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ZNF8 Orchestrates with Smad3 to Promote Lung
Metastasis by Recruiting SMYD3 in Breast Cancer

Wenwen Geng, Junhua An, Ke Dong, Hailu Zhang, Xiuyuan Zhang, Yuchen Liu, Rong Xu,
Yifan Liu, Xiaofen Huang, Haiyun Song, Wei Yan, Aihua Sun, Fuchu He, Jian Wang,*
Haidong Gao,* and Chunyan Tian*

Most deaths in breast cancer patients are attributed to metastasis, and lung
metastasis is associated with a particularly poor prognosis; therefore it is
imperative to identify potential target for intervention. The transforming
growth factor-𝜷 (TGF-𝜷) pathway plays a vital role in breast cancer
metastasis, in which Smad3 is the key mediator and performs specific
functions by binding with different cofactors. However, Smad3 cofactors
involved in lung metastasis have not yet been identified. This study first
establishes the interactome of Smad3 in breast cancer cells and identifies
ZNF8 as a novel Smad3 cofactor. Furthermore, the results reveal that ZNF8 is
closely associated with breast cancer lung metastasis prognosis, and
specifically facilitates TGF-𝜷 pathway-mediated breast cancer lung metastasis
by participating in multiple processes. Mechanistically, ZNF8 binds with
Smad3 to enhance the H3K4me3 modification and promote the expression of
lung metastasis signature genes by recruiting SMYD3. SMYD3 inhibition by
BCI121 effectively prevents ZNF8-mediated lung metastasis. Overall, the
study identifies a novel cofactor of TGF-𝜷/Smad3 that promotes lung
metastasis in breast cancer and introduces potential therapeutic strategies for
the early management of breast cancer lung metastasis.
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1. Introduction

Breast cancer is the most common cancer
type and a leading cause of cancer mortality
among women worldwide, and the major-
ity of cancer-related deaths are due to dis-
tant metastasis.[1] The lungs, bones, brain,
and liver are the principal organs suscepti-
ble to metastasis for breast cancer. However,
among patients with metastatic breast can-
cer, lung metastasis is associated with a par-
ticularly poor prognosis, with a high mor-
tality rate of 60–70%.[2] Furthermore, lung
metastasis is difficult to detect in the early
stages, and often occurs within five years af-
ter the initial diagnosis of breast cancer.[3]

Therefore, early diagnosis of lung metasta-
sis is highly important for the effective treat-
ment of breast cancer patients.[4]

Studies have indicated that the de-
velopment of lung metastasis in breast
cancer may be associated with epithelial-
mesenchymal transition (EMT), breast
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cancer stem cells, the tumor microenvironment, and aberrant ac-
tivation of signaling pathways in tumor cells.[5] The transform-
ing growth factor-𝛽(TGF-𝛽)signaling pathway has been closely
linked to the progression of breast cancer.[6] During the early
stages, TGF-𝛽 impedes cell cycle progression and stimulates can-
cer cell apoptosis, thereby exerting tumor-suppressive effects.
Nevertheless, during tumor progression, TGF-𝛽 facilitates cancer
cell metastasis through diverse mechanisms, such as promoting
EMT, invasion, and extracellular matrix remodeling, modulat-
ing the tumor microenvironment and suppressing immune cell
functionality.[7] Multiple studies have revealed the critical role of
TGF-𝛽 pathway in breast cancer lung metastasis. Massague et al.
reported that the TGF-𝛽 pathway could promote lung metastasis
by inducing ANGPTL4, which increased the permeability of lung
capillaries and facilitated the transendothelial passage of breast
cancer cells.[8] Liu et al. reported that SIRT7 modulates TGF-𝛽
signaling and suppresses of breast cancer metastasis by deacety-
lating and promoting Smad4 degradation.[9] However, the exact
mechanisms by which the TGF-𝛽 pathway underlies lung metas-
tasis in breast cancer remain incompletely understood, and there
is still a lack of effective treatments targeting the TGF-𝛽 pathway
to suppress lung metastasis in breast cancer patients.

The TGF-𝛽 signaling pathway relies on a series of Smad pro-
teins including receptor-regulated Smads (R-Smads), common-
partner Smads (Co-Smads), and I-Smads inhibitory Smads (I-
Smads). As direct mediators of signal transduction, R-Smads
serve as key regulatory factors within the TGF-𝛽 signaling
pathway.[10] After activation by TGF-𝛽1 and Activin, R-Smads
(Smad2 and Smad3) undergo phosphorylation, leading to their
interaction with Co-Smads and subsequent translocation into
the cell nucleus. Moreover, due to their limited affinity for DNA
through their own MH1 domain, R-Smads need to collaborate
with other DNA-binding cofactors to achieve high affinity for
DNA and selectivity for specific genes.[11] Considering the criti-
cal role of TGF-𝛽 in tumor metastasis, targeting specific cofactors
would be an effective strategy for inhibiting breast cancer lung
metastasis. However, the cofactors accounting for lung metasta-
sis in breast cancer are rarely reported.

Compared with Smad2, Smad3 is the key R-Smad involved
in TGF-𝛽 signaling and plays a more important role in breast
cancer metastasis.[12] However, there is a deficiency in systematic
analysis and screening research pertaining to the interactomics
of Smad3 cofactors in breast cancer cells. Thus, in this study, we
established the interactome of Smad3 using immunoprecipita-
tion mass spectrometry (IP-MS) and characterized the cofactors
in MDA-MB-231 breast cancer cells with lung metastatic poten-
tial. Through analyzing the interactions of Smad3, we revealed
that the transcription factors of the zf-C2H2 family might play
a pivotal role in TGF-𝛽/Smad3-mediated transcriptional reg-
ulation. Our further results revealed that the family member
ZNF8, a novel Smad3 cofactor, was associated with the progno-
sis of lung metastasis in patients with breast cancer. Notably,
ZNF8 promoted lung metastasis in breast cancer by facilitating
multiple processes, including EMT, cell migration and invasion,
endothelial adhesion, extravasation from vessels, and neutrophil
infiltration in primary tumors and lungs. Mechanistically, ZNF8
interacted with Smad3 and coactivated the expression of lung
metastasis signature genes by recruiting the methyltransferase
SMYD3 to enrich H3K4me3 in gene promoters. In addition,

blocking SMYD3 with BCI121 inhibited ZNF8-mediated lung
metastasis in breast cancer. Therefore, ZNF8 is a new Smad3
cofactor that involved in multiple steps of breast cancer lung
metastasis, and targeting ZNF8 may be a potential strategy for
preventing breast cancer lung metastasis.

2. Results

2.1. ZNF8 is a Novel Smad3-Interacting Protein in Breast Cancer
Cells

In this study, we identified 176 high-confidence Smad3 interact-
ing partners (Supplemental file-Smad3 IP-MS data), including
19 reported interactions (Reported protein interaction data
were obtained from the BioGIRD database,[13] and transcription
factor family information was obtained from the AnimalTFDB
database[14]) such as PSPC1, SKIL and EIF4B (Figure 1A). Gene-
ontology molecular function (GO-MF) enrichment analysis of
these interacting proteins revealed statistical significance in
the terms associated with transcription for RNA binding, DNA
binding, chromatin binding, and transcription factor activity,
protein binding, which are closely related to transcriptional
regulation. GO-cellular component (GO-CC) enrichment analy-
sis reveals that the proteins involved in nucleus, cytoplasm, and
nucleoplasm were significantly enriched (Figure 1B). We
also plotted the interaction network of Smad3, which re-
vealed interaction complexes involved in apoptosis, cell
proliferation, cell differentiation, cell-cell junction organi-
zation, and Smad protein signal transduction (Figure 1C).
As the canonical function of Smad3 is to control the ex-
pression of target genes by interacting with transcription
factors,[15] we focused exclusively on the transcriptional factors
interacting with Smad3. The results revealed that zf-C2H2 was
the most significantly enriched TF (Figure 1D). In addition,
domain enrichment analysis revealed that multiple types of
domains were significantly enriched, with the znf-C2H2 domain
being the most significant (Figure 1E). Interestingly, compared
with the other zf-C2H2 transcription factors, ZNF8 was asso-
ciated with a significantly worse breast cancer prognosis in
terms of both overall survival (OS) and distant metastasis-free
survival (DMFS), which was assessed via online Kaplan‒Meier
analysis (http://kmplot.com/) (Figure 1F),[16] and was chosen as
the target of subsequent studies. The interaction between ZNF8
and Smad3 was confirmed in MDA-MB-231, MCF-7, and T47D
breast cancer cells by co-immunoprecipitation (Co-IP), which
also showed that the interaction was enhanced after TGF-𝛽
pathway activation (Figure 1G,H). Moreover, GST pulldown
experiments using recombinant His-Smad3 and GST-ZNF8
further verified this direct interaction (Figure 1I). Through the
above research, we identified and verified that ZNF8 was a novel
interacting factor of Smad3 in breast cancer cells, and prelim-
inary analysis revealed that ZNF8 was a negative prognostic
factor for breast cancer.

2.2. ZNF8 is Associated with Metastasis, Especially Lung
Metastasis, Prognosis of Breast Cancer

Considering the significant prognostic value of ZNF8 for breast
cancer, we conducted a series of studies to further evaluate
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the clinical correlation of ZNF8 with multiple cohorts of breast
cancer patients. Compared with that in paired adjacent normal
tissues, ZNF8 expression was significantly elevated in tumors
(Figure 2A). The elevated expression of ZNF8 was significantly
associated with a higher histological grade, lymph node metas-
tasis, HER-2 receptor positivity while no significant correlation
was observed with tumor size, and molecular types of breast can-
cer both in our Cohort 1 and The Cancer Genome Atlas Program
(TCGA) samples (Figure 2B,C; Table S1 and Figure S1, Support-
ing Information). Furthermore, Kaplan-Meier survival analysis
showed that, compared with patients with low ZNF8 expression,
those with high ZNF8 expression had poorer DMFS (Figure 2D).
To investigate the correlation between ZNF8 expression and dif-
ferent metastasis status of breast cancer, we studied another co-
hort comprising 44 patients without metastasis and 66 patients
with metastatic breast cancer (Table S2, Supporting Information),
and found a substantial increase in ZNF8 expression among
breast cancer patients with lung, bone, liver and brain metastasis,
especially those with lung metastasis (Figure 2E). This finding
prompted us to determine the ZNF8 protein levels in metastatic
tissues, which revealed that ZNF8 expression was significantly
upregulated in both metastatic lymph nodes and metastatic lung
tumors compared to that in paired primary tumors (Figure 2F,G).
Therefore, these results suggested a strong association between
ZNF8 expression and the prognosis of patients with metastatic
breast cancer, especially those with lung metastasis.

2.3. ZNF8 Promotes Breast Cancer Lung Metastasis

To further confirm the biological roles of ZNF8 in breast cancer,
we generated ZNF8 knockout MDA-MB-231 and Hs578T cells
and ZNF8-overexpressing ZR-75-1 and MCF-7 cells (Figure S2A,
Supporting Information). Using tail vein metastasis models,
we observed that lung metastasis was notably inhibited in the
ZNF8 knockout group (Figure 3A,B), and the ZNF8 knockout
group had a better prognosis in terms of lung metastasis-free
survival (LMFS) (Figure S2B, Supporting Information). Results
from an orthotopic mouse xenograft model further confirmed
that ZNF8 knockout significantly suppressed lung metasta-
sis (Figure 3C,D), and Kaplan‒Meier curve analysis revealed
better LMFS in the ZNF8 knockout group (Figure S2C, Support-
ing Information). However, the impact of ZNF8 on the growth
of orthotopic tumors was nonsignificant, as the tumor cells
isolated from orthotopic and lung metastatic tumors from the
ZNF8 knockout group and the control group displayed the same
proliferative capacity (Figure S2D,E, Supporting Information).

The above results indicated that ZNF8 promoted breast cancer
cell lung metastasis but did not affect primary tumor growth.

To further investigate the ability of ZNF8 to promote breast
cancer metastasis, we generated conditional mammary epithe-
lium cell-specific ZNF8 knockout mice (MMTV-Cre; Znf8fl/fl).
Then, these mice were crossed with MMTV-PyMT transgenic
mice, a classic spontaneous mammary tumor model, to obtain
Znf8fl/fl; MMTV- PyMT (WT), Znf8 fl/fl; MMTV-Cre; MMTV-
PyMT (KO) and heterozygous knockout mice (Znf8fl/+; MMTV-
Cre; MMTV-PyMT (Het)) (Figure 3E). PyMT-driven mammary
tumorigenesis and lung metastasis were examined in virgin
females in the presence or absence of endogenous ZNF8. There
was no significant difference in primary tumor number or bur-
den between ZNF8 homozygous knockout mice and WT and Het
mice (Figure 3F). In addition, expression of Ki-67 was also eval-
uated in the tumor tissues, and the results revealed there was no
significant difference in the Ki-67 positive cells between the WT
and ZNF8-KO mice (Figure S2F, Supporting Information). How-
ever, histological analysis revealed that the tumor grade of ZNF8
knockout mice was significantly lower than that of the mice in
the other two groups (Figure 3G). Notably, spontaneous lung
metastasis was inhibited in ZNF8 homozygous knockout mice,
as evidenced by a significant reduction in both the rate of lung
metastasis and the number of metastatic nodules (Figure 3H;
Figure S2G, Supporting Information). We also isolated the
tumor cells from the lung metastasis lesion of WT and KO
mice and conducted Transwell analysis, and the results showed
the migration and invasion abilities of breast cancer cells were
markedly decreased in ZNF8 knockout tumor cells (Figure S2H,
Supporting Information). Therefore, these results confirmed
that ZNF8 played an important role in breast cancer cell lung
metastasis but had no significant effect on tumor growth in mice.

2.4. ZNF8 is Involved in Multiple Processes of Lung Metastatic
Cascades

To further investigate the mechanism by which ZNF8 pro-
motes lung metastasis, we performed RNA-Seq analysis on ZNF8
knockout and control MDA-MB-231 cells. GO term analysis of
the genes downregulated by ZNF8 knockout revealed enrich-
ment of genes involved in EMT, regulation of binding, regula-
tion of extracellular matrix assembly, and positive regulation of
epithelial cell migration (Figure S3A, Supporting Information)
and enrichment of genes associated with cell migration, EMT, cell
adhesion, extravasation and neutrophil chemotaxis (Figure 4A).
Among them, MMP1, SNAI1, CCL5, ANGPTL4, and CXCL1 are
well known as the lung metastasis signature genes with close

Figure 1. ZNF8 is a novel Smad3 interaction protein in breast cancer cells and associates with the prognosis in breast cancer patients. A) Schematic of
the study of Smad3 interacting protein (left panel) in MDA-MB-231 breast cancer cells. Volcano plot represents the Smad interacting proteins, including
those previously reported (right panel). B) Gene-ontology analysis (BP, CC, and MF) of the 626 identified Smad3 interacting proteins in MDA-MB-231
cells. C) Interaction network of all known protein–protein interactions between the Smad3 partners identified in MDA-MB-231 cells. (One-tailed t-test,
permutation-based false discovery rate (FDR) < 0.05). Nodes describe: (1) the significance of the enrichment (size is proportional to the maximum
−log P value); and (2) the function of the factors (color). D) The enrichment analysis for transcription factors of the Smad3 interacting proteins. E) The
enrichment analysis for the binding domain of Smad3 interacting proteins. F) Online Kaplan-Meier analysis (http://kmplot.com/) of the transcription
factors of zf-C2H2 that interacting with Smad3 on the overall survival (OS) and distant metastasis-free survival (DMFS) prognosis of breast cancer. G) Co-
immunoprecipitation of endogenous Smad3 with anti ZNF8 antibodies in MDA-MB-231, MCF7, and T47 breast cancer cells. H) Co-immunoprecipitation
with anti-Myc antibody in MDA-MB-231 cells co-transfected with Myc-ZNF8 and Flag-Smad3 with TGF-𝛽1 treatment. I) GST pulldown with purified GST-
ZNF8 (upper) and Ni-NTA pulldown with His-Smad3 (lower) followed by immunoblotting with anti Smad3 and ZNF8 antibodies.
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Figure 2. ZNF8 is associates with the lung metastasis prognosis in breast cancer patients. A) Representative immunohistochemical (IHC) staining
and scoring of ZNF8 expression in breast tumors and paired adjacent tissues (Cohort 1, n = 152). B) Representative IHC staining and scoring of
ZNF8 expression in breast cancer patients with different histological grades (Cohort 1, n = 152). C) Representative IHC staining and scoring of ZNF8
expression in breast cancer patients with different status of lymph nodes (right panel) (Cohort 1, n = 152). D) Kaplan-Meier curves representing the
probability of DMFS for the breast cancer patients with different expression levels of ZNF8 protein (Cohort 1, n = 152). E) Representative IHC staining
and scoring of ZNF8 expression in breast cancer patients with different status of distant organs metastasis (Cohort 2). F) Representative IHC staining
and scoring of ZNF8 expression in primary breast tumors and paired lymph node metastases (Cohort 3). G) Representative IHC staining and scoring
of ZNF8 expression in primary breast tumors and paired lung metastases. For A and E-G, significance was determined with the student unpaired t test.
For D, significance was determined with Log–rank (Mantel–Cox) test. ns, not significant, p > 0.05; *, p < 0.05; ***, p < 0.001; ****, p < 0.0001. Error
bars, ± SD. Scale bar = 200 μm (lower magnification) or 50 μm (higher magnification).

association with the above processes.[17] RT‒qPCR was per-
formed to confirm the effect of ZNF8 on the expression of
these genes in MDA-MB-231 and MCF-7 cells (Figure 4B;
Figure S3B, Supporting Information), and the Chromatin
immunoprecipitation-qPCR (ChIP-qPCR) assays showed ZNF8
can bind to the promoter of target genes (Figure S3C, Supporting
Information) in MDA-MB-231 cells. Consistent with the function
of the lung metastasis signature genes, ZNF8 knockout signifi-
cantly hindered migration and invasion, whereas ZNF8 overex-
pression notably enhanced these abilities in ZR-75-1 and Hs578T
cells (Figure 4C; Figure S3D, Supporting Information). Consider-

ing that most of the prometastatic genes regulated by ZNF8 en-
code secreted proteins, we examined the effects of conditioned
media obtained from cultured breast cancer cells with different
ZNF8 expression levels. The conditioned media derived from
ZNF8-overexpressing and ZNF8 knockout cells suppressed the
invasion abilities of breast cancer cells, indicating that ZNF8
could promote cancer cell invasion through cell-autonomous and
non-cell-autonomous mechanisms simultaneously (Figure S3E,
Supporting Information). Subsequently, we investigated the ef-
fect of ZNF8 on EMT by examining the expression of EMT
markers. ZNF8 overexpression downregulated the expression of
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Figure 3. ZNF8 promotes breast cancer lung metastasis. A) Schematic illustration of the study of lung metastasis via tail-vein injection of MDA-MB-231
breast cancer cells, (n = 10 mice per group) (left panel). Lung metastasis was analyzed by in vivo bioluminescence imaging; plot represents normalized
photon flux from mouse lungs (right panel). (B) Representative images and quantification of lung metastatic nodules in lung tissues harvested at
Week15, (n = 6 mice per group). C) Schematic illustration of the study of lung metastasis of orthotopic implantation by mammary fat pad injections of
MDA-MB-231 breast cancer cells, (left panel). Lung metastasis was analyzed by in vivo bioluminescence imaging, plot represents normalized photon
flux from mouse lungs (right panel), (n = 10 mice per group). D) Representative images and quantification of lung metastatic nodules in lung tissues
harvested at Week10, (n = 10 mice per group). E) Schematic diagram of the strategy to obtain transgenic mice. F) Quantification of tumor number
(number of tumors per mouse) and weight in KO, Het, and WT animals 23 weeks after birth (left panel). Quantification of tumor weight in KO, Het, and
WT animals 23 weeks after birth (right panel) (n = 7 mice per group). One-way ANOVA, not significant (ns). G) Representative Images and quantification
of histological grades of mammary tumor in KO, Het, and WT animals 11 weeks after birth (n = 5 mice per group). *p = 0.020. H) Representative images
and quantification of lung metastatic nodules in KO, Het, and WT animals 23 weeks after birth (n = 7 mice per group). *p = 0.0226. For A–D, G, H,
significance was determined with the student unpaired t test. ns, p > 0.05; *, p < 0.05; ***, p < 0.001; ****, p < 0.0001. For F and H, significance was
determined with One-way ANOVA. Error bars, ± SD.
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E-cadherin, and ZNF8 knockout or knockdown led to the inhi-
bition of N-cadherin expression (Figure 4D; Figure S3F, G, Sup-
porting Information). These results indicated that ZNF8 could
promote EMT in breast cancer cells.

Endothelial cell attachment and transendothelial migration
are the key steps for tumor cell metastasis to the lung, and we
next investigated the effects of ZNF8 on these processes. ZNF8
knockout severely reduced the adhesion of MDA-MB-231 cells
to human umbilical vein endothelial cells (HUVEC) monolayers
(Figure 4E). Concomitantly, in vitro vascular permeability exper-
iments revealed that ZNF8 knockout significantly inhibited the
ability of the tumor cells to disrupt the integrity of the HUVEC
monolayer (Figure 4F). In vivo, we observed that the rhodamine
signal in the lung tissue of mice injected with ZNF8 knockout
cells was significantly lower than that in the lung tissue of con-
trol mice (Figure 4G), indicating that ZNF8 plays a substantial
role in enhancing the extravasation capability of breast cancer
cells. Moreover, the cell proliferation and colony formation assay
results indicated that ZNF8 did not significantly affect the prolif-
eration or colony formation abilities of breast cancer cells (Figure
S3H, I, Supporting Information), which was consistent with the
in vivo results.

Mass spectrometry-based proteomic analyses of primary tu-
mors from ZNF8-KO (Znf8fl/fl;MMTV-Cre;MMTV-PyMT) and
ZNF8-WT (Znf8fl/fl;MMTV-PyMT) mice further confirmed the
prometastatic effect of ZNF8. Notably, Gene Set Enrichment
Analysis (GSEA) of the tumor proteome revealed that ZNF8 ex-
pression level was positively correlated with chemotaxis in pri-
mary tumors (Figure S4A, Supporting Information). Therefore,
we analyzed the changes in immune cell fractions by flow cytom-
etry and Immunohistochemistry and found that neutrophil infil-
tration in the tumors of the knockout mice was significantly in-
hibited (Figure 4H; Figure S4B, Supporting Information), while
no obvious difference was observed for other tumor-infiltrating
immune cells (Figure S4C, Supporting Information). Interest-
ingly, in lung tissues collected from mice during the early stage
of lung metastasis (20 weeks), ZNF8 promoted neutrophil in-
filtration more significantly than it did in the primary tumor
(Figure 4I; Figure S4D, E, Supporting Information). GSEA of
the lung proteome further confirmed that ZNF8 expression was
positively correlated with neutrophil-mediated immunity, neu-
trophil chemotaxis, neutrophil degranulation, and neutrophil
chemotaxis, which promote metastasis (Figure S4F, Supporting
Information). Heatmap analysis revealed that the expression of

proteins involved in the above processes was significantly sup-
pressed in ZNF8 knockout mice (Figure S4G, Supporting Infor-
mation). Therefore, these results suggested that ZNF8-facilitated
breast cancer metastasis was closely associated with neutrophil
infiltration. To further investigate the effect of neutrophil infil-
tration in lung metastasis in vivo, we employed a lung metastasis
model by tail injection with empty vector and ZNF8 overexpres-
sion 4T1 cells in C57BL/6J mice. The results showed that the pro-
moting effect of ZNF8 for the lung metastasis was significantly
inhibited when neutrophils were specifically depleted in the mice
with the anti-Ly6G clearance antibody (Figures 4J). Overall, ZNF8
promoted lung metastasis of breast cancer by influencing multi-
ple processes.

2.5. ZNF8 Regulates Lung Metastatic Signatures through the
TGF-𝜷 Pathway in a Smad3-Dependent Manner

Although ZNF8 is a Smad3-interacting protein, whether its
prometastatic function is associated with the TGF-𝛽/Smad sig-
naling pathway remains unclear. Thus, we conducted an RNA-
Seq analysis of the transcriptional profiles of ZNF8 knock-
out MDA-MB-231 cells and MDA-MB-231 cells treated with
SB431542, a TGF-𝛽 pathway inhibitor. Interestingly, a substan-
tial proportion of the ZNF8 target genes overlapped with TGF-
𝛽 pathway genes (Figure 5A). GO analysis of these overlapping
genes revealed enrichment of genes associated with EMT, cell
adhesion, and chemokine signaling (Figure S5A, Supporting
Information). The ability of ZNF8 to promote the expression
of the lung metastasis signature genes MMP1, SNAI1, CCL5,
ANGPTL4, and CXCL1 was notably diminished by SB431542
treatment (Figure 5B). TGF-𝛽1 treatment significantly ampli-
fied ZNF8-mediated promoting of cell migration, whereas ZNF8-
mediated breast cancer cell migration and invasion were signif-
icantly suppressed by SB431542 treatment (Figure S5B, C, Sup-
porting Information). In addition, the inhibitory effect of ZNF8
on the expression of the EMT marker E-cadherin was attenu-
ated upon SB431542 treatment (Figure S5D, Supporting Infor-
mation). Furthermore, the ability of HUVEC adhesion and lung
metastasis promoted by ZNF8 overexpression were also inhibited
by SB431542 treatment (Figure S5E, F, Supporting Information).
These findings suggested that ZNF8 facilitated lung metastatic
signatures via the TGF-𝛽 pathway in breast cancer cells.

As described in the previous sections, ZNF8 is a novel Smad3
interaction protein and was associated with the lung metastasis

Figure 4. ZNF8 is involved in the multiple processes in the metastatic cascades. A) RNA-seq heatmap of the metastasis signature genes associated
with cell migration, EMT, adhesion, extravasation, and neutrophil chemotaxis in control and ZNF8 knockout MDA-MB-231cells (n ≥ 3). B) RT–qPCR
validation the RNA-seq data of signature genes, MMP1, SNAI1, CCL5, ANGPTLE4, and CXCL1 in control and ZNF8 knockout MDA-MB-231 cells (n ≥ 3).
C) Representative images and quantification of Transwell assay for migration and invasion in MDA-MB-231 cells (control versus ZNF8 knockout) (left
panel), and in ZR-75-1 cells (empty vector versus ZNF8 overexpression) (right panel) (n ≥ 3). D) Representative Western blots for E-cadherin, ZNF8
and the loading control GAPDH in ZNF8 overexpression ZR-75-1 and MCF7 cells, and for N-cadherin, ZNF8 and the loading control GAPDH in ZNF8
knockout MDA-MB-231 cells. E) Representative images and quantification of cell adhesion assay in control and ZNF8 knockout MDA-MB-231 cells
(n ≥ 3). Cell number was counted in six randomly captured pictures. Scale bar, 50 μm. F) Representative confocal images of phalloidin (green) and DAPI
(blue) in HUVEC monolayers treated with conditioned media from control and ZNF8 knockout MDA-MB-231 cells (n ≥ 3). bar = 50 μm. G) Schematic
diagram of the lung permeability assays and representative confocal images of the accumulation of rhodamine-dextran in the lung parenchyma (n ≥ 3).
bar = 50 μm. H, I) Representative diagram and quantification of neutrophil infiltration in tumors (I) and lungs J) from transgenic mice 20week from
birth (n = 5). (J) The study of neutrophil depleted on the lung metastasis promoted by ZNF8 via tail-vein injection of 4T1 cells in C57BL/6J mice with
the anti-Ly6G clearance antibody (left panel). Representative HE images and quantification of lung metastatic nodules (left panel). (n = 6 mice/group),
bar = 1.25 mm. For B, C, E, G, H, I, and J, data represent mean ± SD, and significance was determined with the student unpaired t test. ns, p > 0.05;
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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of breast cancer. Therefore, to further investigate whether ZNF8
functionality relies on interactions with Smad3, we mapped the
domains required for interactions between ZNF8 and Smad3.
The results indicated that the C-terminal domain of ZNF8 and
the MH2 domain of Smad3 are responsible for their interac-
tion (Figure 5C,D). Additionally, we performed functional res-
cue experiments by transfecting full-length ZNF8 and its C-
terminal deletion mutant into ZNF8 knockout breast cancer cells
(Figure 5E). The C-terminal deletion mutant ZNF8 failed to re-
store signature gene expression or metastatic features related to
cell migration, invasion, and adhesion in ZNF8 knockout MDA-
MB-231 cells (Figure 5F-H). In addition, our results showed that
the promoting effects of ZNF8 on the expression of signature
genes, the cell migration and invasion were significantly sup-
pressed by Smad3 knockdown using siRNA.in MDA-MB-231
cells (Figure S5G, H, Supporting Information).These findings
provide compelling evidence that ZNF8 promotes metastasis in
a Smad3-dependent manner.

2.6. ZNF8 is Indispensable for TGF-𝜷 Signaling
Pathway-Mediated Lung Metastasis in Breast Cancer Cells

The above findings revealed that ZNF8 promoted breast can-
cer metastasis through interactions with Smad3, but its impor-
tance in the TGF-𝛽 pathway remains unclear. Therefore, we
investigated the prometastatic function of the TGF-𝛽 pathway
in ZNF8 knockout cells. The ChIP-qPCR results revealed that
ZNF8 overexpression could enhance the Smad3 occupancy at
signature genes promoter (Figure S6A, Supporting Informa-
tion). Furthermore, knocking out ZNF8 significantly inhibited
the TGF-𝛽1-induced transcription of lung metastasis signature
genes and the migratory and invasive properties of breast cancer
cells (Figure 6A,B). Additionally, ZNF8 knockout inhibited the
TGF-𝛽1-induced expression of Fibronectin, Slug, Snail1, and Vi-
mentin (Figure 6C; Figure S6B, Supporting Information). More-
over, ZNF8 knockout also hindered the TGF-𝛽 pathway-promoted
adherence of breast cancer cells to HUVECs (Figure 6D). We next
examined the ability of TGF-𝛽1 to promote vascular cell perme-
ability in control and ZNF8 knockout cells. TGF-𝛽1 notably en-
hanced vascular endothelial cell permeability in vitro and in vivo,
and this effect was significantly impaired or entirely inhibited
by ZNF8 knockout (Figure 6E; Figure S6C, Supporting Informa-
tion).

Furthermore, in the model of metastasis induced by tail vein
injection in nude mice, ZNF8 knockout significantly suppressed

the increase in lung metastasis induced by TGF-𝛽1 (Figure 6F,G).
Survival analysis of LMSF also revealed that mice in the TGF-𝛽1
treatment group were more prone to lung metastasis by breast
cancer cells, and ZNF8 knockout almost completely suppressed
this effect (Figure 6H). Additionally, we treated breast cancer cells
with the TGF-𝛽 pathway inhibitor SB431542. Knocking out ZNF8
significantly attenuated the inhibitory effect of SB431542 on Vi-
mentin expression, cell migration, and invasion in MDA-MB-231
and Hs578T cells (Figure S6D, E, Supporting Information). In
conclusion, our results demonstrated the indispensable role of
ZNF8 in TGF-𝛽-induced EMT and metastasis in breast cancer.

2.7. ZNF8 Recruits SMYD3 to Smad3 and Promotes the
Transcriptional Activation of Lung Metastasis Signature Genes
Within the TGF-𝜷 Pathway

We next sought to investigate the molecular mechanism by
which ZNF8 regulates the TGF-𝛽 pathway to promote breast
cancer metastasis. First, we examined the phosphorylation
and nuclear translocation of Smad2/3, which are crucial steps
in TGF-𝛽 pathway activation. However, ZNF8 did not induce
substantial changes in the total or phosphorylated levels of
Smad2/3 in MDA-MB-231 cells (Figure S7A, Supporting Infor-
mation). In parallel, ZNF8 overexpression or knockout did not
significantly alter the localization of R-Smad2/3 to the nucleus
in MDA-MB-231 cells treated with or without TGF-𝛽1 (Figure
S7B, C, Supporting Information). Thus, these findings indicated
that ZNF8 might regulate the TGF-𝛽 signaling pathway through
other mechanisms.

ZNF8 is a member of the Krüppel-associated box domain zinc
finger proteins (KRAB-ZFPs), which have been demonstrated to
function through the recruitment of transcriptional regulators
and mediators of histone epigenetic modification.[18] To dissect
the mechanism underlying ZNF8-mediated transcriptional acti-
vation, the impact of ZNF8 on histone modification in the pro-
moter regions of lung metastasis signature genes was investi-
gated. ZNF8 overexpression led to an increase in the H3K4me3
level of target genes (Figure 7A) but did not have a notable impact
on the levels of other epigenetic modifications of gene promot-
ers, such as H3K27ac, H3K16ac, H3K36me2, and H3K27me3
(Figure S8A, Supporting Information). These results suggested
that ZNF8 specifically regulates the H3K4me3 epigenetic mod-
ifications at lung metastasis signature genes, but the underly-
ing mechanism remains unclear. Different histone posttransla-
tional modification enzymes modify specific histone marks, and

Figure 5. ZNF8 regulates the lung metastatic signatures through TGF-𝛽 pathway in a Smad3-dependent manner. A) Venn diagram of the overlap
genes that regulated by ZNF8 knockout as well as TGF-𝛽 pathway inhibitor SB431542 treatment in MDA-MB-231 breast cancer cells (p-adj <0.05,
fold change >1.5). (B) RT–qPCR analysis of signature genes MMP1, SNAI1, CCL5, ANGPTL4, and CXCL1 in ZNF8 overexpression ZR-75-1 cells with
SB431542 treatment (n ≥ 3). C) Map of the region of smad3 that interacts with ZNF8. Co-immunoprecipitation with anti-Myc antibody in HEK293T cells
co-transfected with Flag-ZNF8, Myc-ZNF8 and Myc-tagged deletion mutants of Smad3. D) Map of the region of ZNF8 that interacted with Smad3. Co-
immunoprecipitation with anti-Myc antibody in HEK293T cells co-transfected with Flag-Smad3, Myc-ZNF8 and Myc-tagged deletion mutants of ZNF8.
E) Representative Western blots for full-length ZNF8, △C mutants, and the loading control GAPDH in ZNF8 knockout MDA-MB-231 cells transduced
with Myc-tagged full-length ZNF8 or △C mutants. F) RT–qPCR analysis of signature genes in ZNF8 knockout MDA-MB-231 cells transduced with Myc-
tagged full-length ZNF8 or △C mutants (n ≥ 3). G) Representative images and quantification of Transwell assay for migration and invasion in ZNF8
knockout MDA-MB-231 cells transduced with Myc-tagged full-length ZNF8 or △C mutants (n ≥ 3). H) Representative images and quantification of cell
adhesion assay in ZNF8 knockout MDA-MB-231 cells transduced with Myc-tagged full-length ZNF8 or △C mutants. Cell number was counted in six
randomly captured pictures (n ≥ 3). Scale bar, 50 μm. For B, and F-H, data represent mean ± SD, and significance was determined with the student
unpaired t test and Two-way ANOVA. ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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SMYD3 is a histone 3 lysine-4 (H3K4) methyltransferase that
can promote H3K4me3 modification in gene promoters.[19] Re-
cently, Fenizia et al reported that SMYD3 could activate gene
transcription through interactions with Smad3 during TGF-𝛽-
induced EMT,[20] but it is still unknown whether SMYD3 could
regulate the lung metastasis through TGF-𝛽 pathway. Therefore,
we firstly studied the regulation of SMYD3 on the promoter
region of signature genes, and the results revealed that over-
expressing SMYD3 markedly increased and inhibiting SMYD3
with BCI121 decreased the H3K4me3 at the MDA-MB-231 gene
promoter (Figure S8B, C, Supporting Information). Moreover,
our results revealed that SMYD3 could upregulate the expression
of target genes and the invasion and metastasis ability of breast
cancer cells, while TGF-𝛽 inhibitor SB431542 could significantly
inhibit these promoting effects of SMYD3 (Figure S8D, E, Sup-
porting Information). Meanwhile, we also knocked down other
H3K4 methyltransferases such as SETD7, MLL1, MLL3[21] to ex-
amine their regulatory effects on the promoter and expression
of signature genes, while the results revealed that the promoting
effect of ZNF8 on the H3K4me3 level in the promoter and the
expression of signature genes was not depending on these H3K4
methyltransferases (Figure S9A,B, Supporting Information).

Considering that SMYD3 was reported to interact with Smad3,
we wonder if there is ZNF8/SMYD3/Smad3 binding. There-
fore, the Co-IP experiments were performed with the ZNF8 an-
tibodies. Indeed, the results revealed that ZNF8 could bind both
SMYD3 and Smad3 (Figure 7B; Figure S10A, Supporting Infor-
mation), and confocal fluorescent images showing the colocal-
ization of ZNF8, Smad3 and SMYD3 in the nuclear of MDA-
MB-231 cells (Figure S10B, Supporting Information). Our re-
sults also showed the activation of the TGF-𝛽 pathway enhanced
the interactions between SMYD3 and Smad (Figure S10C, Sup-
porting Information). Considering the enhanced interaction be-
tween ZNF8 and Smad3 after treated with TGF-𝛽1 (Figure 1H),
these results collectively indicated TGF-𝛽 stimulation enhanced
ZNF8/SMYD3/Smad3 binding. Additionally, a GST pull-down
assay confirmed the direct physical interactions among ZNF8,
Smad3, and SMYD3 (Figure 7C). Furthermore, we investigated
whether ZNF8 is essential for the interaction between Smad3 and
SMYD3. Interestingly, our results revealed that the interaction
between Smad3 and SMYD3 was significantly suppressed when
ZNF8 was knocked out in MDA-MB-231 cells (Figure 7D; Figure
S10D, Supporting Information). Next, we mapped the mutual in-
teraction regions in ZNF8 and SMYD3 and found that the C ter-
minal domain (CTD) of SMYD3 interacted with the zinc finger
(ZF) domain of ZNF8 (Figure 7E).

Based on these results, we propose that ZNF8 regulates the
TGF-𝛽/Smad3 pathway by recruiting SMYD3.Consistent with
these findings, ZNF8 significantly enhanced the binding of
SMYD3 to the promoter regions of the lung metastasis signature
genes (Figure S11A, Supporting Information), while the promot-
ing effect of SMYD3 to the H3K4me3 level of signature genes was
notably reduced by ZNF8 knockout (Figure S11B, Supporting In-
formation). Moreover, the effect of SMYD3 overexpression on
the transcription of lung metastasis signature genes was signifi-
cantly suppressed by ZNF8 knockout (Figure 7F). Furthermore,
ZNF8 knockout significantly inhibited the ability of SMYD3 to
promote cell migration and invasion (Figure 7G). Therefore, our
results confirmed that ZNF8 promoted the transcriptional acti-
vation of lung metastasis signature genes by recruiting SMYD3
subsequently promoting breast cancer metastasis.

2.8. Targeting SMYD3 Inhibits ZNF8-Mediated Breast Cancer
Metastasis

Our studies confirmed that ZNF8, which interacts with Smad3,
plays a critical role in the regulation of breast cancer metasta-
sis via TGF-𝛽 through SMYD3. Therefore, targeting this mech-
anism might have significant implications for the inhibition of
breast cancer metastasis. BCI121 is a small molecule inhibitor
of the histone methyltransferase SMYD3 that effectively inhibits
SMYD3 function.[22] BCI121 significantly suppressed the ability
of ZNF8 to promote the expression of lung metastasis signature
genes in MDA-MB-231 cells, and this inhibitory effect was more
pronounced in ZNF8-overexpressing cells (Figure 8A), regardless
of the TGF-𝛽 pathway activation or not (Figure S12A, Support-
ing Information). BCI121 also significantly inhibited the effects
of ZNF8 on both migration and invasion in MDA-MB-231 cells,
and cells overexpressing ZNF8 were more sensitive to BCI121
(Figure 8B). Furthermore, treatment with BCI121 effectively sup-
pressed the ZNF8-induced increase in the metastatic potential
of breast cancer cells (Figure 8C,D). Additionally, the inhibitory
effects of BCI121 on the transcription of lung metastasis signa-
ture genes, cell migration, and invasion were nearly eliminated
in ZNF8 knockout breast cancer cells (Figure S12B, C, Support-
ing Information). Moreover, BCI121 significantly suppressed the
spontaneous lung metastasis of breast tumors in the transgenic
animal study, but this effect was also absent in ZNF8 conditional
knockout mice (Figure S12D, Supporting Information). These re-
sults further suggested the critical role of the ZNF8-SMYD3 axis
in breast cancer metastasis.

Figure 6. ZNF8 is indispensable for the TGF-𝛽 signaling pathway-mediated metastasis in breast cancer cells. A) RT–qPCR analysis of signature genes
in control and ZNF8 knockout MDA-MB-231 cells with TGF-𝛽1 treatment (n ≥ 3). B) Representative images and quantification of Transwell assay for
migration and invasion in control and ZNF8 knockout MDA-MB-231 cells with TGF-𝛽1 treatment. C) Representative Western blots for Fibronectin, Slug,
Snail1, ZNF8, and the loading control GAPDH in control and ZNF8 knockout MDA-MB-231 cells with TGF-𝛽1 treatment. D) Representative images and
quantification of cell adhesion assay in control and ZNF8 knockout MDA-MB-231 cells with TGF-𝛽1 treatment. Cell number was counted in six randomly
captured pictures. E) Representative confocal images of the accumulation of rhodamine-dextran in the lung parenchyma in control and ZNF8 knockout
MDA-MB-231 cells with TGF-𝛽1 treatment. F) The study of lung metastasis via tail-vein injection of MDA-MB-231 breast cancer cells pretreated with
TGF-𝛽1 (left panel). Lung metastasis was analyzed by in vivo bioluminescence imaging; plot represents normalized photon flux from mouse lungs (right
panel). (n = 6 mice per group). G) Representative images and quantification of lung metastatic nodules in lung tissues harvested at Week15, (n = 6
mice per group). H) Kaplan–Meier survival curves of nude mice treated with tail-vein injection of control and ZNF8 knockout MDA-MB-231 cells with
TGF-𝛽1 pretreatment. For A, B, D, F, and G, data represent mean ± SD, and significance was determined with the Student’s t test, For H, significance
was determined with Log–rank (Mantel–Cox) test. ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Scale bar, 50 μm.
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With respect to clinical data, we analyzed the relationship
between SMYD3 expression levels and breast cancer prog-
nosis using the TCGA database and observed that there was
no significant association between SMYD3 expression and
progression-free survival (PFS) or OS (Figure S12E, Supporting
Information). However, in the subgroup analysis, we found that
the prognosis of patients with high ZNF8 and SMYD3 expression
was significantly worse than that of patients in the other three
groups (ZNF8 high-expression and SMYD3 low-expression;
ZNF8 low-expression and SMYD3 high-expression; ZNF8 and
SMYD3 both low-expression). Moreover, SMYD3 expression
was significantly negatively correlated with poor breast cancer
prognosis in patients with high ZNF8 expression but not in
patients with low ZNF8 expression (Figure 8E; Figure S12F,
Supporting Information). Our results confirmed that targeting
SMYD3 can inhibit ZNF8-mediated invasion and metastasis of
breast cancer cells, indicating that targeting the mechanism by
which ZNF8 recruits SMYD3 may be an effective strategy for the
TGF-𝛽-mediated lung metastasis of breast cancer.

3. Discussion

In this study, we screened in human breast cancer cells and
identified the transcription factor ZNF8 as a novel protein that
interacts with Smad3, which is a well-known mediator of the
TGF-𝛽 pathway. ZNF8 binds to Smad3, and promotes multiple
processes such as cell migration and invasion, EMT, endothelial
cell adhesion, and vascular invasion by enhancing the transcrip-
tion of lung metastasis signature genes. More importantly, ZNF8
knockout markedly inhibits neutrophil infiltration in the lung,
which might establish a premetastatic niche for tumor cells.[23]

Additionally, we demonstrated that ZNF8 is indispensable for
TGF-𝛽 pathway-promoted lung metastasis. Mechanistically,
ZNF8 recruits the histone methyltransferase SMYD3 to interact
with Smad3, which jointly increases the H3K4me3 epigenetic
modifications of the target genes promoter. This, in turn, facili-
tates the transcriptional activation of lung metastasis signature
genes, ultimately leading to lung metastasis in breast cancer.

The TGF-𝛽 pathway has been reported to participate in the
metastasis cascades by promoting EMT, regulating the immune
response, remodeling the extracellular matrix, and promot-
ing angiogenesis.[24] Currently, TGF-𝛽-targeted therapies have
shown promising inhibitory effects on metastasis.[25] However,
due to the pleiotropic effects of TGF-𝛽, systemic blockade of
TGF𝛽 may lead to adverse effects such as liver toxicity and
cardiotoxicity, limiting the clinical potential of such drugs.[26]

Therefore, it is necessary to explore the specific regulator of

TGF-𝛽 pathway involved in the process of metastasis to achieve
more precise medical treatment. Smad3 mediates the functions
of the TGF-𝛽 pathway by interacting with various cofactors, and
these R-Smad binding partners include transcription factors
from the forkhead, homeobox, bHL and AP1 families.[27] How-
ever, the Smad3 cofactors involved in lung metastasis in breast
cancer are still poorly understood. In this study, we initially
conducted proteomic analysis of Smad3-interacting proteins in
breast cancer cells and elucidated the functional clustering of
these proteins. The analysis demonstrated that proteins involved
in transcriptional regulation were significantly enriched, which
was in accordance with a previously reported study in human
pluripotent stem cells,[28] suggesting that these functions of
Smad3 are evolutionarily conserved. After further analysis of
transcription factors, ZNF8 was identified because of its sig-
nificant correlation with the prognosis of patients with breast
cancer. Furthermore, the results revealed that ZNF8 mediated
increases in the expression of lung metastasis signature genes
depend on interactions with Smad3. Thus, our findings suggest
that ZNF8 acts as a selective coactivator of the TGF-𝛽/Smad3
pathway, specifically facilitating lung metastasis in breast cancer
while not impacting tumor cell proliferation. This highlights
the potential of targeting the TGF-𝛽 pathway through ZNF8 as a
promising strategy for addressing breast cancer lung metastasis.

Recent studies have also demonstrated that the infiltration
of neutrophils in distant organs also plays a role in this pro-
cess of metastasis, as it facilitates the creation of a microen-
vironment that is favorable for tumor colonization, commonly
referred to as the premetastatic niche.[29] Notably, our results
showed that ZNF8 could specifically induce neutrophil infiltra-
tion, particularly in early metastatic organs, by promoting the
transcriptional activation of neutrophil chemokines. The for-
mation of neutrophil extracellular traps (NETs) has been re-
ported playing important role in promoting metastasis of tumor
cells. Besides NETs, degranulation of neutrophil also could en-
hance metastatic colonization of cancer cells.[30] Of note, our
results showed that ZNF8 expression was positively correlated
with neutrophil degranulation, which indicated effect of ZNF8
on neutrophil degranulation might participate in the promoting
metastasis function of ZNF8. However, the specific mechanism
should be explored in the future. Additionally, ZNF8 is a mem-
ber of the KRAB-ZFPs (KRAB-type zinc finger proteins) family,
which is the largest family of transcription factors/transcriptional
regulators in mammals and is reportedly correlated with sev-
eral human tumors.[31] The enhancement of neutrophil infil-
tration in lung metastasis by ZNF8 expands the understanding
of the roles of KZNF family transcription factors in the tumor

Figure 7. ZNF8 recruits SMYD3 to Smad3 and promotes the transcription activation of the lung metastasis signature genes within TGF-𝛽 pathway. A)
ChIP-qPCR for H3K4me3 occupancy at signature genes promoter in ZNF8 knockout and overexpression MDA-MB-231 cells as quantified by % of Input
(n ≥ 3). B) Co-immunoprecipitation of endogenous ZNF8 with Smad3 and SMYD3 using ZNF8 antibodies in MDA-MB-231 breast cancer cells. C) GST
pulldown with purified GST-ZNF8 and His-Smad3 followed by immunoblotting with anti Smad3 and ZNF8 antibodies. D) Co-immunoprecipitation of
endogenous SMYD3 with Smad3 using SMYD3 antibodies in Control and ZNF8 knockout MDA-MB-231 breast cancer cells. E) Map of the region of
SMYD3 and ZNF8 that interacted with each other. Co-immunoprecipitation with anti-Flag antibody in HEK293T cells co-transfected with Myc-ZNF8,
Flag-SMYD3 and Flag-tagge SMYD3 domains MYND, SET and CTD (left panel). Co-immunoprecipitation with anti-Myc antibody in HEK293T cells co-
transfected with Flag-SMYD3, Myc-ZNF8, Myc-tagged ZNF8 domains KARB, Linker, ZF repeats and C. Lower panel represents a schematic representation
of ZNF8 mutants (right panel). F) RT–qPCR analysis of signature genes in control and ZNF8 knockout MDA-MB-231 cells with SMYD3 overexpression
(n ≥ 3). G) Representative images and quantification of Transwell assay for migration and invasion in control and ZNF8 knockout MDA-MB-231 with
SMYD3 overexpression (n ≥ 3). For A, F, and G, data represent mean ± SD, and significance was determined with the Student’s t test, ns, p > 0.05;
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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Figure 8. Targeting SMYD3 inhibits ZNF8-mediated breast cancer metastasis. A) RT–qPCR analysis of signature genes in ZNF8-overexpressing MDA-
MB-231 cells with BCI121 treatment (n ≥ 3). B) Representative images and quantification of Transwell assay for migration and invasion in ZNF8-
overexpressing MDA-MB-231 cells with BCI121 treatment (n ≥ 3). C) Schematic diagram of the study of nude mice lung metastasis via tail-vein injection
of MDA-MB-231 breast cancer cells and treated with BCI121, (n= 6 mice per group) (left panel). Lung metastasis was analyzed by in vivo bioluminescence
imaging; plot represents normalized photon flux from mouse lungs (right panel). D) Representative images and quantification of lung metastatic nodules
in lung tissues harvested at Week12, (n = 6 mice per group). E) Kaplan-Meier progress-free survival stratified by high ZNF8 and SMDY3 (red), high ZNF8
and low SMYD3 (green), low ZNF8 and high SMDY3(blue), low ZNF8 and SMYD3 (yellow) mRNA expression in TCGA Breast cancer cases, (n = 885).
Log–rank (Mantel–Cox) test. For A-D, data represent mean ± SD, and significance was determined with the Student’s t test, ns, p > 0.05; *, p < 0.05;
**, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

immune microenvironment. However, further studies are
needed to ascertain the importance of neutrophil infiltration in-
duced by ZNF8 in metastatic organs, such as the bones, liver, and
brain.

The KRAB-ZFPs family is characterized by the conserved
KRAB domain at the N-terminus and multiple C2H2-type zinc

finger structures in the middle and C-terminus that recognize
specific DNA sequences.[32] The function of most KRAB-ZFPs
is unknown, but a few have been demonstrated to form tran-
scriptional complexes by recruiting the transcriptional regula-
tors KAP1 or SETDB and function mainly as transcriptional
repressors.[33] Our previous research also showed that ZNF498
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can act as a p53 corepressor in liver cancer cells.[34] This study
proposed another mode of action for KRAB-ZFPs by which ZNF8
acts as a coactivator of Smad3 and recruits the epigenetic regula-
tor SMYD3 to promote H3K4me3 modification, thereby activat-
ing the transcription of lung metastasis signature genes in breast
cancer, which has not been previously reported.

Although previous studies have reported the regulation of epi-
genetic modifications by KRAB-ZFPs family members in the
TGF-𝛽 pathway,[35] there are few targeted therapeutic strate-
gies for metastasis. In this study, we attempted to target the
ZNF8–SMYD3 axis by using BCI121, an inhibitor of SMYD3.
BCI121 indeed significantly suppressed ZNF8-mediated inva-
sion and metastasis of breast cancer cells, which confirmed that
the ZNF8–SMYD3 axis is a good candidate target for the preven-
tion and treatment of breast cancer lung metastasis. Consider-
ing that SMDY3 inactivation under normal conditions does not
lead to detectable phenotypes, so the SMYD3 inhibitors have less
side effects compared with TGF-𝛽 pathway inhibitors. Moreover,
our clinical studies suggested that the prognostic significance of
SMYD3 in breast cancer is influenced by ZNF8 expression, fur-
ther highlighting the key role of ZNF8 in this axis. A follow-up
study to screen for inhibitors targeting ZNF8 is underway in our
laboratory.

4. Conclusion

In conclusion, we identified a novel prometastasis TGF-𝛽/Smad3
cofactor in breast cancer. We also demonstrated that ZNF8, a
Smad3-interacting protein, is indispensable for multiple pro-
cesses related to lung metastasis in breast cancer by epigenetic
modulation. These findings provide valuable insights into the
molecular mechanisms by which TGF-𝛽 pathway signaling in-
duces breast cancer lung metastasis and suggest a potential ther-
apeutic target for the treatment.

5. Experimental Section
Cell Culture: MCF-7, ZR-75-1, MDA-MB-231, and Hs578T human

breast cancer cell lines and human umbilical vein endothelial cells (HU-
VEC), human embryonic kidney 293T (HEK-293T) cells from the Amer-
ican Type Culture Collection (ATCC) were obtained. MCF-7, MDA-MB-
231, Hs578T, and HEK-293T cells were cultured in high glucose DMEM
(Gibco; 11965-092) supplemented according to ATCC guidelines. RPMI-
1640 (Gibco; 61870-036) and F-12K Medium (ATCC; 30–2004) supple-
mented with ATCC guidelines were used to culture ZR-75-1 cells and HU-
VEC, respectively. All cell lines were cultured in the indicated medium
with 10% fetal bovine serum (Gibco; 10 099 141) and a 1% Antibiotic–
Antimycotic (Gibco; 15-240-062) following ATCC’s instructions. The cells
were maintained at 37 °C and 5% CO2 and were confirmed to be
mycoplasma-free with MycoAlert (Lonza; LT07-418). After culturing for 24
h in complete medium, conditioned media (CM) from ZNF8 overexpress-
ing MCF-7 cells or ZNF8 knockout MDA-MB-231 cells were collected as
specified for each experiment,

Anti-Smad3-Immunoprecipitation and LC-MS/MS: MDA-MB-231 nu-
clear lysates were extracted using a nuclear and cytoplasmic protein ex-
traction kit from 2 × 108 cells and centrifuged at 100 000 g for 30 min at
4 °C. For immunoprecipitation, nuclear lysates were incubated with 1 μg
anti-Smad3 antibodies or normal IgG for 3 h, and 30 μL protein A/G PLUS
agarose was later added and incubated for 8 h. Agarose was collected by
centrifugation at 3000 g for 2 min at 4 °C and washed with NETN lysis
buffer 3–4 times for 5 min. Precipitated protein was resolved in 2 × pro-

tein loading buffer and boiled for 10 min. The protein was loaded onto
SDS-PAGE, immunoblotted with the indicated antibody, and stained with
Coomassie blue. The full lanes were cut into small bands regardless of
whether the protein band was visible, and were subjected to LC-MS/MS
sequencing and data analysis as previously described. The mass spec-
trometry results were searched by MaxQuant, and the data quality con-
trol was performed based on the protein group file of the results. The
quantitative results were scored using SAINT express for interaction con-
fidence (SAINT score ≥ 0.9), and a total of 626 highly confident interact-
ing proteins were identified. The highly confident interactions included 66
transcription factors reported in the transcription factor database Animal
TFDB and the interaction network was drawn using Cytoscape.

Western Blots and Immunoprecipitation: For preparing the protein ex-
tracts for western blots, samples were mixed with Laemmli loading buffer
containing Tris-HCl (0.1 M, pH 7.0), SDS (4%), glycerol (20%), DTT
(1 mM), and protease inhibitors (Roche, 4 693 116 001). The mixtures
were then loaded onto SDS polyacrylamide gels and separated by elec-
trophoresis. The separated proteins were transferred to NC membranes
(Pall, C05-05002), which were then probed with specific antibodies. The
immunoblots were visualized using the Bio-Rad system. Antibody infor-
mation is provided in Table S3 (Supporting Information). For immuno-
precipitation experiments, cells were lysed in a buffer containing KCl
(200 mM), Tris-HCl (20 mM, pH 7.9), MgCl2(5 mM), glycerol(10%),
EDTA(0.2 mM), and NP-40(0.1%), supplemented with protease inhibitors
(Roche, 4 693 116 001). The lysates were then incubated with specific an-
tibodies or control IgGs overnight at 4 °C. The beads-bound immunopre-
cipitates were washed and eluted in Laemmli loading buffer for western
blot analysis.

GST-Pull Down Assay: In the GST-pull down experiment, 1 μg of GST,
GST-ZNF8, or GST-Smad3, protein was immobilized on Glutathione-
Sepharose 4B (GE, 17 075 601). This was then incubated with 6× His-
tagged Smad3 or SMYD3 protein purified from bacterial culture for 2 hours
at 4 °C in a buffer containing KCl(120 mM), Tris-HCl (20 mM, pH 7.9),
MgCl2 (5 mM), EDTA(0.2 mM), glycerol (10%), NP-40 (0.2%), and pro-
tease inhibitors (Roche, 4 693 116 001). After incubation, the beads were
washed and then analyzed by western blotting.

Patient Specimens and Immunohistochemistry Staining: The Qilu co-
hort 1 involved 152 patients with primary breast cancer, and the metas-
tasis was analyzed using Kaplan-Meier on samples with follow-up infor-
mation (Table S1, Supporting Information). The Qilu cohort 2 involved
108 patients with different status of metastasis (Table S2, Supporting In-
formation), and the Qilu cohort 3 involved 49 patients with metastatic
lymph nodes. All samples were obtained including another four primary
tumors and paired lung metastatic tumors from Qilu Hospital of Shan-
dong University with consent from all subjects and approval from the
hospital’s institutional research ethics committee. The expression lev-
els of ZNF8 were semi‑quantified using a semi‑quantitative IHC scor-
ing system, as previously described.[36] The percentage of positive tu-
mor cells was graded on a scale between 0 and 4, as follows: 0, none;
1, 1–10%; 2, 11–50%; 3, 51‑80%; 4, >80%. The intensity of staining was
graded on a scale between 0 and 3, as follows: 0, none; 1, weak stain-
ing; 2, moderate staining; 3, strong staining. The combination of the ex-
tent (E) and intensity (I) of staining was obtained as the product of E and
I (EI), which varied between 0 and 12 for each sample. Using the X‑tile
software program (version 3.6.1; The Rimm Lab, Yale University; https:
//medicine.yale.edu/lab/rimm/research/software.aspx), a significant cut-
off point for ZNF8 was identified in terms of distant metastasis-free sur-
vival (DMFS) in patients with breast cancer. A cutoff score of 6 was se-
lected, and the score≥6 was considered high expression. The Declaration
of Helsinki of 1975 was followed in all research.

CRISPR/Cas9 Experiments: MDA-MB-231 and Hs578T cells were
infected by pLentiCRISPR v2 (Addgene) with either human ZNF8
sgRNA or negative control sgRNA vector for deletion of ZNF8. After
48 h, separated cells were plated on 96-well plates and treated with
Puromycin for 2 weeks at 2.0 g mL−1. Then the viable colonies were
expanded and immunoblots were performed to verify the ZNF8 levels.
The oligo sgRNA sequences used are listed in Table S4 (Supporting
Information).
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Lentiviral Overexpression: The ZNF8 (Flag-tagged) cDNA was cloned
into the pLV-Neo-ZNF8 lentivirus vector, and then the ZR-75-1, MCF-7,
and MDA-MB-231 cells were either infected with 1 μg ZNF8 overexpres-
sion plasmid or with an empty control vector. Once infected, the cells were
treated with G418 (Millipore, 345 810) for two weeks to obtain stable ZNF8
overexpression. The ZNF8 expression was verified by immunoblotting.

siRNA Knockdown: The siRNAs were transfected into cells using PE
according to the manufacturer’s instructions. GenePharma Company
(Shanghai) provided oligo siRNAs for transfection, and the siRNA se-
quences are listed in Table S5 (Supporting Information).

Cell Proliferation and Colony-Forming Assay: The viability of the cells
was determined using the Cell Counting Kit-8 (Dojindoe, CK04) according
to the manufacturer’s instructions. Cells were seeded and cultured (2 ×
103 per well in 100 μL of medium) in 96-well microplates. After 24 h, 10 μL
of CCK-8 reagent was added to each well and then cultured for 2 h. With the
SpectraMax microplate reader (Molecular Devices, 340PC384), the prolif-
eration of cells was estimated based on the absorbance at 450 nm using
wells without cells as blanks. The relative cell viability was expressed as
percentage of that of the control cells.

For the colony-forming assay, trypsinzed cells were dispensed into six-
well tissue culture dishes with a cell density of 300 per well. Cells were
fixed and stained with Giemsa to visualize colonies at the end of a 14-day
drug-free culture. Experiments were performed in triplicate.

Immunofluorescence: Cells seeded in confocal dishes were fixed with
4% paraformaldehyde and then kept stable for 10 min to rupture the cell
membranes with 0.2% Triton. To block non-specific antigen-binding sites,
30 min of BSA treatment was performed following three PBS washings. Af-
ter incubating the primary antibodies diluted in the same blocking buffer
overnight at 4 °C, the secondary antibodies were incubated for 1 hour at
room temperature. The images were taken either with fluorescence mi-
croscope (Nikon, Ts2-FL) or confocal fluorescence microscope (ZEISS,
LSM800).

For the multiplex IF staining assays to determine the subcellular local-
ization and co-localization of ZNF8, Smad3, and SMYD3 in MDA-MB-231
cells. Cells seeded in confocal dishes were sequentially stained with pri-
mary antibodies and HRP-conjugated secondary antibodies. One of the
three dye reagents was used for staining, followed by microwave treatment
and another round of staining. Anti-ZNF8, anti-SMYD3, and anti-Smad3
were used as primary antibodies. Dyes PDD520, PDD570, and PDD650
(Panovue, Beijing,China) were used for staining.

For neutrophil infiltration assay of murine tissues, the paraffin-
embedded tissue sections underwent a process of dewaxing and rehydra-
tion, followed by a critical step to block endogenous peroxidase activity.
To enhance antigen visibility, a high-temperature antigen retrieval proto-
col was employed. Subsequently, the sections were processed further for
immunofluorescence (IF). The sections were incubated for overnight at
4 °C with the anti-Ly6G primary antibodies. Subsequently, the sections
were incubated with Alexa Fluo488 Goat anti-Rabbit IgG Cross-Adsorbed
secondary antibody. Nuclei were counterstained with 4′-6′-diamidino-
2- phenylindole (DAPI). Images were captured using a confocal laser-
scanning microscope (ZEISS, LSM800).

Transwell Migration and Invasion Assay: Transwell migration and in-
vasion assays were performed using a Transwell chamber (Corning,
354 480) with or without a Matrigel-coated filter. The 3 × 104 MDA-MB-
231 cells/1.5 × 104 Hs578T cells /6 × 104 ZR-75-1 cells/8 × 104 MCF7
cells/8 × 104 tumor cells isolated from lung metastasis lesion of WT and
ZNF8-KO mice suspended in 200ul serum-free medium were plated on the
upper chamber membranes. The insert was incubated in 600 μL medium
with 20% FBS for 24 h at 37 °C, and the migrating or invading cells were
fixated with 70% ethanol for 15 min and stained with 2% Crystal Violet for
10 min at room temperature. The cell count was performed with Olympus
digital camera (Olympus, DP71).

Endothelial Permeability: The passage of rhodamine-conjugated dex-
tran (70 kDa) (Sigma, R9379) was used to determine the permeability of
treated HUVEC monolayers on Transwell filters (0.4-μm pore size) (Corn-
ing, 3396). Briefly, the top well was added with 20 mg/ml rhodamine-
dextran, and then the fluorescence in the bottom well was monitored by
measuring 40 μL medium aliquots with the SpectraMax microplate reader

(Molecular Devices, 340PC384) at 544 nm excitation and 590 nm emission
in a time course.

For in vivo assay, the murine lung tissues were cleared of blood by per-
fusing with 50 ml of PBS through the right ventricle. The tissues were then
rinsed with pre-chilled PBS, fixed them in 4% PFA for 2 hours at 4 °C on
a shaker. After that, the fixed tissues were dehydrated overnight with 30%
sucrose in PBS, and embedded in OCT (Sakura 4583) for 1 h at 4 °C, and
frozen at −80 °C. The tissues were sectioned to 10 mm thickness, and
observed with confocal fluorescence microscope (ZEISS, LSM800)

Tumor Cell–Endothelial Cell Binding Assay: HUVECs were seeded in 24-
well plates and incubated for 48 hours to achieve a uniform monolayer.
Before adhering to the endothelial cell monolayer, tumor cells were labeled
with CFDA-SE (Beyotime, C1031) at a concentration of 5 mg mL−1 for
10 min at 37 °C. The wells were then washed twice with PBS, and images
were captured using a fluorescence microscope.

Animal Studies: Female mice were used because mammary cancers
occur primarily in females. Pathogen-free female Balb/c nude mice and
C57BL/6 4–6 weeks old were used for lateral tail vein injection. To inves-
tigate lung metastasis formation, 5 × 105 viable MDA-MB-231 cells were
collected in PBS and then injected into the lateral tail vein in a volume of
0.1 ml. The endpoint assays were conducted at 15 weeks post-injection,
unless early termination was necessary due to significant morbidity. For
the TGF-𝛽 inhibition experiment, mice were treated with the SB431542
(1 μM, 100uL per mouse) by intraperitoneal injection twice per week. For
neutrophil depletion experiments, anti-Ly6G (200 μg per mouse, clone
1A8), and isotype controls mouse IgG2a (clone 2A3) were injected in-
traperitoneally. Treatment was administered on day −1 when tumor cell
injection with 4 × 106 viable ZNF8 overexpression and empty vector
4T1cells, and thereafter every 3 days until experimental endpoint. For or-
thotopic metastasis studies, 4–6 weeks old female NOG mice were pur-
chased from Charles River (Beijing) and the tumor cells were then re-
suspended in a 50:50 solution of PBS and Matrigel at a concentration of
4 × 107 cells mL−1. a mini incision was made to expose the mammary
gland after the mice were anesthetized, and 1 × 106 cells (50 uL) were in-
jected directly into the mammary fat pad. The primary tumor outgrowth
was monitored weekly by measuring the tumor length (L) and width (W),
and the tumor volume was calculated as 𝜋LW2/6. For metastasis assays,
tumors reaching a volume greater than 300 mm3 were surgically resected
at 7 weeks and the bioluminescent imaging was used to monitor the devel-
opment of metastases after resection. In order to visualize and analyze bio-
luminescent signals, mice were anesthetized and injected intraperitoneally
with 1.5 mg of D-luciferin (15 mg/ml2 in PBS) (Perkinelmer, K9937PE).
10 and 12 min later after injection, the imaging was completed using a
Perkinelmer IVIS Spectrum system (Perkinelmer, 124 262) coupled to Liv-
ing Image analysis software. After H&E staining of the lung, metastatic
nodules on its surface were counted under dissecting microscope. During
the study, all mice were housed and handled according to protocols ap-
proved by the institutional Animal Care and Use Committee of National
Center for Protein Sciences (Beijing).

RNA Isolation and Quantitative RT-PCR: Total RNA was isolated using
Trizol reagent (Sigma, T9424), and cDNA was generated from 500 ng of to-
tal RNA using a ReverTra Ace qPCR RT Kit (TOYOBO, FSQ-101) following
the manufacturer’s protocol. Subsequently, fluorescence quantitative PCR
was carried out using the SYBR Green Realtime PCR Master Mix (TOY-
OBO, QPK-201) in a Bio-Rad detection system. Three technical replicates
were carried out for all quantitative PCR. The sequences of the primers
were listed in Table S4 (Supporting Information).

RNA Sequencing: For RNA-seq of ZNF8 knockout and control MAD-
MB-231 cells, cells were cultured as described above. For RNA-seq of TGF-
𝛽 pathway, the MDA-MB-231 cells were treated with 5uM SB431542 for
overnight. Cells were first lysed with h TRIzol reagent (Sigma, T9424) and
then purified with the Mini-RNeasy kit (Qiagen, 74 106). RNA sequencing
libraries were made, and samples were sequenced on an Illumina HiSeq
2000 by Novogene (Beijing). Hisat2 v2.0.5 was used to build the refer-
ence genome index, and align clean paired-end reads to the reference
genome. Read counts mapped to each gene were calculated using Feature-
Counts v1.5.0-p3. And then the FPKMs were calculated using the length
and read count mapped to each gene. According to the negative binomial
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distribution, an analysis of differential expression was performed with DE-
Seq2. GO and KEGG enrichment analyses were conducted based on the
results of comparisons.

In Vivo Lung Permeability Assays: For the assays of lung blood vessel
permeability in vivo, tumor cells with indicated treatment were injected
into the lateral tail vein. After inoculation, mice were injected intravenously
with rhodamine-conjugated dextran (70 kDa) (Sigma, R9379) at 2 mg per
20 g body weight one day later. The mice were sacrificed after 3 h, and 5 mL
of PFA 4% was injected intratracheally to fix the lung before the extracting.
Following that, the lungs were frozen and 10 mm sections were taken to
be examined under a confocal fluorescence microscope for the presence
of vascular leaks.

Transgenic Mouse Models: Female mice were used because mam-
mary cancers occur primarily in females. Murine mammary cancer model
C57BL/6JBL/6J-Tg (MMTV-PyMT) was gifted by Professor Lingqiang
Zhang (State Key Laboratory of Proteomics, Beijing Proteome Research
Center, National Center for Protein Sciences Beijing, Beijing Institute of
Lifeomics). The Znf8fl/fl mice were obtained from Cyagen (Guangzhou,
China) through its transgenic animal services. MMTV-Cre/Znf8fl/fl ani-
mals were then bred with mice carrying the PyMT transgene to get female
cohorts of Znf8fl/fl -PyMT (WT), Znf8fl/fl Cre-PyMT (KO) and heterozygous
knockout Znf8 fl/+ Cre-PyMT (Het) mice. The mice were aged, and mam-
mary tumor development was monitored. At the age of 5 weeks, mice were
randomly assigned to two experimental groups to study tumor formation
and lung metastasis. Mice were treated with the BCI121 (1 mM kg−1) by
intraperitoneal injection twice per week. All mice were killed after 23 weeks
and lung metastasis was examined. After staining with H&E, the lung
metastatic nodules were counted using a dissecting microscope. During
the study, all mice were housed and handled according to protocols ap-
proved by the institutional Animal Care and Use Committee of National
Center for Protein Sciences (Beijing).

Flow Cytometry: For flow cytometry, lung and primary tumor samples
from ZNF8 KO mice and control WT group were dissociated into single-
cells suspensions with Hank’s Enzyme Free Cell Dissociation Solution
(EMD Millipore, S-004-C) and filtered through a 70-μm strainer. The single-
cell suspensions were stained with anti-CD16/32 in a staining solution at
4 °C for 30 min, then stained with appropriate antibody (Table S3, Sup-
porting Information), and the percentage of CD3+ T cells, CD19+ B cells,
CD11b+F4/80+ macrophages, CD11c+MHCII+ DCs, CD11b+Ly6G+ neu-
trophils were evaluated using the BD LSRFortessa SORP (BD Biosciences).

LC-MS/MS for Proteomics Analysis: For proteomic experiments, lung
samples from ZNF8 KO mice and control WT group were sliced into
small pieces (5 μm per piece). To remove the bulk of the paraffin,
FFPE rolls underwent preheating in an oven at 65 °C for 10 min
and fully deparaffinized using xylene, concentration gradient ethanol
(100%, 90%, 75%), and water followed by air dry. Sliced FFPE speci-
mens were re-suspended in tenfold volume (200 μL per 5 pieces) of
lysis buffer containing 300 mM Tris-HCl (pH 8.6), 1% (w: v) sodium
deoxycholate, and EDTA-free protease cocktail inhibitors. Mass spec-
trometry (MS) samples were prepared and analyzed as previously
described.[37]

ChIP-qPCR: 3 × 107 MDA-MB-231 cells were collected and washed
once in PBS. The cells were then cross-linked with 1% formaldehyde for 10
minutes at room temperature, which was quenched by addition of 0.125 M
final glycine for 5 minutes at room temperature. Chromatin immunopre-
cipitation, including sample preparation, sonication, immunoprecipita-
tion by specific antibodies (Table S3, Supporting Information) and purifi-
cation was conducted as previously described.[38] Quantification of ChIP
products was performed with SYBR Green Realtime PCR Master Mix (TOY-
OBO, QPK-201) in a Bio-Rad detection system and normalized to those
obtained with a nonimmune serum (IgG). % of DNA inputs are used to
express the data. The primers for ChIP–qPCR are detailed in Table S4 (Sup-
porting Information).

Statistical Analysis: Student’s t test, two sided, was used for all
two-sample statistical analyses and the results were presented as the
mean ± SD. Pearson 𝜒2-test was applied to analyze the relationship be-
tween ZNF8 expression and clinicopathological characteristics. The online
database, Kaplan-Meier plotter (http://kmplot.com/analysis/), which was

constructed based on microarray and RNA-seq data from databases such
as GEO, EGA, and TCGA, and encompassing the most comprehensive
information from 6234 breast cancer patients, was adapted to evaluate
the prognostic value of top ten Smad3 binding transcription factors on
OS and DMSF for breast cancer patients. The mRNA expression data of
ZNF8 and SMYD3 for breast cancer was downloaded from The Cancer
Genome Atlas (TCGA). The Log-rank (Mantel–Cox) test was used to ana-
lyze the survival data for breast cancer patients (follow-up time for at least
a year) and animal study with GraphPad Prism. GraphPad Prism was also
used to perform significance analyses for RT-qPCR, ChIP-qPCR, IHC quan-
tification, HUVEC adhesion, and Transwell assays. GSEA was performed
with GSEA software (http://software.broadinstitute.org/gsea/index.jsp).
Statistics are shown on the graphs with p values and significance was de-
termined by p < 0.05.

Ethics Approval Statement: We obtained all samples from Qilu Hos-
pital of Shandong University with consent from all subjects and approval
from the hospital’s Institutional Research Ethics Committee. The animal
operations in this study were evaluated and approved by the Institutional
Animal Care and Use Committee of National Center for Protein Sciences
(Beijing).
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