLAST/) was used for cDNA sequences analyses. SPSS
Statistics software (SPSS, Chicago, IL, USA) was used for
the statistical analyses. An ANOVA test, two-tailed Fisher’s
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exact test, and Chi-square test also were applied for the sta-
tistical analyses. For all experiments, p values < 0.05 indi-
cated statistically significance.

Results

ZBTB28 expression is repressed by CpG methylation
in mammary carcinoma

As reported in our previous online bioinformatics analysis,
expression of ZBTB28 was decreased in a large number of
cancer types [10, 27]. Immunohistochemical staining labeled
ZBTB28 in breast cancer tissue and adjacent tissue, and
showed low expression levels of ZBTB28 in tumor tissues
(Fig. 1A). The reduced ZBTB28 expressions in breast cancer
tissues (BrCa) compared to adjacent non-tumor specimens
(BA) were detected by qRT-PCR (Fig. 1B). We further ana-
lyzed ZBTB28 expression and methylation in breast cancer
tissues form online database (http://ualcan.path.uab.edu/
index.html). The data illustrated that expression of ZBTB28
was lower and methylation of ZBTB28 was higher in lumi-
nal, human epidermal growth factor receptor type-2 (HER2)
positive and triple-negative breast cancer (TNBC) subtype of
breast cancer tissues, compared to normal mammary tissues
(Fig. 1C). Next, we confirmed a strong positive correlation
between high ZBTB28 expression and survival advantage
for patients with breast cancer (Fig. 1D). Also, the corre-
lation between ZBTB28 methylation levels and survival
times of breast cancer patients is shown in supplementary
Fig. 1E. We found that ZBTB28 expression was silenced in
7/8 breast cancer cell lines, and further methylation-specific
PCR (MSP) analysis has revealed that the methylation of the
ZBTB28 promoter was correlated with its downregulation
in most breast cancer cell lines (Fig. 1E). Meanwhile, from
The Cancer Genome Atlas databases, increased ZBTB28
promoter methylation was accompanied by a decrease in
ZBTB28 expression in breast cancer specimens (Supplemen-
tary Fig. 1A, B). Then, we detected the ZBTB28 expression
with western bolt in breast cancer cell lines and found that
ZBTB28 was maintained at a relatively low level in most
breast cancer cells (Fig. 1F). Furthermore, ZBTB28 pro-
moter methylation was detected in 73.6% (128/174) of pri-
mary breast tumors, but rarely in normal mammary tissues
(Fig. 1G). In addition, MethylTarget® detection revealed
that there are higher degrees of methylation at almost CpG
sites of ZBTB28 promoter CpG island in 3/5 breast cancer
samples (Supplementary Fig. 1C). After treatment with a
demethylating agent, 5-aza-2’-deoxycytidine (Aza), ZBTB28
expression was restored and its methylation level was
reduced (Supplementary Fig. 1D). To further evaluate the
clinical significance of ZBTB28 in breast cancer, the clin-
icopathological features of 174 BrCa patients were analyzed.
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Fig.1 CpG methylation and expression about ZBTB28 in mammary
carcinoma. A Immunohistochemical staining labeled ZBTB28 for
adjacent and paired breast tumor tissue. B Expression of ZBTB28 in
breast cancer tissues (BrCa) and paired adjacent tissues (BA). C Data
available at UALCAN databases showing ZBTB28 expression and
methylation in Luminal, HER2 positive and TNBC types of breast
cancer tissues compared to normal mammary tissues. D The relation-
ship between ZBTB28 expression and survival of patients with breast

The methylation of ZBTB28 showed a positive correlation
with the patients’ age (Supplementary Table 4). However, no
significant association of the methylation status with other
clinical variables was observed. All of results suggested that
7ZBTB28 is frequently down-regulated or silenced in breast
cancer through promoter methylation, and that this is related
to prognosis.

ZBTB28 suppresses tumorigenesis of breast cancer

To explore the role of ZBTB28 for breast cancer via gain-
of-function cell models: first, RT-PCR and western blotting

MSP[
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Breast cancer
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Breast cancer
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Normal breast tissues
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M
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cancer were illustrated through Kaplan—Meier plots database. E The
expression and CpG methylation level of ZBTB28 in normal breast
cell line and several kinds of breast cancer cell lines. f-actin expres-
sion as control. F Western blot analysis confirmed the exogenous
expression of ZBTB28 in normal breast cells and breast cancer cell
lines, with GAPDH as a control. G ZBTB28 methylation in primary
breast cancer tissues (n=234) and normal breast tissues (n=16) were
measured by MSP (M methylated; U unmethylated)

verified the overexpression levels of ZBTB28 (Fig. 2A).
The exogenous expression of ZBTB28 was involved in
the prevention of cell viability and proliferation, and both
CCKB8 and colony formation assays correctly reflected the
phenomenon of the inhibition (Fig. 2B, C and Supplemen-
tary Fig. 2A). Furthermore, a soft-agar colony formation
assay was performed to assess the proliferation capacity of
breast cancer cells under three-dimensional culture condi-
tions. The results revealed that ZBTB28 suppressed colony
formation of MB231 cells in soft-agar (Fig. 2D). Cell cycle
arrest was determined by flow cytometry analysis, and cells
with ZBTB28 displayed increased G2/M fractions compared
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Fig.2 ZBTB28 acts as a tumor suppressor to inhibit tumorigenesis
of breast cancer. A Ectopic ZBTB28 expression at transcription and
post-transcription level was detected by RT-PCR and Western blot.
GAPDH was used as negative control. B Ectopic ZBTB28 expres-
sion impacts breast cancer cell growth was analyzed by the CCK-8
kit. ZBTB28 overexpression can suppress proliferation of breast can-
cer cells which were assessed through colony formation assay without
soft-agar (C) and with soft-agar (D). E Flow cytometry analysis of
cell cycle of MCF7 and MB231 which was overexpression pcDNA
3.1 or pcDNA-ZBTB28 by PI staining. F Ectopically expressed
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ZBTB28-induced apoptosis in breast cancer cells were tested by AO/
EB staining assay. G Epithelial markers (E-cadherin, occludin) and
mesenchymal markers (N-cadherin, snail) were detected via RT-PCR
and Western blot, f-actin expression as control. H, I Transwell assay
and wound-healing assay were used to investigate cell motility and
invasiveness. Stem cell biomarker expression and growth of floating
spheroid colonies were determined by RT-PCR (J) and spheroid for-
mation assay (K) (independent experiment=3, and a representative
data was shown; “*’means p <0.05; “**’means p <0.01; “*** means
p<0.001)
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to the control group (Fig. 2E and Supplementary Fig. 2C).
AO/EB assay revealed the cellular effects of ZBTB28 on
cell apoptosis (Fig. 2F and Supplementary Fig. 2B). Mean-
while, increased epithelial markers (E-cadherin, occludin)
and decreased mesenchymal markers (vimentin, snail) were
found in stable gain-of-function cell lines (Fig. 2G). With
immunofluorescent staining, we confirmed that ZBTB28
up-regulated the expression of the epithelial markers
E-cadherin, and down-regulated vimentin (Supplementary
Fig. 2D). Moreover, we observed that ectopic ZBTB28
reversed EMT from scattered invasive properties to tightly
growth structures (Supplementary Fig. 2E).

As we know, EMT is the key process of metastasis and
invasion of tumors [30]. Over-expression of ZBTB28 sig-
nificantly inhibited the ability of migration and invasion of
MB231 cells compared with control cells (Fig. 2H and Sup-
plementary Fig. 2F). Furthermore, ZBTB28-overexpressing
breast cancer cells reduced the ability of motility (Fig. 21
and Supplementary Fig. 2G). Because EMT plays pivotal
role in self-renewal process of cells, and thus, we measured
cancer stem cells biomarkers by RT-PCR analysis. In result,
ZBTB28 inhibited NANOG, OCT4, KLF4, ABCG2, BMI-1,
MYC, TIP30, MAD2, STAT3, and CD44 at the mRNA level
(Fig. 2J). Furthermore, a spheroid formation assay showed
that ZBTB28 prevented growth of floating spheroid colonies
(Fig. 2K). Next, we chose BT549, a breast cancer cell line
which express ZBTB28, to further evaluated the biologi-
cal effects of ZBTB28. Knock-down of ZBTB28 in BT549
cell line was detected by RT-PCR (Supplementary Fig. 3A).
Meanwhile, we found that downregulation of ZBTB28
promoted cell proliferation, migration, and invasion (Sup-
plementary Fig. 3B-D). Altogether, ZBTB28 exerted the
capacity to suppress proliferation, induce cell cycle arrest
and apoptosis, and restrain EMT and cell stemness which
is a general feature of the tumor suppressor gene in breast
tumor cells.

ZBTB28 directly regulated IFNAR to stimulate
interferon-stimulated genes (ISGs)

Interestingly, we have previously shown that ZBTB28 could
exert its anti-tumor efficacy by activating ISGs through RNA
sequencing (RNA-seq) analysis in KYSE150 cells. Activa-
tion of IFN receptors will trigger the transcription of hun-
dreds of different ISGs, and this attracted us to determine
whether ZBTB28 could regulate IFN receptors to take part
in anti-tumor function in breast cancer [15]. We next used
global transcriptional profiling of RNA isolated from MCF7.
RNA sequencing analysis identified IFNAR1, IFNAR2,
IFNGR1, and IFNGR?2 as differentially expressed genes in
ZBTB28-expressing MCF7 cells. qRT-PCR confirmed that
IFNARI, IFNAR2, IFNGRI, and IFNGR?2 were up-regulated
by ZBTB28 in both MCF7 and MB231 cells (Fig. 3A and

Supplementary Fig. 4C). The online database JASPAR was
used to search potential ZBTB28 transcription factor-bind-
ing sites (TFBSs) on promoter region of these four genes.
According to the prediction results, IFNARI has four suit-
able binding sites at positions -14 to 0,+ 363 to+376,+ 366
to+379, and +418 to+431. IFNAR2 has three binding sites
at positions — 30 to — 17,4+ 256 to+269, and + 427 to + 440
(Fig. 3B). However, no suitable predicted binding sites
were found on the IFNGR1 and IFNGR?2 promoter regions.
Furthermore, a dual-luciferase reporter assay revealed that
ZBTB28 up-regulated the promoter activity of IFNAR1 and
IFNAR2 in 293 T and MCF7 cell lines (Fig. 3C). Moreo-
ver, the direct interaction of the IFNAR1 or IFNAR2 with
ZBTB28 promoter was confirmed by ChIP-qPCR analysis in
MCF7 and MB231 cells lines, and ZBTB28 was enriched at
the predicted regions of the IFNAR1 and IFNAR?2 promoter
(Fig. 3D). To make sure upregulation of ISGs was caused by
ZBTB28, we used an IFNAR inhibitor to block IFNAR1 and
IFNAR2, which are the subunits of the type I IFN receptor
(IFNAR). The cancer cells were harvested after co-cultur-
ing with macrophages to detect ISGs mRNA levels. The
results thus far demonstrated that ZBTB28 could upregulate
IFNAR as well as downstream signaling pathway activation
(Fig. 3E, F). In addition, RT-PCR and qRT-PCR illustrated
that interferon-y (IFN-y) was up-regulated by ZBTB28; also,
the expression of IFNGR2, which encodes the IFN-y recep-
tor to management IFN-y, was up-regulated by ZBTB28 in
MCF7 and MB231 cell lines (Supplementary Fig. 4A-C).
Western blot results indicated that after blocking IFNGR2,
the level of IFN-y induced by ZBTB28 was decreased in the
co-culture system (Supplementary Fig. 4D). This suggested
that ZBTB28 may enhance IFN-y by regulating IFNGR?2 to
strengthen its anti-tumor immunity. These data suggested
that ZBTB?28 has the potential to stimulate both IFNAR and
IFNGR to incite effective anti-tumor immunity to maintain
durable tumor control.

Over-expression of ZBTB28 inhibits tumor growth
in vivo and regulates macrophage polarization

Having observed that ZBTB28 inhibited breast cancer cells
in vitro, we hypothesized that overexpression of ZBTB28
might exert suppressive effects on tumor growth in vivo. To
test this hypothesis, we used ZBTB28-transfected MB231
cells for in vivo studies. The ZBTB28-transfected MB231
cells grew slower than the control-transfected MB231
cells when they were subcutaneously implanted into nude
mice (Fig. 4A-C). And compared with the control group,
the xenografts with ZBTB28 overexpression exhibited
a significantly reduced weight (Fig. 4B). Then, we per-
formed histological analysis to assess the anti-tumor fea-
tures of ZBTB28 in vivo. Hematoxylin and eosin (H&E)
and TUNEL staining confirmed the effective inhibition of
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MB231 cell proliferation by ZBTB28 (Fig. 4D). Stronger
Ki-67 and PCNA expression was found in tumors derived
from the control group than in those from the ZBTB28
group, indicating that the ectopic expression of ZBTB28
slowed the tumor proliferative activity (Fig. 4D). It has

CDI11b* F4/80" subset from combined independent experiments. G
An antibody array was used for cytokines detection of medium from
MB231 cells. Fluorescence imaging (upper) and analysis of extracted
data (lower) were shown. H Expression of markers associated with
M1 and M2 polarization in macrophages of the indicated groups. I
WB results of iNOS (M1 marker) and CD206 (M2 marker) after co-
cultivation

been reported that interferon can activate macrophages and
induce polarization [15]. Thus, infiltrating macrophages
from mice bearing 4-T1 cells stably overexpressing Vector
or m-ZBTB28 were stained and assessed via flow cytometry
to determine whether ZBTB28 could influence anti-tumor
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immunity in vivo. The results showed that the levels of
macrophages (CD11b*F4/80") were higher in the ZBTB28
high expression group than in the control group (Fig. 4E,
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F). These findings suggested that ZBTB28 inhibited breast
cancer growth in vivo and was associated with macrophage
infiltration.
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«Fig.5 Expression of CD24 and CD47 was down-regulated by
ZBTB28. A, B qRT-PCR and Western blot results of CD24 and
CD47 expression in stable transfected breast cancer cells, respec-
tively. C Representative images of CD24 and CD47 immunostain-
ing in MB231 xenografts sections of vector and overexpression
of ZBTB28. (D) Locations of ChIP-PCR primers (Fragementl
(— 690~-465), 2 (— 486~-323), 3 (— 342~—122), 4 (— 143~ +18),
and 5 (— 2~ +198)) at the CD24 promoter, transcription start site
(TSS) was designated as nucleotide+ 1. (E) Locations of ChIP-
PCR primers (Fragementl (— 954~-— 783), 2 (— 804~— 620),
3 (— 638~— 489), 4 (— 510~— 334), 5 (— 351~— 95), and 6
(= 112~ +66)) at the CD47 promoter, TSS was designated as nucleo-
tide+1. F, G The effect of ZBTB28 on CD24 and CD47 promoter
activity was detected by dual-luciferase reporter system in 293 T,
MCF7 and MB231 cells. H, I %Input of CD24 DNA or CD47 DNA
by anti-HA antibody was determined by ChIP-PCR. Then, products
of ChIP-PCR were used for electrophoresis

It is known that tumor cells secrete several cytokines
(autocrines), thereby inducing the recruitment of immune
cells to the tumor [31]. Thus, cancer cell supernatants were
collected to test cytokine production. MB231 cells that
expressed ZBTB28 exhibited a significant increase in the
proinflammatory cytokines, such as IL-6 (markers associ-
ated with M1 macrophage polarization), IL-8, and granu-
locyte—macrophage colony-stimulating factor (GM-CSF)
(Fig. 4G) [32]. We also observed a reduction in the expres-
sion of Th2 cytokines, for example, IL-10, as well as mark-
ers associated with M2 macrophage polarization, for exam-
ple, IL-13, in ZBTB28 overexpression tumors (Fig. 4G).
Macrophages can quickly change their status and function
in response to local immune microenvironmental signals
which makes the state of macrophages determine their role
in tumor biology [33]. Thus, we explored whether there was
an association between ZBTB28 expression and polariza-
tion of the macrophages. First, we established an in vitro
co-culture system that cultured BrCa cells (with/without
7ZBTB28 expression) with PMA-treated THP-1 cells. qRT-
PCR results showed that the enhanced expression of M1
markers, iNOS, CD80, CD86, and IL-1b was accompanied
by the decreased expression of M2 markers, ARG1, MRC1,
and IL-10 in THP-1 macrophages (Fig. 4H). Western blot-
ting also showed that ZBTB28 increased the expression of
iNOS and suppressed CD206, which are associated with M 1
and M2 macrophages, respectively (Fig. 41). This reflected
more specifically the highly complex in vivo immune envi-
ronments in which macrophages could acquire an activation
status due to the expression of ZBTB28 in breast cancer
cells.

ZBTB28 downregulates the expressions of CD24
and CD47

It is noteworthy that the RNA sequencing results also
showed that the expression of CD24 and CD47 were down-
regulated by ZBTB28. Next, qRT-PCR was performed to

confirm that ZBTB28 down-regulated the expressions
of CD24 and CD47 in both MCF7 and MB231 cell lines
(Fig. 5A). Western blotting proved that ZBTB28 down-reg-
ulated CD24 and CD47 at the protein level (Fig. 5B). IHC
results from tumor tissue sections of nude mice also showed
that ZBTB28 down-regulated the expressions of CD24 and
CD47 in vivo (Fig. 5C). Furthermore, we searched poten-
tial ZBTB28 TFBSs on CD24 and CD47 promoter regions
through the open-access database JASPAR (Fig. 5D, E).
The promoter regions of CD24 and CD47 which contain
different predicted TFBSs of ZBTB28 were cloned into the
pGL3-Basic reporter vector, respectively. Luciferase reporter
assay showed that ZBTB28 suppressed the promoter activi-
ties of CD24 and CD47 in 293 T, MCF7 and MB231 cell
lines (Fig. 5F, G). Then, we conducted the ChIP assay to
confirm the putative binding sites. The results revealed that
7ZBTB28 was enriched at the 4/5 predicted regions of CD24
promoter and 3/6 predicted regions of CD47 promoter, while
a control IgG antibody showed no significant enrichment
over the entire surveyed region (Fig. SH, I). In our previous
studies, we found that in lung cancer and esophageal can-
cer, ZBTB28 and BCL6 inhibited each other’s transcription
[27]. Therefore, we tried to explore whether there is any
interaction between them in breast cancer. Analysis from
the TCGA online database showed that the relationship
between the expression of ZBTB28 and BCL6 is negatively
correlated in breast cancer (Supplementary Fig. 5A). We
examined further whether a ZBTB28 and BCL6 interaction
could affect the expressions of CD24 and CD47. Knock-
down of BCL6 with siRNA could reduce the expressions of
CD24 and CD47 in both MCF7 and MB231 cells. Further-
more, knock-down BCL6 after overexpression of ZBTB28
strengthened the inhibitory effect of ZBTB28 on CD24 and
CD47 (Supplementary Fig. 5B, C). In K562 cell line, with
no BCL6 expression, exogenous expression of BCL6 up-
regulated CD24 and CD47. Meanwhile, ZBTB28 down-
regulated CD24 and CD47 expression [34]. Over-expression
of BCL6 partly offseted the inhibitory effect of ZBTB28 on
CD24 and CD47 (Supplementary Fig. 5D). This suggested
that the BCL6 might be involved in the regulation of CD24
and CD47 by ZBTB28. The above results proved that CD24
and CD47 were indeed the target genes of ZBTB28.

ZBTB28 favors macrophages to increase
phagocytosis

To explore the impact of ZBTB28 on the ability of mac-
rophages to engulf cancer cells. THP-1 cells could differ-
entiate from a monocytic phenotype into macrophage-like
cells by stimulation with phorbol 12-myristate 13-acetate
(PMA). Therefore, this is a widely used model cell line
for human monocytes (M0O) and macrophage-like cells
(M®) [35]. We developed an in vitro co-culture system
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to investigate phagocytosis. A cell tracking assay was
established by labeling BrCa cells with the red fluores-
cent dye DIL and THP-1 macrophages with the green
fluorescent dye Calcein-AM. After co-culturing, the flow
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cytometry assay clearly showed that, compared with that
of vector MCF7 and MB231 cells, the phagocytosis of
these cancer cells with stable overexpression of ZBTB28
by THP-1 macrophages was increased (Fig. 6A, C and
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«Fig.6 Over-expression of ZBTB28 promotes phagocytosis of tumor
cells by macrophages. A, B Representative flow-cytometry plots
portraying the phagocytosis of MB231 cells treated with anti-CD24
mAb, anti-CD47 mAb or dual treatment, compared with the IgG
control. C Phagocytosis efficiency was shown as a bar graph. D Rep-
resentative phagocytosis images of THP-1 macrophages engulfing
MB231 cells with vector and ZBTB28 overexpression. THP-1 mac-
rophages were stained green (Calcein-AM); cancer cells were labe-
ling with red (DIL). The white arrows indicate macrophages that
engulfed cancer cells. (E) Representative pictures showing tumor
growth 14 days after subcutaneously implanted different MB231
cells. (F, G) Tumors’ volume and weight were measured, respectively
(n=4). All statistical data were shown as mean+SEM.*p <0.05,
*#p <0.01, ***p <0.001

Supplementary Fig. 6A, B). Also, confocal microscopy
visually displayed that MCF7 and MB231 cells with red
fluorescence were engulfed by THP-1 macrophages with
green fluorescence (Fig. 6D and Supplementary Fig. 6C).
According to the reports, the presence of CD24-Siglec10
or CD47-SIRPa mediated inhibition could govern the
occurrence of phagocytosis [18, 25]. To assess the role of
CD24-Siglec10 and CD47-SIRPa signaling in regulating
the macrophage-mediated anti-tumor-immune response in
BrCa, we first made sure that PMA-treated THP-1 was still
expressing Siglec10 and SIRPa (Supplementary Fig. SE).
The blockade of CD24 and CD47 augmented the phago-
cytosis of BrCa cells by macrophages, which was more
obvious in the ZBTB28 overexpression group. Similarly,
FACS-based measurements showed a robust increase in
ZBTB28 induced phagocytosis upon the addition of anti-
CD24 mAb and anti-CD47 mAb as compared to the vector
control, which was greater than the effect observed with
only CD24 or CD47 blockade (Fig. 6A—C and Supplemen-
tary Fig. 6A, B). This implied that ZBTB28 can enhance
the cooperativity of combinatorial blockade of CD24 and
CD47 in vitro. To confirm that the anti-tumor immunity of
ZBTB28 is indeed related to CD24 and CD47, we restored
the expression of CD24, CD47 in MB231 cells with stable
overexpression of ZBTB28 cells. Then, these cells were
subcutaneously implanted into nude mice. We found that
the inhibitory effect of ZBTB28 on tumor growth was off-
set by the restoration of CD24, whereas in these cases, res-
toration of CD47 had little effect on ZBTB28’s anti-tumor
effects. Furthermore, we observed that the simultaneous
restoration of CD47 and CD24 was insufficient to com-
pletely abrogate the anti-tumor effect of ZBTB28 in vivo
(Fig. 6E-G). However, in vitro flow cytometry analysis
showed that the recovery of CD24 and CD47 success-
fully inhibited the phagocytosis induced by ZBTB28, and
exhibited a combined effect (Supplementary Fig. 7A-C).
Therefore, considering in vitro and in vivo studies, our
results revealed that ZBTB28 directly inhibited the expres-
sions of CD24 and CD47 to result in the increased phago-
cytosis of BrCa cells by macrophages.

Discussion

Tumor suppressor genes are well recognized of mainly
related to cancer cell proliferation and metastasis. Interest-
ingly, a recent finding has suggested that inactivation of
tumor suppressor gene also exerts a major role in tumor-
immune escape [5]. In the present study, we investigated
the transcription factor, ZBTB28, to determine its func-
tional role in breast cancer and its relationship to anti-
tumor immunity and phagocytosis. We found that ZBTB28
inhibited breast cancer cell malignant functions in vivo
and in vitro, and demonstrated the involvement of phago-
cytosis by macrophages and immune checkpoint molecules
in the process (Fig. 7).

In vitro co-culture systems, we detected that ZBTB28
primed the type I interferon system and activated ISGs.
IFNs have regulatory functions, which include inhibition
of tumors growth and strengthen anti-tumor-immune activ-
ity through wake immune cells (such as dendritic cells,
macrophages, or NK cells) [36, 37]. Nevertheless, the
wide distribution of interferon receptors makes the treat-
ment of type I IFN is often highly toxic [38]. The ectopic
expression of ZBTB28 up-regulates IFNAR in breast can-
cer cells, theoretically guaranteeing the more binding of
type I interferon, which optimized the auto-immunity con-
trol of tumors, and provided a new strategy for reducing
the side effects of high-dose interferon therapy.

A recent study demonstrated a role for tumor-expressed
CD24 and CD47 in promoting immune evasion by breast
cancer through their respective interactions with Siglec10
and SIRPa, which are expressed by tumor-associated mac-
rophages. It is worth noticing that the expression of CD24
was significantly higher in TNBC or ER + PR + breast
cancers than in normal breast cells. More interestingly,
“lower PD-L1 expressors” were showed to be associated
with higher CD24 expression [18]. Herein, the present
investigation showed that the expression of CD24 and
CD47, at mRNA and protein levels, was down-regulated
by ZBTB28. Mechanism research ascribed this downregu-
lation to ZBTB28 transcription factors directly binding the
promoter of CD24 and CD47. Thus, the reduction of CD24
and CD47 on cancer cells endued ZBTB28 the ability to
induced macrophage phagocytosis.

Blockade of the CD24-Siglec10 or CD47-SIRPa inter-
action using CD24 blocking mAb (clone SN3) or CD47
blocking mAb (clone Hu5F9-G4), respectively, augments
phagocytosis by macrophages and inhibits tumor growth
[18, 39]. In breast cancer, combination inhibited the
immune checkpoints CD24-Siglec10 and CD47-SIRPa
significantly improves the ability of macrophages to
phagocytize cancer cells, indicating a synergistic effect
between immune checkpoint molecules CD24 and CD47
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Fig.7 Molecular mechanism of
ZBTB28 strengthen anti-tumor
immunity to inhibiting breast
cancer

[18]. In our study, we determined that ZBTB28 enhanced
the phagocytic effect of anti-CD24 or anti-CD47 treatment
alone in vitro. Moreover, ZBTB28 made the dual blockade
of CD24 and CD47 further augmented the phagocytic abil-
ity of macrophages, thereby confirming a synergistically
role for CD24 and CD47 in inhibiting phagocytosis, which
suggested that ZBTB28 could regulate anti-tumor immu-
nity by targeting CD24 and CD47 in BrCa. This provides a
new mechanism by which ZBTB28 can regulate the CD24
and CD47 immune checkpoint, so that targeting of CD24
and CD47 by ZBTB28 may be a potential novel therapy
approach to the treatment of BrCa. That may potentially
increase the efficacy and decrease toxic side effects com-
pared with the traditional radiotherapy and chemotherapy.

To investigate the impact of ZBTB28 on the tumor-
immune microenvironment in vivo, we restored the expres-
sions of CD24 and CD47 in cells overexpressing ZBTB28.
The ability of ZBTB28 to inhibit tumor growth is severely
diminished due to the restoration of CD24 expression.
Restoration of CD47 was insufficient to abrogate the
anti-tumor effect of ZBTB28 in vivo; however, in vitro
phagocytosis assays showed that CD47 indeed influenced
ZBTB28 induced phagocytosis. It is likely that differ-
ences in the amino acid sequences of human and mouse
SIRPa may bring about inconsistent results for in vivo and
in vitro experiments [40].

The tumor suppressor gene ZBTB28 can not only acti-
vate the IFNAR to enhance ISGs expression and boost
macrophage but also reduce the expression of CD24 and
CDA47 to allow breast cancer cells phagocytosis by mac-
rophages. Eventually, the exacerbated immune response
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driven by ZBTB28 makes it an important target for a
potential “synergistic” immune therapy against breast
cancer.

In conclusion, we demonstrated that ZBTB28 acts as a
functional tumor suppressor in breast cancer. The silencing
of ZBTB28 due to methylation of its promoter associated
with poor survival of patients. By upregulating IFNAR to
activate ISGs and macrophages, targeting CD24 and CD47
on breast cancer cells to increased macrophage-mediated
phagocytosis, and enhancing the synergistic effect of dual
treatment with anti-CD24 and anti-CD47, ZBTB28 exerts
its anti-tumor effects. This shows that assessing the meth-
ylation and expression status of ZBTB28 in breast cancer
might be new prognostic markers for risk stratification
and lead to better treatment strategies for breast cancer
patients.
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