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Abstract
Background Breast cancer (BC) is a great clinical challenge because of its aggressiveness and poor prognosis. Zinc 
Finger Protein 64 (ZFP64), as a transcriptional factor, is responsible for the development and progression of cancers. 
This study aims to investigate whether ZFP64 regulates stem cell-like properties and tumorigenesis in BC by the 
glycolytic pathway.

Results It was demonstrated that ZFP64 was overexpressed in BC specimens compared to adjacent normal tissues, 
and patients with high ZFP64 expression had shorter overall survival and disease-free survival. The analysis of the 
association of ZFP64 expression with clinicopathological characteristics showed that high ZFP64 expression is 
closely associated with N stage, TNM stage, and progesterone receptor status. Knockdown of ZFP64 suppressed 
the viability and colony formation capacity of BC cells by CCK8 and colony formation assays. The subcutaneous 
xenograft models revealed that ZFP64 knockdown reduced the volume of formatted tumors, and decreased Ki67 
expression in tumors. The opposite effects on cell proliferation and tumorigenesis were demonstrated by ZFP64 
overexpression. Furthermore, we suggested that the stem cell-like properties of BC cells were inhibited by ZFP64 
depletion, as evidenced by the decreased size and number of formatted mammospheres, the downregulated 
expressions of OCT4, Nanog, and SOX2 proteins, as well as the reduced proportion of CD44+/CD24− subpopulations. 
Mechanistically, glycolysis was revealed to mediate the effect of ZFP64 using mRNA-seq analysis. Results showed 
that ZFP64 knockdown blocked the glycolytic process, as indicated by decreasing glycolytic metabolites, inhibiting 
glucose consumption, and reducing lactate and ATP production. As a transcription factor, we identified that ZFP64 
was directly bound to the promoters of glycolysis-related genes (ALDOC, ENO2, HK2, and SPAG4), and induced the 
transcription of these genes by ChIP and dual-luciferase reporter assays. Blocking the glycolytic pathway by the 
inhibition of glycolytic enzymes ENO2/HK2 suppressed the high proliferation and stem cell-like properties of BC cells 
induced by ZFP64 overexpression.

Conclusions These data support that ZFP64 promotes stem cell-like properties and tumorigenesis of BC by 
activating glycolysis in a transcriptional mechanism.
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Introduction
Breast cancer (BC) is a substantial worldwide health 
burden in women with high mortality rates [1, 2]. Given 
its heterogeneous characteristics and limited therapy 
options, BC patients remain to have poor prognosis [2]. 
Therefore, it is extremely urgent to understand the mech-
anisms and identify novel therapeutic targets for BC.

Cancer stem cells, a small population of tumor cells 
with stem cell-like properties, are characterized to be 
capable of self-renewal and pluripotent differentiation 
[3]. It is known that cancer stem cells are identified in 
numerous solid tumors, such as BC [4]. The presence of 
cancer stem cells is the major cause of tumor initiation, 
relapse, metastasis, and therapy resistance [5, 6]. How-
ever, the underlying mechanisms of maintaining stem 
cell-like properties are still poorly illustrated.

To our knowledge, metabolic reprogramming is an 
emerging hallmark of tumorigenesis, which includes 
multiple metabolic pathways, such as glycolysis, tricar-
boxylic acid cycle (TCA), and oxidative phosphorylation 
(OXPHOS) [7, 8]. Cancer cells preferentially undergo the 
glycolysis pathway, also named the Warburg effect, to 
support cell growth and malignancies [9]. For example, 
Park et al. demonstrate that inhibiting glycolysis geneti-
cally or pharmacologically suppresses BC tumorigenesis 
and metastasis [10]. It also highlights the significant role 
of glycolysis in maintaining stem cell-like properties, self-
renew, and chemoresistance [11]. The work by Prokakis 
et al. reports that the glycolytic program supports the 
maintenance of stem cell-like features in BC [12]. Thus, 
it indicates that targeting glycolytic metabolism is an 
important mechanism for tumorigenesis and stem cell-
like properties in BC.

Zinc Finger Protein 64 (ZFP64), also known as 
ZNF338, is a member of the Kruppel-like C2H2-type 
zinc finger family that functions as a transcription acti-
vator [13]. The previous study suggests that ZFP64 acti-
vates the mixed lineage leukemia (MLL) gene expression 
by binding to its promoter, implying the potential role of 
ZFP64 in MLL development [14]. In gallbladder cancer, 
it is shown that ZFP64 is required for proliferation, anti-
apoptosis, migration, and invasion [15]. Wei et al. pro-
pose that ZFP64 promotes tumor progression through 
driving immune escape in hepatocellular carcinoma. 
Furthermore, evidence supports that ZFP64 plays an 
important role in facilitating stem cell-like properties and 
immunosuppression in gastric cancer [16]. However, the 
role of ZFP64 in BC remains to be clarified.

Based on the publicly available datasets [17, 18], we 
found a significantly high expression of ZFP64 in BC. The 
glycolysis pathway was demonstrated to be associated 

with the biological function of ZFP64 in BC via our 
mRNA-seq.  Therefore, we speculated that ZFP64 might 
support stem cell-like properties and tumorigenesis in 
BC via the glycolysis program.

Materials and methods
Clinical samples
This work was performed based on the Declaration 
of Helsinki, and approved by the ethical committee of 
Dalian Municipal Central Hospital. All BC patients had 
written the informed consent. The fresh tumor tissues 
(n = 43) and adjacent normal tissues (n = 43), were col-
lected for mRNA assessment. The paraffin-embedded 
tumor tissues from 126 BC patients were used for immu-
nohistochemistry (IHC). ZFP64 expression level was 
scored semi-quantitatively as previously described [19]. 
The IHC score ≤ 4 was defined as a low ZFP64 expres-
sion, while the IHC score > 4 was defined as a high ZFP64 
expression.

Cell culture and transfection
Human BC cell lines MCF-7 and MDA-MB-468 were 
purchased from Icellbioscience (Shanghai, China), and 
these cell lines were authenticated by STR identification 
(data in Supplementary Material 2). MCF-7 cells were 
cultured in the Minimum Essential Medium (MEM; Cat# 
G4550, Servicebio, Wuhan, China) supplemented with 
10% fetal bovine serum (FBS; Cat# 11011 − 8611, Tian-
Hang, Huzhou, China). MDA-MB-468 cells were cul-
tured in an L15 medium (Cat# LA9510, Solarbio, Beijing, 
China) containing 10% FBS. All cell lines were incubated 
in a humidified atmosphere with 5% CO2 at 37 °C.

To explore the effect of ZFP64, the overexpression plas-
mids and shRNA plasmids targeting ZFP64 were pre-
pared to be transfected into MCF-7 and MDA-MB-468 
cell lines. G418 (Cat# BS150, Biosharp Life Sciences, 
Hefei, China) was performed to select stably transfected 
cells. To block the glycolytic process, shRNA plasmids 
targeting ENO2 or HK2 were transfected into MCF-7 
cells. Lipofectamine 3000 (Cat# L3000015, Invitro-
gen, Carlsbad, CA, USA) was used to mediate plasmid 
transfections.

Animal studies
Six-week-old female BALB/c nude mice were purchased 
from Cavens (Changzhou, China). All animal experi-
ments were done under the Guide for the Care and Use 
of Laboratory Animals and the approval of the ethics 
committee of Dalian Municipal Central Hospital. MCF-7 
and MDA-MB-468 cells (1 × 106 cells/mice) were inocu-
lated into the mammary fat pads subcutaneously. Tumor 
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volume was measured every 5 days with calipers, and cal-
culated as the formula Volume=(length×width×width)/2.

Immunohistochemistry (IHC)
IHC analysis was performed to determine ZFP64 levels 
in tumors of BC patients and Ki67 expression in xeno-
graft tumors. Briefly, the sections were dewaxed in xylene 
and hydrated in ethanol. The endogenous peroxidase 
was quenched with the 3% H2O2 solution. After blocking 
with 1% BSA, the slides were incubated with anti-ZFP64 
(Cat# DF15064, Affinity, Changzhou, China) or anti-Ki67 
(Cat# 28074-1-AP, Proteintech, Wuhan, China) primary 
antibodies at 4  °C overnight. After washing, the tissues 
were incubated with HRP-conjugated goat anti-rabbit 
antibody (Cat# D110058, Sangon, Shanghai, China) for 
60  min at room temperature. Finally, the sections were 
developed with DAB solution (Cat# DA1016, Solar-
bio) and counterstained with hematoxylin (Cat# H8070, 
Solarbio). The images were captured using the micro-
scope (BX53, Olympus, Tokyo, Japan).

Cell proliferation and colony formation assays
Cell viability was examined using the Cell Counting Kit-8 
(CCK-8; Cat# C0037, Beyotime, Shanghai, China) follow-
ing the protocols provided by the manufacturer. In brief, 
cells were seeded in 96-well plates, and CCK-8 reagent 
was added to each well for 2  h. Then the absorbance 
at 450  nm was recorded on a microplate reader (Cat# 
800TS, BioTek, Winooski, VT, USA). The cell viability 
analysis consisted of five technical replicates per sample 
and three independent biological replicates.

For colony formation assay, cells were plated and cul-
tured for 2 weeks. After fixation in 4% paraformaldehyde, 
cells were stained with the Wright’s-Giemsa staining 
solution (Cat# KGA227, KeyGEN BioTech, Nanjing, 
China) for 5  min. Finally, the IX53 microscope (Olym-
pus) was used to count colonies. The colony formation 
rate was calculated as the formula: colony formation 
rate = clone counts/seeded cell counts×100%. Three inde-
pendent experiments were performed in the colony for-
mation assay.

Sphere formation
For mammosphere assay, cells were seeded at ultralow-
attachment plates supplemented with B27 (1:50, Cat# 
B917514, MACKLIN, Shanghai, China), 20 ng/mL EGF 
(Cat# H980384, MACKLIN) and 10 ng/mL bFGF (Cat# 
RP01042, ABclonal, Wuhan, China). After 10 days, the 
mammospheres were observed at the magnification of 
100× using the microscope (IX53, Olympus), and har-
vested for flow cytometry and Western blot assays. The 
spheres above 50  μm in diameter were counted. Three 
independent experiments were used in the mammo-
sphere assay.

Flow cytometry
To identify the mammosphere features, mammosphere 
cells were stained with anti-CD44 (Cat# F1104403, Multi 
Sciences, Hangzhou, China) or anti-CD24 (Cat# 12-0247-
41, ThermoFisher Scientific, Pittsburgh, PA, USA) for 
30  min at 4  °C. The NovoCyte flow cytometer (Agilent, 
Santa Clara, CA, USA) was used to measure CD44+/
CD24− subpopulations, and the data were analyzed using 
NovoExpress software (1.4.1 version; Aligent). The flow 
cytometry analysis was carried out with three indepen-
dent experiments.

mRNA-seq analysis
To profile the differentially expressed genes (DEGs), total 
RNA was extracted from MCF-7 cells transfected with 
ZFP64 overexpression or Empty plasmids. Sequencing 
libraries were generated and index codes were added to 
attribute sequences to each sample. The raw data were 
recorded in FASTQ format and data quality was evalu-
ated. Genes with the thresholds of |log2FC| ≥ 1.0 and 
p < 0.05 were identified as DEGs. The DEGs list was 
shown in Supplementary Material 1-Table S1.

Detection of glycolytic metabolites
The concentrations of glycolytic metabolites, including 
glucose-6-phosphate (G-6-P; Cat# E-BC-K011-M, Elab-
science, Houston, TX, USA), 2-phosphoglycerate (2-PG; 
Cat# Ab174097, Abcam, Cambridge, UK), pyruvate 
(Cat# R22024, YuanYe, Shanghai, China), and ATP (Cat# 
S0026, Beyotime) were determined using the commercial 
detection kits according to the manufacturer’s instruc-
tions. All assays were performed with three independent 
experiments.

Measurement of glucose consumption and lactate 
production
To determine glucose consumption and lactate produc-
tion, MCF-7 and MDA-MB-468 cells were seeded into 
the culture plates. Forty-eight hours later, glucose and 
lactate contents were analyzed using the Glucose assay 
kit (Cat# F006, JianCheng, Nanjing, China) and the Lac-
tate Colorimetric Assay kit (Cak# A019, JianCheng) fol-
lowing the manufacturer’s instructions, respectively. 
Glucose consumption was calculated by subtracting the 
measured amount of glucose in the medium from the 
original amount of glucose. The produced lactate was 
assessed by subtracting the original lactate content in the 
medium from the measured lactate content. Experiments 
were performed three times independently.

Chromatin immunoprecipitation (ChIP)
Cells were cross-linked with 1% formaldehyde and 
stopped with glycine. After washing with cold PBS con-
taining PMSF, cells were lysed in SDS Lysis buffer from 
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a ChIP Assay Kit (P2078, Beyotime) and sonicated to 
obtain chromatin fragments. Subsequently, the samples 
were incubated with anti-ZFP64 antibody (Cat# 17187-
1-AP, Proteintech) or control IgG antibody (Cat# A7001, 
Beyotime) overnight at 4  °C, and were added with Pro-
tein A + G Agarose/Salmon Sperm DNA to immunopre-
cipitate DNA-protein complexes. Finally, the qRT-PCR 
reaction was performed to determine the immunopre-
cipitated DNA fragments. The primers employed in ChIP 
assay were listed in Table 1.

Dual-luciferase reporter assay
To determine the transcription activity of target genes, 
the pGL3 luciferase reporter plasmids containing the 
promoter (-1347 ~ + 42 bp) of potential targets (including 
ALDOC, ENO2, HK2, and SPAG4) were co-transfected 
into MCF-7 cells with ZFP64 overexpression or Empty 
plasmids, respectively. After 48  h of transfection, cells 
were harvested to detect the luciferase activity using the 
Dual-Luciferase Reporter Assay Kit (Cat# KGE3302, Key-
GEN BioTech). The relative luciferase activity was calcu-
lated as the ratio of the firefly to the renilla luminescence 
activity. The analysis was performed with three indepen-
dent experiments.

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from cells using the TRIpure 
reagent (Cat# RP1001, BioTeke, Beijing, China), and RNA 
purity was checked using A260/A280 and A260/A230 
ratios (mean A260/A280 = 1.94, mean A260/230 = 2.12). 
The RNA was reverse-transcribed into cDNA using the 
All-in-One First-Strand SuperMix reverse transcription 
kit (Cat# MD80101, Magen Biotech, Guanzhou, China). 
Then, the qRT-PCR reaction was conducted in a Real-
Time PCR system instrument (Cat# Exicycler96, Bioneer, 
Daejeon, Korea) with the SYBR Green PCR reagent (Cat# 
SR4110, Solarbio). The melting curve analysis demon-
strated a signal melting curve peak for all primers. The 
relative mRNA expression was calculated using the 
2−∆∆Ct method. β-actin was used as an internal control. 
The primers used were shown in Table  2. All analyses 
were undergone for three technical replicates and three 
biological replicates.

Western blot
Total protein was extracted from tumor tissues and cell 
lines using the Cell Lysis Buffer (Cat# P0013, Beyotime), 
and the protein concentration was quantified in a BCA 
Kit (Cat# P0011, Beyotime). Then, the equal proteins 

Table 1 Primers used for ChIP qRT-PCR assay
Gene Primer sequences (5’-3’) Product size Source
ALDOC F  A G G C A G G A G G G A G G T G A 244 bp General Biol, ChuZhou, China

R  G A G C A G G G T C T G G G A A G
ENO2 F  G G C T G T C T T G G G C T T C A 182 bp General Biol, ChuZhou, China

R  A C C G A C G A G G G T G G A G T
HK2 F  A A G T A G A G G G A C A A G G G 188 bp General Biol, ChuZhou, China

R  G C T C A G A A G G C T A A G G T
SPAG4 F  G C A A G C C T G T A G T C C C A 222 bp General Biol, ChuZhou, China

R  C A A A T A C C A G T T T C T A T C C C

Table 2 Primers used for qRT-PCR assay
Gene Primer sequences (5’-3’) Product size Source
ALDOC F  G A T A A T G G T G T T C C C T T C G 117 bp General Biol, ChuZhou, China

R  C C C T T G A G T G G T G G T T T C
ENO2 F  G G A C A A A T A C G G C A A G G 161 bp General Biol, ChuZhou, China

R  A C T C T G A G G C A G C A A C A T
HK2 F  G A G G T C C T G A T G C G G T T G G 149 bp General Biol, ChuZhou, China

R  T C G C C T T T G T T C T C C T T G A T G
PDK1 F  A T C A C C A G G A C A G C C A A T A 185 bp General Biol, ChuZhou, China

R  C T C G G T C A C T C A T C T T C A C
PFKFB4 F  G C C A C A A A C A C C A C C C G 181 bp General Biol, ChuZhou, China

R  C C T C C G T A G C C T C A T C A C T
PGK1 F  G T G A A G A T T A C C T T G C C T G T T 168 bp General Biol, ChuZhou, China

R  C T G C T T A G C C C G A G T G A
SPAG4 F  G A C C T T C T C C C G A C C C T 156 bp General Biol, ChuZhou, China

R  G A A G C G G A T G G A A C A G A C
ZFP64 F  A A T C A T C G T T G G G C A T C A 112 bp General Biol, ChuZhou, China

R  T G G G A G T T C C T C T G G G T T
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were loaded onto homemade 10% or 12% separation 
SDS-PAGE gels. After electrophoresis, the proteins were 
transferred to the PVDF membrane (Cat# Ab133411, 
Abcam). Membranes were blocked with the Blocking 
Buffer (Cat# P0023, Beyotime) for 60 min at room tem-
perature, and then incubated with primary antibodies 
overnight at 4 °C. The target proteins were detected using 
the HRP-conjugated secondary antibodies for 45 min at 
37 °C and were visualized with the ECL kit (Cat# P0018, 
Beyotime), followed by film exposure. β-actin was used 
as an internal control. All antibodies used were listed in 
Table 3. Western blot analysis was performed with three 
independent experiments in vitro and four independent 
experiments in vivo.

Statistical analysis
All data were presented as mean ± SD and analyzed 
using Graph Pad Prism 9.0 software. Two-tailed t-test 
(Unpaired or paired, as appropriate) was used to evaluate 
the differences between the two groups. For comparisons 
among multiple groups, one-way ANOVA followed by 
the Bonferroni post hoc test was performed. The asso-
ciation between clinicopathological variables and ZFP64 
expression was analyzed using χ2 test. P values less than 
0.05 were identified to be significant.

Results
ZFP64 is highly expressed in BC
Based on the TIMER platform [17], ZFP64 expression 
was highly expressed across various tumors, such as 
bladder urothelial carcinoma (BLCA), breast invasive 
carcinoma ( BRCA ), and esophageal carcinoma (ESCA) 
(Fig.  1A). The TNMplot web tool [18] confirmed an 
increase in ZFP64 expression in BRCA tumors compared 
to normal tissues (Fig. 1B). Furthermore, the PrognoScan 
analysis (http://dna00.bio.kyutech.ac.jp/PrognoScan/
index.html) revealed that high ZFP64 expression was 
correlated with shorter overall survival (OS) and disease-
free survival (DFS) in BC patients (Fig. 1C-D). To verify 
the data, the tumor tissues and adjacent normal tissues 
from BC patients were collected for further experiments. 
Results showed that both the mRNA and protein levels 
of ZFP64 were upregulated in tumor tissues compared 
with adjacent normal tissues of BC patients (Fig.  1E-F). 

Then IHC analysis was performed to investigate the sig-
nificance of ZFP64 expression in BC. Representative 
images with high or low ZFP64 expression were shown 
in Fig. 1G, and ZFP64 was found to be mainly localized to 
the cell nucleus in tumors. The χ2 test suggested that high 
ZFP64 expression was significantly associated with N 
stage, TNM stage, and progesterone receptor (PR) status, 
rather than age, T stage, estrogen receptor (ER) status, 
and human epidermal growth factor receptor-2 (HER-2) 
status (Fig. 1H). Taken together, these findings indicated 
high ZFP64 expression might be associated with poor 
prognosis in BC.

ZFP64 promotes BC cell proliferation and tumorigenesis
To investigate the effects of ZFP64 on BC, the gain-of-
function and loss-of-function experiments were per-
formed. As shown in Fig.  2A-B, both the mRNA and 
protein levels of ZFP64 were upregulated by a ZFP64-
GFP fusion protein vector. The viability and colony 
formation ability of BC cells were increased by the 
ZFP64-overexpression plasmids fused with GFP (Fig. 2C-
D). Similar biological functions of ZFP64 on BC cells 
were confirmed using the non-fusion ZFP64 overexpres-
sion vectors (Figure S1). In addition, results in Fig. 2E-F 
suggested the knockdown plasmids targeting ZFP64 sig-
nificantly downregulated its expression. Cell viability and 
colonies were reduced by ZFP64 knockdown (Fig. 2G-H).

Then, the xenograft tumor models were employed 
using MCF-7 and MDA-MB-468 cell lines. As shown in 
Fig. 3A-B and Figure S2, ZFP64 overexpression increased 
the volume of formatted tumors, whereas ZFP64 knock-
down decreased it. IHC staining showed that the expres-
sion of Ki67, a cellular marker for proliferation [20], was 
upregulated by ZFP64 overexpression but downregu-
lated by ZFP64 inhibition in tumor tissues (Fig.  3C-D). 
Therefore, the in vitro and in vivo data demonstrated the 
promotive effect of ZFP64 on BC cell proliferation and 
tumorigenesis.

ZFP64 supports stem cell-like properties in BC
As tumor cells with stem cell-like properties promote 
tumor formation and progression, we further explore 
the role of ZFP64 in the maintenance of stem cell-like 
features. As shown in Fig.  4A, the size and number of 

Table 3 Antibodies used for Western blot
Antibody Dilution Source Catalog Number
Anti-ZFP64 1:1000 Proteintech, Wuhan, China Cat# 17187-1-AP
Anti-OCT4 1:1000 ABclonal, Wuhan, China Cat# A7920
Anti-Nanog 1:500 Affinity, Changzhou, China Cat# AF5388
Anti-SOX2 1:500 Affinity, Changzhou, China Cat# AF5140
Anti-β-actin 1:1000 Santa Cruz, Dallas, TX, USA Cat# sc-47,778
Goat anti-rabbit IgG 1:5000 Beyotime, Shanghai, China Cat# A0208
Goat anti-mouse IgG 1:5000 Beyotime, Shanghai, China Cat# A0216

http://dna00.bio.kyutech.ac.jp/PrognoScan/index.html
http://dna00.bio.kyutech.ac.jp/PrognoScan/index.html
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formatted mammospheres were reduced by ZPF64 
knockdown (Fig.  4A). The pluripotency factors, such 
as OCT4, Nanog, and SOX2, are critical regulators for 
stem-like cell phenotypes in cancers [21]. We identified 
the expression of these stem cell markers using Western 
blot, and results showed that ZFP64 depletion reduced 
the protein levels of OCT4, Nanog, and SOX2 in the 
mammospheres (Fig.  4B). It is well-known that CD44+/
CD24− BC cells exhibited stem cell-like properties [22]. 

As shown in Fig.  4C, the proportion of the CD44+/
CD24− subpopulations was reduced by ZFP64 knock-
down. Altogether, the data suggested that ZFP64 played 
a positive role in the maintenance of stem cell-like char-
acteristics of BC.

Fig. 1 ZFP64 is highly expressed in BC. (A) Pan-cancer analysis of ZFP64 expression using the TIMER. *** p < 0.001. (B) ZFP64 expression in normal and 
tumor tissues of BRCA using the TNMplot. *** p < 0.001. (C-D) Kaplan-Meier plot showing the correlation of ZFP64 level with overall survival and disease-
free survival of BC patients via the PrognoScan analysis. (E-F) The mRNA and protein expressions of ZFP64 in BC specimens and adjacent normal tissues 
were determined by qRT-PCR and Western blot assays. * p < 0.05. (G) Representative IHC staining for ZFP64 with low or high expression in tumor tissues. 
Scale bar: 100 μm. (H) Association of ZFP64 expression with clinicopathological features of BC patients. * p < 0.05
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Fig. 2 ZFP64 promotes BC cell proliferation in vitro. (A-B) Cells were transfected with GFP-fusion plasmids for ZFP64 overexpression or negative control. 
qRT-PCR and Western blot analyses were conducted to determine ZFP64 mRNA and protein levels. (C) CCK-8 analyzes the viability of BC cells. (D) Rep-
resentative images of colony formation assay and quantification data. Scale bar: 10 mm. (E-F) Cells were transfected with ZFP64 inhibition plasmids or 
negative control. qRT-PCR and Western blot analyses were conducted to determine ZFP64 mRNA and protein levels. (G) CCK-8 analyzes the viability of 
BC cells. (H) Representative images of colony formation assay and quantification data. Scale bar: 10 mm. * p < 0.05, compared to Empty-GFP; # p < 0.05 
compared to shNC
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Glycolysis is involved in the role of ZFP64 in BC through 
mRNA-seq analysis
To further elucidate the underlying mechanism of ZFP64 
in BC, we performed mRNA-seq analysis in ZFP64-
overexpression and control MCF-7 cells (Fig.  5A). As 
shown in Fig.  5B, 721 upregulated genes and 1006 
downregulated genes were screened in cells with ZFP64 
overexpression. The upregulated genes by ZFP64 were 
evaluated for GO, KEGG, and GSEA enrichment analy-
sis, because ZFP64 functions as a transcription activator. 
Results in KEGG analysis showed that several pathways 
such as “MAPK signaling pathway”, “Glycolysis/Gluco-
neogenesis”, “Apoptosis”, and “Cell cycle” were enriched 
by the upregulated genes (Fig. 5C). The GO terms related 
to tumor development were enriched by the upregulated 
genes, such as “Response to hypoxia”, “Glycolytic process”, 
“Cell migration”, “Positive regulation of cell proliferation”, 
“Positive regulation of angiogenesis”, and “Gluconeogene-
sis” (Fig. 5D). Furthermore, based on the network cluster 
analysis using the GSEA of the GO dataset, we observed 
that ZFP64 dysregulated critical pathways in BC, such as 

“Canonical glycolysis”, “Response to hypoxia, “Positive 
regulation of T cell activation”, “ERK1 and ERK2 cascade”, 
and “Chemokine-mediated signaling pathway”(Fig.  5E). 
Importantly, we identified that the gene sets both in the 
GO Glycolytic process by GSEA and the KEGG Gly-
colysis/Gluconeogenesis by GSEA were upregulated by 
ZFP64 overexpression (Fig. 5F-G). It supported that the 
glycolytic process might be of great significance in the 
regulation of ZFP64 in BC.

ZFP64 promotes the glycolytic process in BC
Given that glycolysis is a key metabolic program that 
often modulates stem cell-like phenotypes and tumori-
genesis [9, 11], we then focused on the role of ZFP64 in 
the glycolytic process in BC cells. As shown in Fig. 6A-C, 
the master metabolites produced by glycolysis, like glu-
cose-6-phosphate (G-6-P), 2-phosphoglycerate (2-PG), 
and pyruvate, were demonstrated to be inhibited by 
ZFP64 knockdown. We further found that ZFP64 deple-
tion blocked the glucose consumption, lactate produc-
tion, as well as ATP generation of BC cells (Fig.  6D-F). 

Fig. 3 ZFP64 facilitates tumor growth in vivo. (A-B) MCF-7 or MDA-MB-468 cell lines were inoculated into the mammary fat pads of female BALB/c nude 
mice to establish the xenograft model. Tumor volume was recorded. (C-D) Representative IHC images of Ki67 expression in tumors. Scale bar: 50 μm. * 
p < 0.05, compared to Empty-GFP; # p < 0.05 compared to shNC
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These results suggested an important effect of ZFP64 on 
facilitating the glycolytic process of BC cells.

ZFP64 directly activated glycolysis-related genes to 
promote cell proliferation and stem cell-like properties
Through the mRNA-seq analysis, we identified the 
expression alterations of several genes involved in gly-
colysis by ZFP64 overexpression in MCF-7 cells (Fig. 7A). 
To confirm it, qRT-PCR analysis results showed that 
ZFP64 knockdown decreased the mRNA levels of 
ALDOC, ENO2, HK2, PGK1, and SPAG4, whereas it did 
not alter the expressions of PDK1 and PFKFB4 (Fig. 7B). 
As ZFP64 is a Kruppel-like C2H2 transcriptional activa-
tor, we found that among the above-mentioned glycol-
ysis-related genes, ALDOC, ENO2, HK2, and SPAG4 
might be potential downstream targets of ZFP64 through 
the JASPER database (Fig. 7C) [23]. ChIP combined with 

qRT-PCR assay confirmed that ZFP64 was directly bound 
to the promoter of ALDOC, ENO2, HK2, or SPAG4 
(Fig.  7D). The dual-luciferase reporter assay demon-
strated that the transcription activity of ALDOC, ENO2, 
HK2, or SPAG4 was significantly enhanced by ZFP64 
overexpression (Fig. 7E). These results indicated that the 
glycolysis-related genes, including ALDOC, ENO2, HK2, 
and SPAG4, were the direct targets of ZFP64.

Finally, as ENO2 and HK2 are key glycolysis enzymes 
[24, 25], the inhibitory plasmids targeting ENO2 and 
HK2 were employed to block the glycolytic process in 
MCF-7 cells. As shown in Fig. 7F-G, the knockdown of 
ENO2 or HK2 caused a reduction of glucose consump-
tion and lactate production in ZFP64-overexpression 
cells. ZFP64-induced cell growth and sphere formation 
of BC cells were impeded by the inhibition of ENO2 or 
HK2 (Fig. 7H-I). Thus, these results suggested that ZFP64 

Fig. 4 ZFP64 supports stem cell-like properties of BC cells. (A) Representative images of the formatted mammospheres and quantification of the number 
of mammospheres. Scale bar: 200 μm. (B) Western blot analysis of OCT4, Nanog, and SOX2 protein levels in mammospheres. (C) Flow cytometry analysis 
of the CD44+/CD24− cell populations in mammospheres. # p < 0.05 compared to shNC
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promoted the glycolytic process to support the growth of 
BC cells.

Discussion
The present study demonstrated that ZFP64 was over-
expressed in BC specimens compared with adjacent 
normal specimens. Patients with high ZFP64 expression 
had shorter OS and DFS than patients with low ZFP64 
expression. The in vitro and in vivo experiments showed 
that ZFP64 facilitated cell growth and stem cell-like prop-
erties of BC cells. Mechanistically, the glycolysis program 

was identified to be an underlying mechanism involved 
in the role of ZFP64 in BC using mRNA-seq.  ZFP64 
knockdown reduced the glycolytic metabolites by inhib-
iting the glycolysis-related gene transcription. Further-
more, ENO2 and HK2, the key glycolytic enzymes, were 
responsible for the effect of ZFP64 on cell proliferation 
and stem cell-like properties. These findings illustrated 
that ZFP64 played an important role in stem cell-like 
properties and tumorigenesis by regulating glycolysis 
(Fig. 7J).

Fig. 5 Glycolysis is involved in the role of ZFP64 in BC through RNA-seq analysis. (A) Schematic diagram of MCF-7 cells subjected to mRNA-seq. (B) Vol-
cano plot of the differentially expressed genes. (C) Column diagram showing the enriched KEGG pathway from the upregulated genes. (D) Chord diagram 
showing the enriched GO terms from the upregulated genes. (E) An enrichment network generated from GSEA combined with GO analysis showing 
biological processes regulated by ZFP64. The red nodes represent upregulated biological pathways, the blue nodes represent downregulated biological 
pathways, and the blue lines represent gene overlap between pathways. (F) GSEA combined with GO analysis showing ZFP64 related to the Glycolytic 
process. (G) GSEA combined with KEGG analysis showing ZFP64 related to Glycolysis/Gluconeogenesis
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Zinc finger proteins (ZFPs) are the most abundant 
family of transcription factors involved in BC develop-
ment and progression. For example, ZNF451 is reported 
to recruit and activate tumor-associated macrophages 
by facilitating CCL5 transcription in triple-negative BC 
[26]. Li et al. show that ZNF32 transcriptionally acti-
vates GPER to promote BC stem cell-like properties 
[27]. ZFP64 is a newly discovered transcription factor 
among ZFPs. The previous work shows that ZFP64 acts 
as a transcription factor to activate the oncogene MLL 
expression in MLL-rearranged leukemia, implying that 
ZFP64 is a critical transcription factor in cancer [14]. The 
online tool analysis suggests that ZFP64 expression is 
overexpressed in numerous tumors, especially in BC [17, 
18]. Here, ZFP64 was upregulated in BC samples com-
pared with adjacent normal tissues. Patients with high 
ZFP64 expression had a shorter survival time and poorer 
clinicopathological characteristics. The results in clinical 

indicated that ZFP64 might be a biomarker of the diag-
nosis of BC. The previous studies describe that ZFP64 
contributes to cell proliferation, migration, and invasion 
in gallbladder cancer [15]. In addition, the stem cell-like 
phenotype of tumor cells is the predominant cause of 
tumor development and progression [22]. Zhu et al. dem-
onstrate that ZFP64 promotes the stem cell-like pheno-
types of gastric cancer cells [16]. Consistent with these 
reports, our work suggested that ZFP64 facilitated cell 
growth and stem cell-like properties in BC cells.

The glycolysis program is one of the main metabolic 
pathways in cancer that provides adequate nutrients 
and energy to support cancer cell proliferation, metasta-
sis and stem cell-like phenotypes [8, 28]. To our knowl-
edge, cancer metabolism, especially glycolysis, has 
become the major research hotspot. The previous study 
demonstrated that glycolysis participates in promoting 
cell proliferation and metastasis of BC [10]. Inhibiting 

Fig. 6 ZFP64 promotes the glycolytic process in BC cells. (A-C) Relative levels of glycolytic metabolites including G-6-P, 2-PG, and pyruvate were mea-
sured. (D-F) Relative levels of glucose uptake, lactate production, and ATP content were determined. # p < 0.05 compared to shNC
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Fig. 7 (See legend on next page.)
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glycolysis using 2-DG (a competitive inhibitor of G-6-P 
produced from glucose) blocks the stem-like states of BC 
cells [29]. Furthermore, our present work showed that 
the glycolytic pathway was significantly upregulated by 
ZFP64 overexpression using the mRNA-seq analysis. The 
mRNA-seq results also suggested that a series of glycol-
ysis-related genes were increased in ZFP64-overexpres-
sion cells, including ALDOC, ENO2, HK2, PGK1, and 
SPAG4. Therefore, we made great focus on the glycolytic 
process to explore the underlying mechanism regulated 
by ZFP64. The results indicated that ZFP64 knockdown 
decreased glycolytic metabolites, glucose consumption, 
and ATP production, as well as the expressions of glycol-
ysis-related genes. It underlined that ZFP64 could pro-
mote the glycolytic process of BC cells.

The glycolysis-related genes, including ALDOC, ENO2, 
HK2, PGK1, and SPAG4, have been identified to play crit-
ical roles in various cancers. For instance, the overexpres-
sion of ALDOC and ENO2 glycolytic enzymes promotes 
sphere formation and viability of BC cells [30]. HK2 
facilitates the maintenance and self-renewal of liver can-
cer stem cells and promotes tumor growth [31]. Similar 
effects of PGK1 on stem cell-like properties and tumori-
genesis were described in oral squamous cell carcinoma 
[32]. SPAG4 is revealed to serve as a glycolytic marker 
and is associated with poor prognosis in pancreatic duc-
tal adenocarcinoma and glioblastoma [33, 34]. Thus, we 
further determined the molecular mechanism by ZFP64 
on the expressions of glycolysis-related genes. As a tran-
scription factor, ZFP64 is involved in the transcriptional 
activation of NOTCH1 target genes Hes1 and Hey1 [35]. 
Zhu et al. suggest that ZFP64 promotes Galetin-1 tran-
scription to induce chemoresistance and tumor immu-
nosuppression in gastric cancer [16]. In hepatocellular 
carcinoma, ZFP64 induces the transcriptional activation 
of CSF1 to trigger immune invasion [36]. Using the JAS-
PER analysis, we found that ZFP64 had potential bind-
ing sites on the promoters of ALDOC, ENO2, HK2, and 
SPAG4, but not PGK1. ChIP and dual-luciferase reporter 
assay confirmed that ZFP64 was directly bound to the 
promoters of ALDOC, ENO2, HK2, and SPAG4, and 
promoted the transcription of these genes. Blocking the 
glycolytic pathways by the knockdown of the glycolytic 
enzymes ENO2 and HK2 resulted in inhibitory effects on 

cell proliferation and stem cell-like phenotypes induced 
by ZFP64. Altogether, these data proposed that ZFP64 
modulated stem cell-like properties and tumorigenesis 
of BC through the glycolytic process in a transcriptional-
dependent mechanism.

In conclusion, ZFP64 drives glycolysis-mediated stem 
cell-like properties and tumorigenesis of BC. Mechanisti-
cally, ZFP64 induces the transcriptional activation of sev-
eral glycolysis-related genes to accelerate the glycolytic 
process. The discovery of ZFP64’s function may offer new 
insights into the diagnostic or prognostic biomarkers 
in BC. However, several limitations exist in this present 
work. For example, the enriched “Response to hypoxia”, 
“Positive regulation of angiogenesis”, “Chemokine-medi-
ated signaling pathway”, and “positive regulation of T 
cell activation” indicates that ZFP64 is associated with 
the regulation of the tumor microenvironment through 
mRNA-seq. Furthermore, besides glycolysis, a variety of 
oncogenic pathways may also mediate the role of ZFP64, 
like the MAPK signaling pathway, Wnt signaling path-
way, and ERK1/2 signaling pathway. However, whether 
ZFP64 affects the tumor microenvironment and underly-
ing mechanisms in BC is still unclear. It will be illustrated 
in more depth for our follow-up studies.
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