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SUMMARY

Breast cancer, a common malignancy and top cause of female cancer deaths globally, urgently requires new
biomarkers and insights into its progression and chemoresistance. In this study, we identify ZNF593, a mem-
ber of the zinc finger protein family, as an understudied oncogene in breast cancer. ZNF593 is significantly
upregulated in breast cancer tissues compared to adjacent normal tissues, which is linked to poor prognosis
and advanced clinicopathological features. In vitro experiments demonstrate that ZNF593 enhances the pro-
liferation and migration capabilities of breast cancer cells. Comprehensive analyses reveal that ZNF593 is
associated with DNA damage repair, cell-cycle regulation, and immunity-related pathways. Mechanistically,
ZNF593 protects DNA repair and influences sensitivity to the associated chemotherapy. Furthermore,
ZNF593 modulates CCND1, CCNE1, and CCNAZ2, genes encoding cyclins that facilitate the G1/S transition,
resulting in cell-cycle progression. Collectively, our findings identify ZNF593 as a potential therapeutic target

for breast cancer, affecting progression and chemoresistance.

INTRODUCTION

Breast cancer is the most common cancer among women world-
wide and has become the leading cause of cancer-related mortal-
ity in most countries in 2024." About a quarter of women with can-
cer worldwide have breast cancer, whereas about one in six
cancer deaths in women worldwide are caused by breast cancer.?
The current treatment options for breast cancer include surgery,
radiation therapy, chemotherapy, endocrine therapy, and molec-
ular targeted therapy.® In the past 2 years, there have also been
some emerging treatment methods, such as immunotherapy,
antibody-drug conjugates, and so on.*° Despite advancements
in diagnostic techniques and therapeutic strategies for breast
cancer, patients continue to experience distant metastases and
recurrence, resulting in a poor prognosis.® Therefore, identifying
effective treatment methods or therapeutic targets for breast can-
cer remains an urgent challenge. Ongoing research efforts are
focused on identifying effective therapeutic biomarkers to person-
alize treatment options and establish a comprehensive approach
to effectively manage breast cancer.

Zinc finger proteins, encoding a group of evolutionarily
conserved proteins that present in approximately 5% of all hu-
man proteins, exhibit a remarkable binding affinity for a diverse
array of substrates, ranging from DNA, RNA, and lipids to

post-translational modifications.” Members of zinc finger pro-
teins play critical roles in various cellular processes, encompass-
ing transcriptional regulation, signal transduction, and cell
migration.® Zinc finger proteins have also been shown to play
important roles in tumorigenesis and cancer progression.® Cur-
rent studies have shown that ZNF384, ZNF827, ZCCHC4, and
other zinc finger proteins usually promote the proliferation,
migration, and chemotherapy tolerance of breast cancer by
affecting genome stability and cell-cycle progression.’®'2

Here, we identify ZNF593 as an understudied oncogene and
regulator of DNA damage process in breast cancer, which is a
member of zinc finger proteins family. ZNF593 was discovered
by Terunuma et al. in 1997 as a factor that exhibits significant
negative regulation of Oct-2 DNA-binding activity.'® Subsequent
studies indicated that ZNF593 affects the activity of DNA- or
RNA-binding proteins through its binding to conserved DNA
structures.'* However, the functional roles of ZNF593 in tumor-
igenesis remain largely unknown, and no research has yet estab-
lished a relationship between ZNF593 and DNA damage repair.
Our study aims to provide insight into the fundamental role of
ZNF593 in breast cancer, with the anticipation of providing
new therapeutic targets for breast cancer.

ZNF593 expression was significantly upregulated in cancerous
tissues compared to adjacent normal tissues, correlating with
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poor prognoses in breast cancer. Knockdown of ZNF593 sup-
pressed breast cell proliferation and migration. Mechanistically,
ZNF593 enhanced DNA homologous recombination repair,
affecting sensitivity to DNA-damage-related chemotherapy.
Moreover, our study revealed that ZNF593 regulated the expres-
sion of CCND1, CCNE1, and CCNA2, genes encoding cyclins that
facilitate the G1/S transition, leading to cell-cycle progression.
Additionally, ZNF593 modulated the tumor microenvironment.
Collectively, our findings uncovered an oncogenic role of
ZNF593 in breast cancer and propose targeting ZNF593 as a
promising strategy to overcome chemoresistance in breast
cancer.

RESULTS

ZNF593 is overexpressed in breast cancer and is
associated with advanced clinicopathological features
First, we analyzed the expression levels of ZNF593 in 34 com-
mon tumors and their adjacent normal tissues (Figure 1A). The
expression of ZNF593 was significantly increased with a
p < 0.0001 in 29 types of cancer, including breast invasive carci-
noma (BRCA). Next, we found that ZNF593 was significantly up-
regulated in breast cancer tissues compared with adjacent
normal tissues (Figures 1B and 1C). The correlation was also
determined in 96 paired samples (Figure 1D). Later, we utilized
quantitative real-time PCR (qPCR) experiments to validate the
expression levels of ZNF593 in breast cancer specimens and
matched adjacent normal tissues (Figure 1E), which led to the
same conclusion. At the protein expression level, the immuno-
histochemistry (IHC) images of ZNF593 from the Human Protein
Atlas (HPA) database also supported the aforementioned con-
clusions (Figure 1F). In addition, western blot analysis was
performed on three pairs of breast cancer and adjacent normal
tissues, and it was found that the expression of ZNF593 was
increased in cancer tissues (Figure S1E). Our previous conclu-
sion was supported by deeper staining in breast cancer tissue
compared to adjacent normal tissues. We then analyzed the rela-
tionship between common clinical indicators and the expression
of ZNF593. Considering lymph node metastasis status, the re-
sults showed that there was no significant difference in the
expression of ZNF593 among various lymph node metastasis
status. However, there was a trend of high expression in N3
group (Figure 1G). Considering biological subtypes, luminal
and HER2-positive subtype breast cancers exhibited a signifi-
cant decrease in ZNF593 expression compared to triple-nega-
tive breast cancer (TNBC) (p < 0.01) (Figure 1H). This indicated
that ZNF593 was associated with advanced clinicopathological

¢ CellP’ress

OPEN ACCESS

features. We further analyzed the expression of ZNF593 in
TNBC, finding a significant difference compared to adjacent
normal tissues (p = 0.0002) (Figure 11). Additionally, the expres-
sion of ZNF593 was significantly higher in premenopausal breast
cancer patients compared to perimenopausal patients (Fig-
ure S1A). But there were no significant differences in ZNF593
expression among different groups in terms of patient age (Fig-
ure S1B) and breast cancer stage (Figure S1C). In summary,
ZNF593 is highly expressed in breast cancer tissues, and this
high expression is associated with breast cancer subtypes,
especially within TNBC.

Higher expression of ZNF593 is associated with poorer
survival outcome in breast cancer

Kaplan-Meier (KM) plotter survival analysis indicated that
high expression of ZNF593 was associated with worse overall
survival (OS) and relapse-free survival (RFS) in The Cancer
Genome Atlas (TCGA) database (Figures 2A and 2B) and
GSE1456 dataset obtained form Gene Expression Omnibus
(GEO) database (Figures 2C and 2D). Additionally, we collected
surgical samples from 66 breast cancer patients and performed
IHC analysis of ZNF593 protein expression (Figure 2E). KM sur-
vival analysis further validated that breast cancer patients with
high expression of ZNF593 have worse OS and disease-free
survival (DFS) (Figures 2F and 2G), which is consistent with
our results in the public database. And we also analyzed the
relationship between the expression levels of ZNF593 and the
survival prognosis in TNBC, obtaining the same results (Fig-
ure S1D). In short, these results suggest that breast cancer pa-
tients with high levels of ZNF593 tend to have worse survival
outcomes.

ZNF593 promotes cell proliferation and migration in
breast cancer

With two independent siRNAs, we determined the functions of
endogenous ZNF593 by knocking down ZNF593 in MDA-MB-
231 and SUM159PT cells (Figures 3A and 3B), which was also
verified at the protein level by western blot assay (Figures 3C
and 3D). Subsequently, in the cell counting kit-8 (CCK-8) exper-
iment, we compared the results of the control group (siNC) and
two experimental groups with ZNF593 knockdown (siZNF593#1,
siZNF593#2) and concluded that the cell viability of the two
ZNF593 knockdown groups was significantly lower than that
of the control group (Figures 3E and 3F). Ablation of ZNF593
dramatically reduced cell proliferation. In addition, migration
assays were performed for both cell lines using uncoated trans-
well chambers. Using representative images (Figure 3G) and

Figure 1. ZNF593 is overexpressed in breast cancer and is associated with advanced clinicopathological features

(A) A pan-cancer analysis of ZNF593 mRNA expression level in 34 cancers.

(B) Differential gene analysis in breast cancer according to the cancer genome atlas (TCGA) database (TCGA:BRCA).

(C and D) Unpair comparison and pair comparison of ZNF593 expression in normal mammary tissues and BC.

(E) The ZNF593’s PCR assay of five pairs of cancer and adjacent normal tissues from breast cancer.

(F) IHC staining images of ZNF593 in breast cancer tissue and normal mammary tissue from the HPA database (HPA: https://www.proteinatlas.org).
(

(

(

G) Expression of ZNF593 in BRCA based on nodal metastasis status.
H) Expression of ZNF593 in BRCA based on breast cancer subclasses.

1) Expression of ZNF593 based on TNBC (IHC) status. “p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by two-tailed Student’s t test or two-way ANOVA test. Data

are represented as mean + SD.
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Figure 2. Higher expression of ZNF593 is correlated with poor survival in breast cancer patients
(A and B) Kaplan-Meier plots of ZNF593 in breast cancer according to overall survival (OS) and relapse-free survival (RFS) (KM plotter: https://kmplot.com/

analysis/). Log rank test.

(C and D) OS and RFS of breast cancer patients analyzed by the GSE1456 dataset (GEO: GSE1456). Log rank test.
(E) IHC staining analysis of ZNF593 expression in 66 breast cancer patients. Representative images are shown. Scale bar: 100 um. The scale length of the small

image in the bottom right corner of each picture is 50 um.

(F and G) Higher expression level of ZNF593 is associated with poor OS and disease-free survival (DFS). Log rank test.

corresponding quantitative results (Figures 3H and 3l), we found
that knocking out ZNF593 reduced the migration potential of
both cell lines. These results suggest that loss of ZNF593 inhibits
the growth and development of breast cancer.

Co-expression network and enrichment analysis of
ZNF593

We first used Linkedomics to analyze the top 50 genes positively
and negatively correlated with ZNF593 expression in breast can-
cer tissues (Figures 4A and 4B). With these 100 genes, we per-
formed Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses (Figure 4C). In terms
of GO-molecular function (MF), ZNF593 and its related genes
were enriched in DNA-binding transcription factor binding
pathway. In GO-biological process (BP), they were enriched in
pathways associated with genome stabilization, including ATP
biosynthetic process, phosphorylation, subtelomeric heterochro-
matin formation, DNA damage response, mRNA transcription,
and DNA-templated DNA replication. In addition, the cell-cycle-
related pathways including mitotic cell-cycle process were also
enriched. In GO-cellular component (CC), ZNF593 was enriched
at the double-strand break site. GO (Figures S2A and S2C) and
KEGG (Figures S2B and S2D) analyses in the GSE1456 and
FUSCC-TNBC datasets yielded the same conclusions. Subse-
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quently, we conducted protein-protein interaction (PPIl) analysis
on ZNF593 and found 20 proteins associated with it, of which
PRDX4'° and LTA4H® are related to the body’s immune system,
NSD2'" is related to the DNA damage repair process, cGAS is
both related to DNA damage repair'® and immune system,'®
SSB?° and DNPH1?" are involved in the nucleic acid binding and
metabolism process, and USO1 plays a role in the mitosis pro-
cess? (Figure 4D). In summary, ZNF593 plays a role not only in
maintaining genomic stability but also in the regulation of cell cycle
and has a certain impact on the function of the immune system.

ZNF593 promotes DNA damage repair

Gene set enrichment analysis (GSEA) indicated that ZNF593
was significantly enriched in pathways related to DNA repair
(Figures 5A and S3A), DNA damage response (Figures 5B
and 5D), and DNA recombination (Figure 5C). Furthermore, we
performed enrichment analysis using GSE1456 dataset
(Figures S3B and C) and FUSCC-TNBC dataset (Figure S3D),
which also showed enrichment of ZNF593 in pathways related
to DNA damage repair. Subsequently, single-sample GSEA
(ssGSEA) analysis of the TCGA and FUSCC-TNBC database
revealed that ZNF593 was associated with a homologous
recombination (HR) repair pathway in DNA damage repair
(Figures 5E and 5F). Subsequently, we used western blot
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Figure 3. ZNF593 deficiency inhibits cell proliferation and migration in breast cancer

(A and B) ZNF593 expression was confirmed via RT-gPCR analysis in MDA-MB-231 and SUM159PT cells transfected with two distinct siRNAs targeting ZNF593.
(C and D) Western blot verified that both of the above two distinct siRNAs could knock down ZNF593 at the protein level.

(E and F) Knockdown of ZNF593 suppresses cell proliferation in MDA-MB-231 and SUM159PT cells, as assessed by cell counting kit-8 assays.

(G) Knockdown of ZNF593 suppresses migration ability of MDA-MB-231 and SUM159PT cells by migration assays. Scale bar: 100 pm.

H and I) Corresponding quantitative results of migration ability in MDA-MB-231 and SUM159PT cells are shown. **p < 0.01; ***p < 0.001 by two-tailed Student’s t

(
test or two-way ANOVA test. Data are represented as mean + SD.

experiments to observe that intracellular yYH2AX protein expres-
sion increased after ZNF593 knockdown (Figures 5G and 5H). In
exploring the mechanism of this process, we found that RAD50
decreased with the decrease of ZNF593 (Figures 5| and 5J).
Based on these findings, we performed drug sensitivity analysis
on MDA-MB-231 and SUM159PT cells using cisplatin and car-
boplatin, which target the DNA damage repair process.”®
ZNF593 knockdown enhances the sensitivity of breast cancer
cells to cisplatin (Figures 5K and 5M) and carboplatin
(Figures 5L and 5N). Collectively, ZNF593 promotes DNA dam-
age repair, thus affecting drug sensitivity.

ZNF593 regulates cell-cycle progression

Moreover, GSEA indicated that ZNF593 was enriched in cell-cy-
cle-related pathways, including processes such as mitosis/
meiosis and cell-cycle checkpoint regulation (Figures 6A-6G).
Next, we verified the aforementioned conclusions by flow cy-
tometry analysis of cell cycle in MDA-MB-231 and SUM159PT
cells. Depletion of ZNF593 triggered an accumulation of cell cy-
cle at G1 phase in MDA-MB-231 and SUM159PT cells (Fig-
ure 6H). Mechanistically, depletion of ZNF593 repressed the
expression of CCND1, CCNE1, and CCNA2, genes encoding cy-
clins that promote the G1/S transition® (Figures 6K and 6L). In

summary, ZNF593 regulates cell-cycle progression by control-
ling the expression of cell-cycle-associated genes.

ZNF593 is associated with immune environment

ZNF593 was found to interact with immune-related proteins by
PPl analysis. Immune score analysis showed that ESTIMATE
score was lower in samples with higher expression of ZNF593,
which indicated negative effect of ZNF593 on the formation of tu-
mor immune environment (Figure 7A). Subsequently, we per-
formed ssGSEA using TCGA and FUSCC-TNBC databases,
showing that low expression of ZNF593 was enriched in pathways
associated with immune memory and tumor immune response
(Figures 7B and 7C). We analyzed the correlation between
ZNF593 expression and various immune cell markers in breast
cancer. ZNF593 expression was negatively correlated with multi-
ple immune cell markers, including MS4A1, CD4, FOXP3, CD86,
MRC1, CD68, CD209, and NCAM1.?° Further reverse transcrip-
tion-PCR (RT-PCR) experiments also proved that ZNF593 might
inhibit the formation or function of immune cells (Figures 7E-7P
and S4A-S4D). This conclusion suggested that the high expres-
sion of ZNF598 inhibits the aggregation or functional formation
of immune cells in tumor cells, thus forming a poor tumor immune
environment.

iScience 27, 111513, December 20, 2024 5
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Figure 4. Co-expression analysis, enrichment analysis, and protein-protein interaction analysis of ZNF593
(A and B) The top 50 genes positively and negatively correlated with ZNF593 expression by Linkedomics (Linkedomics: http://www.linkedomics.org/login.php).

(C) GO and KEGG enrichment analyses of ZNF593 and its related 100 genes.
(D) PPI analysis on ZNF593 in breast cancer.

DISCUSSION

The zinc finger proteins family is a group of sequence-specific
DNA-binding proteins that play significant roles in carcinogen-
esis and cancer progression.”® They are implicated in various as-
pects, such as DNA damage repair, regulation of cell cycle, and
regulation of transcription factors.?” Some zinc finger proteins
function as tumor suppressors by regulating genes involved in
cell-cycle control”® and apoptosis,”® whereas others promote
breast cancer growth and metastasis by fostering an immuno-
suppressive tumor microenvironment (TME).*° ZNF593, a mem-
ber of the zinc finger proteins family, has been relatively under-

6 iScience 27, 111513, December 20, 2024

studied regarding its role in cancer initiation and progression.
Although there is a broad understanding of the functions of
zinc finger proteins in various cellular processes, research on
the role of ZNF593, a member of the zinc finger protein family,
in the onset and development of cancer remains largely incom-
plete. Therefore, more comprehensive studies are needed to
elucidate how ZNF593 might affect the initiation and progression
of cancer, which could potentially reveal new targets for thera-
peutic intervention.

Here, we uncovered the role for the ZNF593 in the regulation of
breast cancer development and therapy. ZNF593 is upregulated
in breast cancer tissues compared with the adjacent normal
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tissues. Further analysis revealed correlations between
ZNF593 expression and clinicopathological features. Particu-
larly, ZNF593 showed a significantly high expression level in
TNBC (Figures 1 and S1). Survival analysis determined that
high expression levels of ZNF593 in tumors are significantly
associated with unfavorable prognoses (Figure 2). Subse-
quently, CCK-8 and transwell assays were performed to validate
that the downregulation of ZNF593 suppresses cell viability and
migration ability of breast cancer (Figure 3).

The zinc finger proteins family can recruit and regulate other
proteins involved in the DNA damage repair process, ensuring ac-
curate and efficient repair of DNA breaks.®' In this study, we
demonstrated that ZNF593 indeed plays a promoting role in
DNA damage repair. Firstly, the enrichment analysis of TCGA
and FUSCC-TNBC databases suggested that ZNF593 was
indeed enriched in the pathway associated with DNA damage
repair, especially homologous recombination repair (Figures 5A-
5F and S3A-S3D). yH2AX is a marker of DNA damage repair.*?
In the western blot experiment (Figures 5G and 5I), we found
that when ZNF593 was knocked down, the intracellular expres-
sion of YH2AX was increased, indicating that the loss of ZNF593
may lead to increased DNA damage. The MRN complex is
composed of meiosis recombination 11 (MRE11), RAD50, and Nij-
megen breakage syndrome 1 (NBS1), also known as nibrin, which
is central to maintaining DNA damage repair.*® In our study,
RAD50 was found to decrease with the knockdown of ZNF593.
We hypothesized that ZNF593 could affect the formation of
MRN recombination by affecting the expression of RAD50 and ul-
timately affect the progress of DNA damage repair. The abnormal-
ity of DNA damage repair function is one of the main mechanisms
of chemotherapy resistance.®>* Thus, we carried out drug sensi-
tivity assays and found that breast cancer cells with low expres-
sion level of ZNF593 showed increased sensitivity to cisplatin
and carboplatin (Figures 5K-5N).?® This further demonstrated
that ZNF593 can promote the development of cancer by affecting
the DNA damage repair process, and ZNF593 provides a new
target for addressing chemotherapy resistance.

Cell-cycle dysregulation is one of the main characteristics of
cancer.®® Studies have shown that zinc finger protein can pro-
mote cell proliferation by promoting cell-cycle progression in
G1 phase and changing the expression of cell-cycle regula-
tors.*® In this paper, we demonstrated that ZNF593 can regulate
cell-cycle progression. First, enrichment analysis indicated that
ZNF593 was enriched in cell-cycle progression and cell-cycle-
checkpoint-related pathways (Figures 6A-6G). To test this hy-
pothesis, we conducted a series of flow cytometry analysis of
cell cycle. Intriguingly, depletion of ZNF593 triggered an accu-
mulation of cell cycle at G1 phase in breast cancer cells
(Figures 6H-6J). Mechanistically, depletion of ZNF593 repressed
the expression of CCND1, CCNE1, and CCNA2, genes encoding
cyclins that guarantee G1/S transition (Figures 6K and 6L).%” Our
results suggest that overexpression of ZNF593 in breast cancer

iScience

promotes cell-cycle progression and highlights the important
functions of ZNF593 in tumorigenesis and cancer progression.

In terms of regulation of transcription factors, the existing liter-
ature indicates that ZNF593 is a factor that significantly negatively
regulates the DNA-binding activity of transcription factor Oct-2."*
Oct-2 is a transcriptional activator required for B cellimmunoglob-
ulin gene expression.*® Therefore, whether ZNF593 can have an
effect on the immune system of tumors is the focus of our inves-
tigation. After ESTMATE immune score, ssGSEA immune
pathway enrichment, and correlation of immune cell molecular
markers, we found that ZNF593 does affect the formation of tu-
mor-related immune environment. Furthermore, the knockdown
of ZNF593 expression is associated with an enhanced tumor im-
mune environment, suggesting that immune cells may exhibit an
upward trend in numbers or functionality (Figure 7).

In summary, our study represents report linking ZNF593 with
breast cancer progression. Additionally, our research reveals
that high expression of ZNF593 in breast cancer samples corre-
lates with poorer patient survival. We found that ZNF593 pro-
motes proliferation and metastasis of breast cancer cells by
facilitating cell-cycle progression and DNA damage repair while
influencing the tumor immune environment, which needs further
investigation into the underlying mechanisms. Compared with
other subtypes, ZNF593 may exhibit a more prominent marker
and targeting effect in TNBC. Moreover, ZNF593 serves not
only as a tumor promoter but also as a potential target to over-
come chemoresistance in breast cancer. These findings high-
light its significance as a vital biomarker and therapeutic target
for diagnosing and treating breast cancer in the future. Overall,
ZNF593 emerges as a promising prognostic biomarker and ther-
apeutic target in breast cancer research.

Limitations of the study

First of all, this study only observed the difference between intra-
cellular gene expression after ZNF593 knockdown and non-
knockdown, and no experiments related to overexpression of
ZNF593 were conducted to verify the conclusion. Second, in addi-
tionto the database data, there were only 66 clinical follow-up data
in this study, and larger clinical specimens and external datasets
were needed to verify the prognostic value of ZNF593 in breast
cancer. Finally, this study only preliminatively discussed the effects
of ZNF593 on biological behaviors such as breast cancer cell
migration and proliferation, as well as the effects on genome stabil-
ity, cell cycle, and tumorimmune environment. Nevertheless, more
studies of the underlying mechanisms need to be further refined.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Yingying Xu (xuyingying@
cmu.edu.cn).

(G and H) Western blot experiments in MDA-MB-231 and SUM159PT cells confirmed that ZNF593 is involved in DNA damage repair.

(I and J) ZNF593 affects DNA damage repair by affecting RAD50 expression.

(K and L) Drug sensitivity assays of MDA-MB-231 cells before and after ZNF593 knockdown with cisplatin and carboplatin.
(M and N) Drug sensitivity assays of SUM159PT cells before and after ZNF593 knockdown with cisplatin and carboplatin. *p < 0.05; **p < 0.01; ***p < 0.001 by two-
tailed Student’s t test or two-way ANOVA test. Data are represented as mean + SD.
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Materials availability

This study did not generate new unique reagents. The materials involved in the
article are listed in detail in the key resources table and the method details sec-
tion. Any additional information about this article can be obtained from the lead
contact upon request.

Data and code availability

e This paper analyzes existing, publicly available data.

e This study does not report original code. All codes were used in this
study in alignment with recommendations made by authors of R pack-
ages in their respective user’s guide, which can be accessed at https://
bioconductor.org.

o Websites or software such as HPA, KM-Plotter, Linkedomics,
GeneMANIA, TIMER, Imaged, and GSEA were employed in this article.
Detailed information is mentioned in the method details section and the
key resources table.

e Any additional information required to reanalyze the data used in this
study is available from the lead contact upon request.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

HRP-conjugated Goat Anti-Mouse IgG(H + L)
HRP-conjugated Goat Anti-Rabbit IgG(H + L)
ZNF593 Polyclonal antibody

ZNF593 rabbit pAb

GAPDH Polyclonal antibody

Alpha Tubulin Polyclonal antibody

Proteintech
Proteintech
Proteintech
Immunoway
Proteintech
Proteintech

Cat# SA00001-1; RRID: AB_2722565
Cat# SA00001-2; RRID: AB_2722564
Cat# 19426-1-AP; RRID: AB_10642948
Cat# YN7071; RRID: AB_3668764
Cat# 10494-1-AP; RRID: AB_2263076
Cat# 11224-1-AP; RRID: AB_2210206

Anti-gamma H2A.X (phospho S139) Abcam Cat# ab81299; RRID: AB_1640564
Anti-Rad50 Abcam Cat# ab124682; RRID: AB_11000808
Biological samples

Human: breast core biopsies This study N/A

Chemicals, peptides, and recombinant proteins

Propidium iodide MedChemExpress HY-D0815

Cisplatin MedChemExpress HY-17394

Carboplatin MedChemExpress HY-17393

Critical commercial assays

Lipofectamine 2000 Thermo Fisher Scientific 11668019

RNAiso Plus Takara 9108

PrimeScript RT reagent Kit Vazyme R333

SYBR Premix Ex Taq Vazyme Q711

BCA protein assay kit Takara T9300A

SuperSignal™ West Pico PLUS Thermo Fisher Scientific 34580

Cell Counting Kit (CCK-8) Yeasen 40203ES

Deposited data

TCGA:BRCA

GEO: GSE1456

FUSCC-TNBC

The Cancer Genome Atlas (TCGA)
database

Gene Expression Omnibus (GEO)
database

The National Omics Data
Encyclopedia (NODE)

https://portal.gdc.cancer.gov/

https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE1456
http://www.biosino.org/node/
project/detail/lOEP000155

Experimental models: Cell lines

MDA-MB-231 Laboratory preservation N/A
SUM159PT Laboratory preservation N/A
Oligonucleotides

siNC:UUCUCCGAACGUGUCACGUTT RiboBio N/A
siZNF593#1: UGGAUACCUCUACCUGACA RiboBio N/A
siZNF593#2: GGUACUUCAUCGAUUCCAC RiboBio N/A
Primers: see Table S1 Sangon Biotech N/A

Software and algorithms

R

the Human Protein Atlas
Linkedomics

GSEA software
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The R Project for Statistical
Computing

website

Vasaikar et al.*°

Mootha et al.*®

www.r-project.org/

https://www.proteinatlas.org
http://www.linkedomics.org/
login.php
https://www.gsea-msigdb.org/
gsea/index.jsp
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GeneMANIA Warde-Farley et al.”' http://genemania.org/

TIMER Li et al. https://cistrome.shinyapps.io/
timer/

ImageJ Schneider et al.*” https://imagej.net

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The study was approved by the Ethics Committee of the First Hospital of China Medical University, and informed consent was ob-
tained from each participant. The data analyzed in this study were sourced from the TCGA database, GEO database, and FUSCC-
TNBC database. The tissue samples involved were all from female breast cancer patients and were snap-frozen in liquid nitrogen
immediately after surgical resection and preserved thereafter. The approval number is AF-SOP-07-1.1-01/2019-13. The experi-
mental cell lines used were breast cancer cells MDA-MB-231 and SUM159PT.

METHOD DETAILS

Datasets

Gene expression profiles and corresponding clinical data for tumors were retrieved from TCGA, and the GSE1456 dataset was ob-
tained from GEO. The information of normal organizations came from Genotype-Tissue Expression database. Additionally, this article
validated the conclusions using the FUSCC-TNBC cohort. At the protein expression level, we used the HPA (https://www.
proteinatlas.org) to analyze ZNF593 expression in breast cancer tissue and normal breast tissue.

Breast cancer samples

Sixty-six breast cancer samples and eight pairs of breast cancer specimens and adjacent normal tissues tissues were obtained from
patients who had not received other antitumor therapy or chemotherapy before surgery and were excluded from patients with other
malignancies or recurrent metastases. All patients underwent underwent surgery at the Department of Breast Surgery, the First Hos-
pital of China Medical University and signed informed consent. All patients were diagnosed as primary breast cancer by pathologists
and had complete follow-up data. The experimental procedures were conducted in accordance with the principles outlined in the
Helsinki Declaration and were approved by the Institutional Ethics Review Board of the First Hospital of China Medical University
(Approval number: AF-SOP-07-1.1-01/2019-13).

Differential analysis of ZNF593 expression

We used the "tidyverse" package in R version 4.3.2 for differential analysis of ZNF593 expression, including pan cancer and breast
cancer versus adjacent normal tissues. The R package “DESeq2” was employed identify differential expression gene (DEGs) of
ZNF593 with the filter criteria |log2FC| > 0.7 and a p value < 0.05.

Survival analysis

KM Plotter*® is an online platform for prognostic analysis of cancer patients, utilizing data from European Genome-Phenome Archive
(EGA), GEO, and TCGA. Additionally, we validated the association between ZNF593 and survival in breast cancer patients using the R
packages "survival" and "survminer". Log rank tests were performed on the survival analysis of breast cancer patients. We also used
the website "integrated center for oncology"** to verify the prognostic analysis of ZNF593 in TNBC.

Functional analysis

Linkedomics

LinkedOmics®® provides a platform for accessing, analyzing, and comparing multi-omics data within and across tumor types. It pre-
sented the top 50 genes positively and negatively correlated with ZNF593 in scatterplots and heatmaps.

Enrichment analyses

GO and KEGG analyses were used to investigate functions that ZNF593 and its related genes may be involved in breast cancer. The R
package “GSVA”, “ GSEABase ”, “clusterProfiler” were employed to perform these enrichment analyses. Additionally, the GSEA
software*®*° was utilized to uncover underlying regulatory pathways by dividing the samples into two groups based on ZNF593
expression levels.

GeneMANIA

GeneMANIA*" is a database used for exploring gene interactions and predicting gene functions, presenting interaction results in the
form of network graphs. We utilized this database for PPI analysis of ZNF593.
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Immune score and the proportion of 22 kinds of immune cells
Utilizing the R package "estimate", we computed the stromal score, immune score, and ESTIMATE score to assess the influence of
ZNF593 on the immune microenvironment of breast cancer. And then we used R package “cibersort” and “corrplot” to analyze the
proportion of 22 types of immune cells in breast cancer patients.
TIMER
TIMER“® can analyze the correlation between two genes in a particular tumor. In this article, we utilized TIMER to analyze the cor-
relation of ZNF593 with the genes related to the markers of immune cells.
IHC
The breast cancer tissue sections were initially deparaffinized and rehydrated. Following overnight incubation with the primary anti-
body ZNF593 (YN7071, Immunoway), the secondary antibody and DAB reagent were used for staining the breast cancer tissue sec-
tions together. Two pathologists independently evaluated the results of IHC staining for each section. The ZNF593 IHC staining re-
sults were determined based on both the percentage of positive immunoreactive areas and staining intensity. The IHC score was
calculated based on the intensity of staining (0 = negative, 1 = weak, 2 = moderate, 3 = strong) and the percentage of positive tumor
cells stained (0 = negative, 1 < 10%, 2 =10-50%, 3 > 50%). The final IHC score was determined by multiplying the positive staining
score by the staining intensity score. The interpretation of the IHC results was performed independently by two pathologists.
Cell culture
Human breast cancer cell lines (SUM159PT, MDA-MB-231) were preserved in the laboratory. The cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) medium. All cell lines were routinely tested negative for mycoplasma contamination with a myco-
plasma assay kit (Yeasen, Shanghai, China) and maintained in a 5% CO, humidified environment of 37°C.
siRNA construction and transfection
The siRNA targeting ZNF593 was synthesized and purified by RiboBio (Guangzhou, China). siRNA transfection was performed using
Lipofectamine 2000 transfection reagent according to the manufacturer’s instructions (Thermo Fisher Scientific, USA).

siNC : UUCUCCGAACGUGUCACGUTT,

siZNF593#1: UGGAUACCUCUACCUGACA,

siZNF593#2: GGUACUUCAUCGAUUCCAC.

RNA isolation and quantitative reverse transcription polymerase chain reaction (RT-qPCR)

Total RNA was extracted from the samples using RNAiso Plus reagent (Takara, Japan) following the manufacturer’s instructions. The
extracted RNA was then reverse transcribed into complementary DNA using the PrimeScript RT reagent Kit (Vazyme, China). RT-
qPCR was performed using SYBR Premix Ex Taq (Vazyme, China) on a QuantStudio 6 Flex Real-Time PCR System (Applied Bio-
systems, USA). The mRNA expression levels of the target genes were determined using the 2722€T method and normalized to
the expression levels of a reference gene. The sequence of primers we used is listed in Table S1.

Western blotting

For western blotting, cultured cells were washed with phosphate-buffered saline (PBS) and lysed in lysis buffer consisting of 50 mM
Tris/HCI (pH 7.5), 0.5% Nonidet P-40 (NP-40), 1 mM ethylene diamine tetraacetic acid (EDTA), 150 mM NaCl, 1 mM dithiothreitol,
0.2 mM phenylmethylsulfonyl fluoride, 10 mM pepstatin A, and 1 mM leupeptin. The protein concentration was determined using
a BCA protein assay kit (Takara, Shenyang, China) and equal quantities of protein samples (10-100 mg) were used for western blot-
ting analysis and resolved by SDS-PAGE. The separated proteins were transferred to polyvinylidene difluorie (PVDF) membranes
(Merck Millipore, USA). The membranes were incubated with indicated primary antibody followed by an horseradish peroxidase
(HRP)-conjugated secondary antibody after blocking the membrane with 5% non-fat milk (Solarbio, Shenyang, China), and then de-
tected by enhanced chemiluminescence detection kit (ThermoFisher, Shenyang, China). The details for antibody used in study were
listed in Table S2.

ImageJ
ImageJ“? is an image processing software, which we utilize in this article to assist with IHC scoring and to conduct quantitative anal-
ysis of the grayscale values for some of the western blot bands.

Cell viability

After cellular digestion, the cells were counted and seeded into 96-well plates at a density of 2 x 10°. Transfection was then per-
formed for a duration of 12 h. Cell viability was determined using the CCK-8 from Yeasen (Shanghai, China), following the manufac-
turer’s protocol. To plot the cell proliferation curve, absorbance values were measured at a wavelength of 450 nm at specified time
points.

Transwell migration assays

For the cell migration assays, a specific number of cells (ranging from 4-10 x 10* were suspended in serum-free medium and seeded
into the top chambers (FALCON, USA). The lower chambers were filled with medium containing 20% fetal bovine serum. Following
incubation for a specified time (usually 12 to 48 h), the cells that migrated through the membrane and reached the lower surface were
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fixed using methanol and stained with 0.1% crystal violet. Cotton swabs were used to gently remove cells in upper surface. The
numbers of migrated cells were counted in randomly selected microscope fields and averaged to obtain representative results.

Flow cytometry analysis

In the cell cycle analysis, cells were fixed with pre-cooled 70% ethanol overnight and then incubated at 37°C for 30 min with propi-
dium iodide (PI, MedChemExpress, China) staining buffer containing 50 ug/ml PI, 200 ng/ml RNase A, and 0.1% Triton X-100 in PBS.
Flow cytometry data were generated using an FC500 MPL flow cytometer (Beckman Coulter, Indianapolis, IN, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were carried out using GraphPad (version 9.4.1), R software (version 4.3.2) and SPSS (version 26.0). Statistical
analyses of two groups were calculated using Wilcoxon rank-sum tests, two-tailed Student’s t tests or two-way ANOVA tests. Cor-
relation coefficients were calculated using the Spearman test. Data was presented as the mean + standard deviation (SD) from at
least three independent experiments. p < 0.05 was considered as statistically significant (*, p < 0.05; **, p < 0.01; ™, p < 0.001;
*** p < 0.0001; ns, no significance).
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