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Abstract
Zinc finger protein 500 (ZNF500) has an unknown expression pattern and bio-
logical function in human tissues. Our study revealed that the ZNF500 mRNA and 
protein levels were higher in breast cancer tissues than those in their normal counter-
parts. However, ZNF500 expression was negatively correlated with advanced TNM 
stage (p = 0.018), positive lymph node metastasis (p = 0.014), and a poor prognosis 
(p < 0.001). ZNF500 overexpression abolished in vivo and in vitro breast cancer cell 
proliferation by activating the p53-p21-E2F4 signaling axis and directly interacting 
with p53 via its C2H2 domain. This may prevent ubiquitination of p53 in a manner 
that is competitive to MDM2, thus stabilizing p53. When ZNF500-∆C2H2 was over-
expressed, the suppressed proliferation of breast cancer cells was neutralized in vitro 
and in vivo. In human breast cancer tissues, ZNF500 expression was positively cor-
related with p53 (p = 0.022) and E2F4 (p = 0.004) expression. ZNF500 expression was 
significantly lower in patients with Miller/Payne Grade 1–2 than in those with Miller/
Payne Grade 3–5 (p = 0.012). ZNF500 suppresses breast cancer cell proliferation and 
sensitizes cells to chemotherapy.
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1  |  INTRODUC TION

Breast cancer is the most commonly diagnosed malignant tumor 
in women.1 Hormone and targeted therapies achieve better prog-
noses in some subtypes of breast cancer2,3; however, chemother-
apy remains the dominant first-line treatment for breast cancer 
patients. Subsequent chemotherapy resistance is a major issue in 
improving patient survival time. Therefore, there is an urgent need 
to characterize the crucial factors that sensitize patients to chemo-
therapy treatment.

p53 is essential for various cellular processes, such as cell cycle 
checkpoints,4 DNA damage repair,5 and apoptosis.6 It also plays a 
pivotal role as a “gatekeeper” in malignancy.7 However, p53 is often 
mutated or absent in malignant tumor cells, thus promoting tumor pro-
gression.8,9 Moreover, p53 is an extremely unstable protein with a half-
life of 5–30 min.10 It can be modulated by diverse post-transcriptional 
modifications, such as phosphorylation,11 acetylation,12 and ubiquiti-
nation,13 thus affecting its stability.14 The MDM2 protein is the most 
dominant classical E3 ubiquitin ligase, which accelerates p53 nuclear 
export by promoting its monoubiquitination, followed by its degrada-
tion; a process that is dependent on the proteasome.15

ZNF500, a member of the C2H2 zinc finger protein family, is lo-
calized to the human chromosome 16p13.3. Kupers et al. suggested 
that ZNF500 is expressed in the subcutaneous adipose tissue of 
children, but its biological function remains unknown.16 It consists 
of a SCAN domain in the N terminus, KRAB domain in the middle, 
and C2H2 domain in the C terminus, which is responsible for bind-
ing to DNA. To date, the expression pattern and biological function 
of ZNF500 in human tissue, especially malignant tumor tissue, re-
main unexplored.

2  |  MATERIAL S AND METHODS

2.1  |  Patients and clinical specimens

The study protocol was approved by the Institutional Review Board 
of China Medical University. All participants provided written in-
formed consent, and the study was performed in accordance with 
the principles of the Declaration of Helsinki. Detailed descriptions 
of the information of patients have been previously described17 and 
can be found in the Additional file S1.

2.2  |  Functional enrichment analyses

As described in the study by Li et al.18

2.3  |  Western blotting, Proteasome-inhibition and 
ubiquitination assays and immunoprecipitation

Western blotting and immunoprecipitation were performed as de-
scribed in the study by Zhang et al.19 Detailed descriptions of the 
antibodies are mentioned in the Additional file S1.

2.4  |  IHC

IHC analysis was performed as described in a previous study.20 Detailed 
descriptions of the antibodies are mentioned in the Additional file S1.

2.5  |  Cell culture

Detailed descriptions of the antibodies are mentioned in the Addi-
tional file S1.

2.6  |  Reagents

Detailed descriptions of the reagents are mentioned in the Addi-
tional file S1.

2.7  |  MTT and colony formation assay

MTT and colony formation assay were performed as described in the 
study by Zhang et al.19

2.8  |  EdU assay and immunofluorescence staining

The assays were performed as described in the study by Zhang et al.19 
The cells were incubated with 20 μM EdU solution (Cellorlab, Shanghai, 
China) for 1 h, after overexpressing or knocking out ZNF500. Then, the 

F I G U R E  1  ZNF500 was highly expressed in breast cancer but negatively correlated with poor prognosis. (A) The ZNF500 mRNA level 
was evaluated among diverse cancer tissue and adjacent tissue according to TCGA. (B) ZNF500 mRNA was detected in breast cancer tissue. 
(C) Comparison of expression of ZNF500 mRNA in different subtypes of breast cancer. (D) The expression of ZNF500 mRNA was compared 
between breast cancer patients within NTNBC and TNBC. (E, F) mRNA expression levels of ZNF500 were compared according to Scarff–
Bloom Richardson (SBR) and Nottingham prognostic Index (NPI) scores.(G, H) Correlation between ZNF500 mRNA levels and overall survival 
of patients with breast cancer (I) Comparison of expression of ZNF500 protein in wild-type and mutated P53 in breast cancer patients. (J) 
ZNF500 protein in 12 freshly isolated samples from patients with breast cancer analyzed by western blotting. (K–N) Representative image 
of (IHC) staining of ZNF500 in patients with breast cancer. Scale bar, 50 μm. The green enclosure (L) represents enlarged figure for Figure 6K 
(O) Correlation of ZNF500 protein level with overall survival in patients with breast cancer (P, Q) ZNF500 protein levels and subcellular 
localization were evaluated by western blotting and IF assays, scale bar = 10 μm. Quantitative data were expressed as mean ± SD of three 
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, t test.
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cells were incubated with ZNF500, myc-tag, flag-tag, p53, MDM2, and 
𝛾-H2AX antibodies at a concentration ratio of 1:50.

2.9  |  Flow cytometry

Flow cytometry was performed as described in the study by Li et al.18

2.10  |  Transplantation of tumor cells into 
nude mice

The animals were treated according to the NIH Guidelines for the Care 
and Use of Laboratory Animals (NIH Publication No. 8023, revised 1978). 
The nude mice were treated according to the experimental animal eth-
ics guidelines issued at the China Medical University (CMU2021710). 
Detailed descriptions are mentioned in the Additional file S1.

Clinicopathological 
factors N Positive Negative χ2 p

Age

<52 86 49 37 0.402 0.625

≥52 69 44 27

TNM classification

I + II 99 66 33 6.128 0.018

III 58 27 31

Lymph node metastasis

Positive 69 33 36 6.637 0.014

Negative 88 60 28

Triple negative (ER, PR, Her-2)

Positive 91 46 45 6.764 0.013

Negative 66 47 19

P53 status

Wild-type 50 17 11.466 0.001

Mutant or null 43 47

TA B L E  1  Correlation of ZNF500 
expression with clinic-pathological 
features in 157 cases breast cancer.

TA B L E  2  Summary of Cox univariate and multivariate regression analysis of the association between clinicopathological features and 
overall survival in 157 cases of breast cancer.

Clinicopathological feature
Regression 
coefficient

Wald chi-squared 
test p Risk ratio 95% CI

Lower Upper

Univariate analysis

Age −0.656 2.380 0.123 0.519 0.226 1.194

TNM classification 1.956 17.610 <0.001 7.070 2.836 17.624

Lymph node metastasis 2.174 15.969 <0.001 8.794 3.028 25.544

Triple-negative 0.907 3.792 0.051 2.476 0.994 6.167

P53 status 0.412 0.714 0.398 1.417 0.631 3.179

ZNF500 expression −1.497 11.440 0.001 0.224 0.094 0.553

Multivariate analysis

TNM classification 1.759 13.963 <0.001 5.807 2.308 14.612

ZNF500 expression −1.220 7.444 0.006 0.295 0.123 0.709

F I G U R E  2  ZNF500 inhibited tumor proliferation in vitro and in vivo. (A) GSEA analysis was performed to explore the signaling pathway 
positively correlated with high ZNF500 expression in breast cancer. (B) Overexpression and knockout efficiency ZNF500 was detected by 
western blotting in MCF-7 or ZR-75-1 cells. (C) MTT, (D) colony formation, (E), EdU assay, scale 50 μm and (F) Flow cytometry assays were 
assessed to detect the effect of overexpression or knockout of ZNF500 on the proliferation of MCF-7 and ZR-75-1 cells. (G) Cell cycle-
related proteins were detected by western blotting after ZNF500 overexpression or knockout in MCF-7 or ZR-75-1 cells. (H) Xenografts 
assay was performed to investigate the effect on proliferation of MCF-7 cells within overexpression or knockout in vitro. Quantitative 
data were expressed as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, t test for two groups and one-way 
ANOVA for multiple groups.
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2.11  |  RNA microarray

Detailed descriptions are mentioned in the Additional file S1.

2.12  |  RNA extraction and real-time PCR

The assays were performed as described in the study by Zhang 
et al.19 Primer sequences are shown in Additional file 2: Table S1.

2.13  |  GST pull down

The assay was performed as described in the study by Han et al.21

2.14  |  Statistical analyses

All data were analyzed using SPSS 22.0 (Chicago, IL, USA). The 
χ2-test was used to evaluate the correlation between ZNF500 ex-
pression and clinicopathological factors. All clinicopathological pa-
rameters were included in the Cox regression model and assessed by 
univariate analysis using the enter method and multivariate analysis 
using the LR method. Student's t test was used to analyze differ-
ences between two groups. A one-way ANOVA was used to analyze 
differences among multiple groups. All experiments were performed 
in triplicate. A p-value less than 0.05 was considered statistically 
significant.

3  |  RESULTS

3.1  |  ZNF500 level is elevated in breast cancer 
but negatively correlates with advanced TNM stage, 
positive lymph node metastasis, and poor prognosis

First, we performed bioinformatic analysis to explore the expression 
of ZNF500 in human malignancies. According to the Cancer Genome 
Atlas database pan-cancer analysis, ZNF500 mRNA expression was 
significantly elevated in most cancerous tissues compared to that in 

adjacent normal tissues (Figure 1A). We explored its expression spe-
cifically in breast cancer and found that ZNF500 mRNA expression 
was significantly higher in both paired and unpaired breast cancer 
samples than that in noncancerous samples (Figure  1B and Addi-
tional file 3: Figure S1A). We evaluated ZNF500 mRNA expression 
among breast cancers within different subtypes; ZNF500 displayed 
the highest expression in luminal A type within the best prognosis 
and lowest expression in the basal-like type within the worst progno-
sis (Figure 1C). ZNF500 expression in nontriple-negative breast can-
cer and nonbasal-like breast cancer patients was significantly higher 
than that in TNBC or basal-like breast cancer patients (Figure 1D and 
Additional file 3: Figure S1B). Similarly, ZNF500 expression was sig-
nificantly higher in ER- or PR-positive breast cancer patients than 
that in ER- or PR-negative breast cancer patients but visibly lower 
in HER2-positive breast cancer patients than that in HER2-absent 
patients (Additional file 3: Figure  S1C–E). Moreover, ZNF500 ex-
pression was negatively correlated with advanced Scarff–Bloom 
Richardson (SBR) grading22 and high Nottingham prognostic Index 
(NPI) scores23 (Figures 1E,F). The receiver operating characteristic 
curve drawn based on ZNF500 levels demonstrated that ZNF500 
might be an effective indicator of better prognosis (area under 
curve = 0.634, Additional file 3: Figure S1F). Kaplan–Meier analysis 
revealed that the OS time of patients with high ZNF500 expression 
was significantly longer than that of patients with negative expres-
sion (Figure 1G). Accordingly, the risk score curve also indicated that 
the survival time and survival rate of breast cancer patients with 
high ZNF500 expression were considerably higher than those of 
patients with low ZNF500 expression (Figure  1H). Univariate Cox 
regression analysis suggested that ZNF500 could be considered an 
independent risk prognostic factor for patients with breast cancer 
(Additional file 3: Figure S1G). ZNF500 expression in patients with 
WT p53 was significantly higher than that in patients with mutated 
p53 tissues at DNA, mRNA, and protein levels (Figure 1I and Addi-
tional file 3: Figure S1H–I).

Western blot analysis of 12 fresh breast cancer tissues and 
paired adjacent normal tissues revealed that ZNF500 protein levels 
were significantly higher in breast cancer tissues than those in non-
cancerous tissues (p = 0.0089, Figure 1J and Additional file 3: Fig-
ure S1J). Subsequent immunohistochemical staining of 157 breast 
cancer samples and 61 normal breast tissue samples indicated 

F I G U R E  3  ZNF500 inhibits P53 ubiquitination and activates P53-P21-E2F4 signal. (A) PCR-array was used to explore DEGs in process of 
cell cycle within ectopic ZNF500 in MCF-7 cells (B) GEPIA database analysis showed the correlation of mRNA levels between ZNF500 and 
CDKN1A as well as E2F4 in breast cancer cells. (C, D) qPCR assay was used to detect the mRNA of P21, E2F4 and P53 after overexpressing 
or knocking out ZNF500 in MCF-7 or ZR-75-1cells. (E) Western blotting was assessed to examine the expression of P53, phosphorylated P53 
in Serine 15, P21, CDK4, and E2F4 after ZNF500 overexpression or knockout in MCF-7 or ZR-75-1cells. (F). Western blotting was used to 
detect the expression of P21 and CyclinD1 in MCF-7 cells after overexpressing ZNF500 together with knocking down P53 by siRNA in MCF-
7 cells. (G) MTT, (H) Colony formation assays were performed to test the effect on proliferation of breast cancer cells (I) After being treated 
with CHX (20 uM) at indicated time point, the expression of p53 was detected by western blotting after overexpression of ZNF500 in MCF-7 
and ZR-75-1 cells. Western blot assay (J) and immunofluorescence assay (K) were used to detect distribution of P53 in both cytoplasm 
and nucleus when ZNF500 was overexpressed in MCF-7 cells. (L) The ubiquitination level of P53 was detected by western blotting when 
ZNF500 was overexpressed. Quantitative data were expressed as the mean ± SD of three independent experiments. **p < 0.01, ***p < 0.001, 
t test for two groups and one-way ANOVA for multiple groups, scale bar = 10 μm.
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that ZNF500 was highly expressed in the nucleus of breast cancer 
cells with dim cytosolic expression, and a positive rate of ZNF500 
(59.2%, 93/157) in breast cancer was a significantly higher than that 
in normal breast tissue (10%, 6/61, p < 0.01, Figure 1K–N). Statisti-
cal analysis indicated that ZNF500 expression was negatively cor-
related with p53 mutation (p = 0.001), TNBC (p = 0.0013), advanced 
TNM stage (p = 0.018), and lymph node metastasis (p = 0.014, 
Table 1). Kaplan–Meier analysis revealed that the OS of breast can-
cer patients with high ZNF500 expression (141.571 ± 3.203) was 
significantly longer than that of patients with negative ZNF500 
expression (121.197 ± 5.847, p = 0.001, Figure  1O). Cox univariate 
and multivariate analyses revealed that, together with advanced 
TNM stage, ZNF500 expression could be considered an indepen-
dent prognostic factor for breast cancer (p = 0.006, Table  2). We 
explored ZNF500 expression in diverse breast cancer cell lines and 
found that ZNF500 expression was higher in cells with p53-WT 
(MCF-7, ZR75-1, MDA-MB-361, and MDA-MB-175VII) than that in 
p53-mutant cells (SK-BR-3, MDA-MB-231, and BT549). However, 
ZNF500 showed increased expression in MDA-MB-453, a p53-null 
cell line (Figure 1P). Subsequent IF assays indicated that ZNF500 
was mainly localized in the nucleus of these cells (Figure 1Q; Addi-
tional file 3: Figure S1K).

3.2  |  ZNF500 suppresses cell proliferation and 
induces cell cycle arrest in p53-WT breast cancer cells 
both in vitro and in vivo

GSEA revealed that DEGs with low ZNF500 expression were closely 
enriched in the cell cycle process (Figure 2A and Additional file 3: 
Figure S2A). We overexpressed ZNF500 and knocked it out in sev-
eral breast cancer cell lines with diverse p53 status (p53 WT cell 
lines: MCF-7, ZR-75-1, and MDA-MB-175VII; p53 mutant cell lines: 
SK-BR-3 and MDA-MB-231; and p53-null cell line: MDA-MB-453) 
using CRISPR-Cas9 guided by two different sgRNAs (Figure 2B and 
Additional file 3: Figure S3A–C). The MTT assay, colony formation 
assay, and EdU assay results indicated that proliferation in p53-WT 
cells was abrogated by overexpression or enhanced by the silencing 
of ZNF500 (Figure 2C–E and Additional file 3: Figure S3D–F); how-
ever, no significant changes were observed in the p53-mutant and 
p53-null cells (Additional file 3: Figure S3G–L). Therefore, p53-WT 
cells were selected for subsequent analysis.

We further explored the effects of ZNF500 expression on cell 
cycle progression using flow cytometry. As shown in Figure 2F and 
Additional file 3: Figure  S4A, ZNF500 overexpression may induce 
cell cycle arrest in the G1 phase and shorten the S phase. Accord-
ingly, the G1 phase was shortened, and the S phase was prolonged 
when ZNF500 was knocked out. Western blotting was performed 
to examine the key factors involved in the cell cycle. The results 
showed that ZNF500 overexpression or knockout resulted in signifi-
cantly downregulated or upregulated CyclinD1 expression, respec-
tively. Phosphorylated Rb and E2F1, two downstream effectors of 
CyclinD1/CDK4, were also decreased or increased upon ectopic or 
silenced ZNF500. Expression of the other cyclins did not show any 
changes (Figure 2G and Additional file 3: Figure S4B). We also per-
formed a xenograft assay to explore the effect of ZNF500 expres-
sion on cell proliferation in vivo and found that the tumor volume 
was decreased or increased in ectopic or silenced ZNF500, respec-
tively (Figure 2H).

3.3  |  ZNF500 prevents ubiquitination of p53 and 
activates the p53-p21-E2F4 signaling axis

We performed an RNA-array assay on 90 crucial target genes re-
lated to the cell cycle after overexpressing ZNF500. We found that 
the expression levels of two genes were upregulated (p21 and E2F4) 
and those of two genes were downregulated (CDK5R1 and MKI67) 
(Figure 3A and Additional file 3: Figure S5A). The GEPIA database 
was used to assess the correlation between ZNF500 and the tar-
get genes, which indicated that ZNF500 was positively correlated 
with p21 and E2F4 expression but not with CDK5R1 and MKI67 ex-
pression (Figure 3B and Additional file 3: Figure S5B). qPCR results 
confirmed that p21 and E2F4 mRNA expression was significantly 
elevated or decreased after overexpression or knockout of ZNF500, 
respectively (Figure 3C and Additional file 3: Figure S5C). Both p21 
and E2F4 are classical downstream target genes of p53 signaling.24,25 
Therefore, we subsequently investigated whether the inhibition of 
the cell cycle induced by overexpression of ZNF500 is dependent on 
p53. Both p53 mRNA and protein levels were examined in ectopic 
or silenced ZNF500 cells, which indicated that p53 mRNA levels re-
mained unaltered. The levels of p53 protein, phosphorylated p53 at 
Ser15, p21, and E2F4, were significantly enhanced or suppressed, 
whereas the expression of CDK4 was significantly decreased or 

F I G U R E  4  ZNF500 directly binds to P53 C-terminal domain through its C2H2 domain to inhibit the proliferation of breast cancer cells. 
(A, B) Co-IP assay was used to explore the interaction between endogenous and exogenous ZNF500 and P53. (C) GST pull-down assay was 
used to assess the binding between ZNF500 and P53. (D, E) Representative images showed that ZNF500 and P53 were co-localized in the 
nucleus by performing IF assay. (F, G) Schematic diagram diverse splicing plasmids for both ZNF500 and P53. (H–J) Co-IP and GST pull-
down were used to detect the detailed domains responsible for binding between ZNf500 and P53. (K, L) The ubiquitination level of P53, 
and protein levels of P21, E2F4 and P53 after transfection with ZNF500-Fl and ZNF500-△C2H2 plasmids by western blotting. (M) Colony 
formation (N) MTT, (O) Xenografts assays were assessed to detect the effects on cell proliferation with overexpressing ZNF500-Fl, ZNF500-
△C2H2 and control both in vitro and in vivo. Quantitative data were expressed as mean ± SD of three independent experiments. **p < 0.01, 
***p < 0.001. t test for two groups and one-way ANOVA for multiple groups. FL, full length; N,N-terminal, DBD, DNA binding domain; C, end 
C. Scale bar = 10 μm.
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increased after overexpressing or deleting ZNF500 (Figure 3D,E and 
Additional file 3: Figure S5D,E).

Then, we co-transfected ZNF500 overexpressing plasmid and 
p53 siRNA as well as the relative control, and the results indicated 
that upregulation of p21 expression and down-regulation of Cy-
clinD1 expression were counteracted by p53 knockdown (Figure 3F). 
Moreover, breast cancer cell proliferation was no longer suppressed 
(Figure 3G,H). The addition of CHX to block de novo protein syn-
thesis showed that the degradation of p53 was significantly delayed 
after ZNF500 overexpression in MCF-7 and ZR-75-1 cells (Figure 3I). 
Subsequent WB and IF assays also revealed that overexpression of 
ZNF500 might prevent nuclear export, a process essential for p53 
stability (Figure 3J,K). ZNF500 may be involved in the proteasome 
process, as indicated by the GSEA (Additional file 3: Figure S2A and 
S6A). We found that the elevation of p53 expression after ZNF500 
overexpression was neutralized by the addition of MG132 for 24 h, 
a proteasome inhibitor (Additional file 3: Figure S6B). Furthermore, 
overexpression of ZNF500 significantly reduced the ubiquitination 
of p53 (Figure 3L).

3.4  |  ZNF500 directly binds to the C-terminal of 
p53 via its C2H2 domain

We performed a co-IP assay to examine the interaction between 
ZNF500 and p53. Our results indicated endogenous and exogenous 
interaction of ZNF500 with p53 (Figure 4A,B). GST pull-down assay 
revealed that ZNF500 may directly bind to p53 (Figure 4C). Subse-
quent IF assays revealed that both endogenous and exogenous p53 
and ZNF500 were co-localized in the nucleus of breast cancer cells 
(Figure  4D,E). Then, we mapped the detailed domain responsible 
for the binding between ZNF500 and p53 and synthesized a series 
of splicing mutant plasmids for ZNF500 and p53 (Figure 4F,G). The 
co-IP assay results indicated that deletion of the C2H2 domain in 
ZNF500 and the C-terminal domain of p53 may abolish the interac-
tion between ZNF500 and p53 (Figure 4H,I). The GST pull-down re-
sults also indicated that ZNF500 is directly bound to the C-terminal 
domain of p53 (Figure  4J). We then overexpressed ZNF500-full 
length (FL), ZNF500-△C2H2, and NC plasmids in MCF-7 cells. The 
WB assay results revealed that overexpression of ZNF500-△C2H2 
no longer upregulated expression of p53 and its downstream fac-
tors, p21 and E2F4, compared to ZNF500-FL overexpression (Fig-
ure  4K). Ubiquitination of p53, as well as cell proliferation, were 
also not decreased or abrogated after overexpression of ZNF500-
△C2H2 (Figure 4L–N). The xenograft assay also confirmed the ef-
fect of overexpression of ZNF500-△C2H2 in vivo (Figure 4O).

3.5  |  ZNF500 binds and stabilizes p53 in a manner 
that is competitive to MDM2

Our study revealed that ZNF500 binds and stabilizes p53 by pre-
venting its ubiquitination, although ZNF500 is not an E3 ubiquitin 

ligase. Bioinformatics analysis revealed a negative correlation be-
tween ZNF500 expression and the IC50 of nutlin-3a, an MDM2-
specific inhibitor (Additional file 3: Figure  S7A). We knocked out 
ZNF500 and added nutlin-3a for 24 h and found that suppression 
of p53 expression induced by silencing ZNF500 at least partially 
counteracted proliferation (Additional file 3: Figure  S7B,C). We 
speculated that ZNF500 may stabilize p53 by modulating MDM2. A 
subsequent co-IP assay revealed that endogenous ZNF500, MDM2, 
and p53 could form a ternary complex (Figure 5A). However, the IF 
and WB assay results suggested that overexpression of ZNF500 did 
not affect the expression of MDM2 or its subcellular localization. 
(Figure  5B,C). Previous studies have indicated that most ubiquitin 
sites are localized in the C-terminal domain,26 and MDM2 can also 
bind to the C-terminal of p53.27 We speculated whether ZNF500 
might compete against MDM2 for the binding to p53, thus stabiliz-
ing it. We overexpressed p53 and MDM2 with increasing doses of 
ZNF500 in MCF-7 cells and performed a co-IP assay, which revealed 
that the binding between MDM2 and p53 was dose-dependently 
downregulated by increasing ZNF500 expression (Figure 5D). Simi-
larly, the interaction between ZNF500 and p53 decreased in a dose-
dependent manner when MDM2 was overexpressed (Figure 5E).

To further explore whether competitive binding to p53 between 
ZNF500 and MDM2 occurs under physiological conditions, a co-IP 
assay was performed between endogenous ZNF500 and p53 with 
increasing doses of MDM2. The results suggested that the endog-
enous interaction between ZNF500 and p53 was suppressed in a 
dose-dependent manner (Figure  5F). The endogenous interaction 
between MDM2 and p53 was also suppressed in a dose-dependent 
manner in ectopic ZNF500 (Figure  5G). Finally, we overexpressed 
ZNF500-FL, ZNF500-△C2H2, and the NC at different doses, and 
the co-IP assay results indicated that overexpression of ZNF500-FL, 
rather than ZNF500-△C2H2, could disrupt the interaction between 
MDM2 and p53 (Figure 5H).

3.6  |  ZNF500 accelerates DNA damage and 
sensitizes breast cancer cells to chemotherapy

Previous studies have demonstrated that p53 plays a crucial role in 
the process of DNA damage.28 We added camptothecin for 4 h to 
induce DNA damage and found that the overexpression of ZNF500 
may strengthen DNA damage, which was revealed by the upregula-
tion of γ-H2AX expression, the DNA damage maker, as well as its 
nuclear foci (Additional file 3: Figure  S8A,B). Furthermore, com-
pared with overexpression of ZNF500-FL, ectopic ZNF500-△C2H2 
did not cause more DNA damage, as revealed by the expression 
and nuclear foci of γ-H2AX (Figure  6A,B). Bioinformatic analysis 
performed to explore the correlation between ZNF500 expression 
and chemotherapeutic drugs revealed that ZNF500 expression was 
significantly negatively correlated with resistance to doxorubicin 
and vinorelbine, two first-line neoadjuvant chemotherapy drugs 
for breast cancer patients (Figure 6C). Overexpression of ZNF500 
visibly reduced the IC50 of doxorubicin and vinorelbine for 24 h, 
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F I G U R E  5  ZNF500 and MDM2 competitively bind P53. (A) Co-IP assay was performed to explore the interaction between endogenous 
ZNF500, MDM2 and P53. (B, C) Western blot and IF assays were used to detect distribution of MDM2 between cytoplasm and nucleus 
when ZNF500 was overexpressed in MCF-7 cells. (D–G) Co-IP assay was used to evaluate the interaction among MDM2, P53 and ZNF500. 
(H). Co-IP assay was used to test the interaction between MDM2 and P53 after overexpressing ZNF500-FL, ZNF500-△C2H2 and control, 
respectively. Quantitative data were expressed as mean ± SD of three independent experiments. scale bar = 10 μm.
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accelerated DNA damage, and abrogated cell proliferation, however, 
ectopic ZNF500-△C2H2 could not (Figure 6D–F).

Finally, we assessed IHC staining in specimens from 50 
breast cancer patients with the p53-WT to evaluate whether 
the ZNF500–P53–E2F4 axis existed in human breast cancer 
specimens. The results suggested that ZNF500 was significantly 
positively correlated with p53 (p = 0.022, r = 0.342) and E2F4 
(p = 0.004, r = 0.436) expression (Figure  6G, Table  3). We also 
assessed ZNF500 expression in specimens from patients with 
diverse therapeutic effects evaluated by Miller/Payne Grades 
after neoadjuvant chemotherapy. IHC staining results indicated 
that ZNF500 expression in sensitive patients (Miller/Payne Grade 
3–5) was significantly higher than that in resistant patients (Miller/
Payne Grade 1–2, p = 0.012, Figure 6H).

4  |  DISCUSSION

Our studies revealed that ZNF500 was significantly more expressed 
in the nucleus of breast cancer than normal breast tissues. To ex-
plore the reason for ZNF500 upregulation in breast cancer samples, 
amplification or mutation of ZNF500 were investigated. Using the 
cBioPortal database (http://www.cbiop​ortal.org/), we determined 
that there was only 4.22% gene amplification (42/996) and 0.5% mu-
tation (5/996) in all tested specimens. Therefore, gene amplification 
and mutation are not plausible explanations for elevated ZNF500 
levels in breast cancer tissues. Additionally, there was no m6A meth-
ylation site localized in ZNF500 (whist​leepi​trans​cript​ome.com/), 
which indicated that the mRNA stability of ZNF500 might not be 
affected by pre-translational modification.

We also tested ZNF500 function in MCF-10A, a normal breast 
cell, and found that overexpression of ZNF500 still abolished pro-
liferation and activated the P53 signaling pathway axis in MCF-10A 
cells (Additional file 3: Figure S9). To furtherly confirm the effect on 
enhanced proliferation induced by ZNF500, two synonymous mu-
tation plasmids of ZNF500 were added back to ZNF500-deficient 
cells by different sgRNAs. Our results revealed that adding back-
ing ZNF500 might rescue the elevated proliferation induced by a 
ZNF500 deletion (Additional file 3: Figure S10).

Gu et al. demonstrated that p53 might also transcriptionally in-
crease MDM2 levels in a feedback manner.29 Therefore, we tested 
whether p53 transcriptionally upregulated ZNF500 levels in a sim-
ilar manner; however, overexpression of p53 did not enhance the 
transcription of ZNF500 (data not shown). Furthermore, Kupers 
et al. discovered that there is a methylated site in the promoter re-
gion of ZNF500.16 We also found a phosphorylation site (Ser144) in 
ZNF500. Whether post-transcriptional modifications, such as meth-
ylation and phosphorylation of ZNF500, however, overexpression of 
P53 may not alter the phosphorylation of ZNF500 (Additional file 3: 
Figure S11).

Overexpression of ZNF500 promoted cell proliferation in 
p53-WT cells rather than p53-mutated or -null cells, moreover, it 
upregulated p21 and E2F4, two classical downstream target genes 
of p53. Next, we further examined the effect on the p53 signaling 
axis in ectopic ZNF500. We found that overexpression of ZNF500 
may dismiss ubiquitination and nuclear export of p53, thus sta-
bilizing it. MDM2 can induce ubiquitin-mediated degradation of 
p53 via the following three mechanisms: (1) p53 can be degraded 
directly by MDM2 (2) MDM2 blocks the interaction between p53 
and its target genes30,31; and (3) binding between MDM2 and 
p53 may expose the nuclear export site and accelerate its export 
from the nucleus.32 Our results are consistent with those of pre-
vious studies. Previous studies have also demonstrated that the 
N-terminal domain of MDM2 mainly binds to the TAD domain 
(N-terminal) of p53 and promotes its ubiquitination.33 However, 
the ubiquitin site was almost exclusively present in the C-terminal 
domain of p53. Recent studies have also indicated that MDM2 
can bind to the C-terminal domain of p53 via its N-terminal.34 Our 
results suggest that ZNF500, similar to MDM2, might also bind to 
the C-terminal of p53 and can inhibit ubiquitin-mediated degrada-
tion of p53.

F I G U R E  6  ZNF500 promotes DNA damage and enhances neoadjuvant chemotherapy sensitivity. (A) The expression of DNA damage 
marker γ-H2AX was evaluated by western blotting assay after overexpressing control, ZNF500-FL, ZNF500-△C2H2 in MCF-7 cells within 
2 μM CPT for 4 h. (B) Representative IF images of the foci number of γ-H2AX (scale = 10 μm). (C) The correlation between ZNF500 and 
IC50 for vinorelbine or doxorubicin according to TCGA database. (D) IC50 value was measured after treating MCF-7 with vinorelbine or 
doxorubicin for 24 h after overexpressing ZNF500. Overexpressing PCMV6, ZNF500-FL, ZNF500-△C2H2 in MCF-7 cells within 0.5 μM 
doxorubicin or 0.5 nM vinorelbine (E) Colony formation assay was performed to tested the effects on proliferation and (F) Representative 
IF images of the foci number of γ-H2AX in (scale bar = 10 μm). (G) Representative images of immunohistochemistry staining of ZNF500, P53 
and E2F4 in breast cancer patients. Scale bar = 50 μm. Negative staining of ZNF500, P53 and E2F4 were shown in top panel and positive 
staining were shown in bottom panel (H) Representative images of IHC staining of ZNF500 in breast cancer patients within different Miller-
Payne grades. Scale bar = 50 μm. (I) Pathway diagram for ZNF500 action in breast cancer cell lines. Quantitative data were expressed as 
mean ± SD of three independent experiments. *, p < 0.05, **p < 0.01, t test for two groups and one-way ANOVA for multiple groups.

TA B L E  3  Correlation of ZNF500 with expression of wild-type 
P53 and E2F4 in 50 breast cancer specimens.

ZNF500

r pNegative Positive

P53 Negative 14 9 0.342 0.022

Positive 7 19

E2F4 Negative 16 9 0.436 0.004

Positive 5 19

http://www.cbioportal.org/
http://whistleepitranscriptome.com
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We also explored whether mutated P53 could modulate ZNF500. 
However, overexpression of P53-R270H or P53-S20A might not 
alter the protein and mRNA level, moreover, the phosphorylation 
of ZNF500 was also unchanged (Additional file 3: Figure S11). The 
relationship between mutated P53 and ZNF500 should be further 
explored in the future.

Our study revealed that ZNF500 can directly bind to the C-
terminal of p53 via its C2H2 domain. This interaction may prevent 
ubiquitin-mediated degradation by MDM2, thus abrogating the pro-
liferation of breast cancer cells, strengthening DNA damage, and 
sensitizing breast cancer patients to chemotherapy (Figure  6I and 
Figure 7).
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