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Abstract 

Sin3A-associated protein 30 (SAP30) is a crucial component of the SIN/HDAC histone deacetylase complex and acts 
as a scaffold that facilitates target gene binding. SAP30 is highly expressed in various tumours; however, its role 
in renal cell carcinoma (RCC) remains unclear. In our study, we observed the upregulation of SAP30 in clear cell renal 
cell carcinoma (ccRCC) tissues, and its elevated expression was correlated with a poor prognosis. Previous research 
has suggested that SAP30 may influence the growth, proliferation, and apoptosis of RCC cells. Gene Ontology (GO) 
analysis of the downstream regulatory targets of SAP30 revealed that SAP30 suppressed the expression of MT1G, 
a protein that binds to p53. Mechanistically, SAP30 inhibited MT1G transcription, thereby impairing the function 
of MT1G in delivering zinc ions to p53, which diminished p53 activity. Moreover, reduced MT1G levels attenuated 
the inhibitory effect of MT1G on MDM2, further destabilizing p53. Consequently, this cascade promoted RCC progres-
sion. In conclusion, our findings indicate that SAP30 inhibits the p53 pathway through MT1G suppression, suggesting 
that SAP30 and MT1G are potential prognostic markers and therapeutic targets for RCC.
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Introduction
Renal cell carcinoma (RCC) is one of the most prevalent 
malignancies affecting the urinary system and accounts 
for approximately 5% of all cancer cases [1]. Among all 
RCC subtypes, clear cell renal cell carcinoma is the most 
predominant, accounting for more than 90% of all cases 
[2]. While surgery remains the primary treatment option 

for early-stage clear cell renal cell carcinoma (ccRCC), 
more than 30% of patients have already developed distant 
metastases by the time of diagnosis. Furthermore, post-
operative survival rates are not particularly satisfactory 
[3, 4]. Additionally, the poor prognosis of clear cell renal 
cell carcinoma (ccRCC) is closely associated with resist-
ance to radiotherapy and chemotherapy, as well as with 
the absence of effective biomarkers [5]. Therefore, finding 
suitable biomarkers is highly important.

Sin3A-associated protein 30 (SAP30) is a crucial com-
ponent of the SIN/HDAC histone deacetylase complex. 
SAP30 is widely expressed in human tissues, particularly 
in hematopoietic tissues [6], and its functions primarily 
as a transcriptional repressor [7]. SAP30 acts as a scaf-
fold for SIN3, which functions as a repressor and core-
pressor of gene expression in conjunction with binding 
proteins [8, 9]. SAP30 biological functions include the 
regulation of DNA and histonemethylation, nucleosome 
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remodeling, scaffolding for histonedeacetylases, and 
regulation of N-acetylglucosamine transferase activity 
[9]. SAP30 primarily achieves transcriptional repres-
sion through two mechanisms. First, SAP30 binds to 
transcription factors such as YY1 and recruits HDAC1, 
thereby facilitating transcriptional repression [10, 11]. 
Second, SAP30 directly binds to DNA sequences, induc-
ing structural bending that contributes to transcriptional 
inhibition [12]. The knockout of SAP30 in yeast has been 
shown to produce effects similar to those observed when 
SIN3 and Rpd3 were knocked out. These proteins are 
involved in diverse functions,including cell cycle regu-
lation, apoptosis, mitochondrial metabolism, and DNA 
replication and repair [6, 13–15]. Therefore, it can be 
inferred that the knockdown of SAP30 may also influence 
cell cycle regulation and apoptosis [16]. However, SAP30 
has been minimally studied in various tumors; particu-
larly, its mechanism of action in the onset and progres-
sion of ccRCC remains unclear.

Herein, we demonstrated that SAP30 suppressed 
the expression of metallothionein-1G (MT1G) at the 
transcriptional level. MT1G is a small cysteine-rich 
protein that is crucial for metal homeostasis, protection 
against heavy metal toxicity, DNA damage, and oxidative 
stress [17]. MT1G is expressed in various tumours 
and plays roles in cell growth, proliferation, and the 
epithelial‒mesenchymal transition (EMT) process [18, 
19]. MT1G increases the stability of p53 by inhibiting 
its ubiquitin ligase, MDM2 [20]. MT1G can also directly 
interact with p53 to supply zinc ions, thereby increasing 
p53 transcriptional activity [20]. However, MT1G has 
been relatively underexplored in the context of kidney 
cancer.

In this study, we demonstrated that SAP30 influenced 
the proliferation and apoptosis of kidney cancer cells 
through the MT1G/p53 axis both in  vivo and in  vitro. 
This molecular mechanism holds promise as a novel 
clinical therapeutic target for kidney cancer and deserves 
further investigation.

Methods and materials
Cell lines, cell culture and tissue specimens
Human renal cancer cell lines (786-O, CAKI-1, OS-RC-
2, and CAKI-2) and human renal tubular epithelial 
cells (HK-2) were obtained from the Cell Resources 
Center, Shanghai Academy of Life Sciences, Chinese 
Academy of Sciences. The cell lines were cultured 
in the recommended media (RPMI-1640 Medium), 
supplemented with 10% heat-inactivated fetal bovine 
serum (Gibco, Beijing, China) and 1% streptomycin/
penicillin (Keygen, Nanjing, China), at 37  °C in an 
atmosphere containing 5% CO2. Renal cell carcinoma 
(RCC) tissue samples were collected from 40 patients 

who underwent radical nephrectomy or kidney-sparing 
surgery at the Department of Urology, The First Affiliated 
Hospital of Harbin Medical University, between 2010 
and 2019. All diagnoses were confirmed through 
histopathological examination.

Antibodies and reagents
The following antibodies were used for western blotting: 
anti-SAP30 (#LS-C676447, LSBio, Seattle, USA), anti-
MT1G (#323,730, US Biological, Massachusetts, USA), 
anti-p53 (#60,283-2-Ig, Proteintech, Wuhan, China), 
anti-Bax (#50,599-2-Ig, Proteintech, Wuhan, China), 
anti-Bcl2 (#12,789-AP, Proteintech, Wuhan, China), anti-
CCNB1 (#28,603-AP, Proteintech, Wuhan, China), anti-
CCND1 (#60,186-I-Ig, Proteintech, Wuhan, China), and 
anti-CCNL2 (#LS-C749918, LSBio, Seattle, USA). The 
anti-SAP30 antibody for IHC was purchased from LSBio 
(#LS-C676447, Seattle, USA). The anti-SAP30 antibody 
used for ChIP‒PCR was purchased from Abcam 
(#ab231804, Shanghai, China). Sunitinib was purchased 
from MCE (#HY-10255A, Shanghai, China).

siRNA and plasmid transfection
The siRNAs for SAP30 and MT1G were purchased from 
GenePharma (Suzhou, China), and their sequences are 
shown in Supplementary Table  S1. Transfection of the 
siRNA-SAP30 and siRNA-MT1G vectors was performed 
with jetPRIME (Polyplus, Shanghai, China). The plas-
mids pENTER-SAP30, pENTER-NC, pCMV3-SAP30 
and pCMV3-NC were purchased from Weizhen (Shan-
dong, China) and Sino Biological (Beijing, China). Briefly, 
1.2–1.3 × 106 cells were seeded in a 6-cm culture dish for 
transfection, and the cells were collected for subsequent 
experiments after 47–72 h.

Quantitative real‑time PCR (qRT‒PCR)
Total RNA from cells and tissues was extracted with the 
TRIzol reagent (Ambion, USA). A reverse transcription 
kit (TianGen, Beijing, China) and a SYBR Green PCR 
kit (TianGen, Beijing, China) were used to perform 
RT‒qPCR according to the manufacturer’s instructions. 
The sequences of the primers used are provided in 
Supplementary Table  S1. The results were analysed via 
the 2-ΔΔCt method to quantify the fold changes.

Western blot analysis and immunohistochemical (IHC) 
staining
Proteins from nude mouse kidney cancer cells, tissues, 
and tumour cell lines were extracted with RIPA buffer 
(Beyotime, Shanghai, China) supplemented with protease 
inhibitors. The quantified proteins were separated by 
SDS‒PAGE and transferred onto PVDF membranes. 
The membranes were subsequently blocked with 5% 
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BSA for 2 h at room temperature and then probed with 
appropriate antibodies. For immunohistochemistry 
(IHC), 4-μm-thick paraffin-embedded sections of kidney 
cancer tissue were deparaffinized, subjected to antigen 
retrieval, and blocked with 5% bovine serum albumin 
(BSA) for 2  h at room temperature. The sections were 
then incubated overnight at 4  °C with the antibody 
against SAP30 (dilution 1:400). On the following day, a 
peroxidase-conjugated polymer was applied for 30  min, 
followed by visualization with DAB (Beyotime, Shanghai, 
China).

CCK‑8 cell proliferation assay
We utilized the CCK-8 assay (MCE, China) to assess cell 
proliferation. Transfected cells were seeded in 96-well 
plates at a density of 3000 cells per well and allowed to 
grow for 12 h. Subsequently, a 10% CCK-8 solution was 
added at various time points (0, 24, 48, and 72  h) fol-
lowing the manufacturers’ instructions for the CCK-8 
kit. The optical density (OD) values were measured at 
450 nm via a 96-well plate reader.

Colony formation assay
The colony formation capacity of cells was evaluated via a 
plate colony formation assay. Transfected 786-O, CAKI-
1, and OS-RC-2 cells were seeded at a density of 1 × 103 
cells per well in 6-well plates and allowed to grow for 
14  days to form colonies. The colonies were then fixed 
with paraformaldehyde and stained with crystal violet for 
visualization and quantification.

Hoechst staining
The apoptosis of the transfected cells was induced with 
H2O2. After fixation with paraformaldehyde, the cells 
were washed three times with PBS. The cells were sub-
sequently stained with the Hoechst dye (#C1017, Beyo-
time, China) for 5  min and then photographed under a 
microscope.

Flow cytometry
Transfected cells were trypsinized with EDTA-free 
trypsin and washed with cold PBS according to the man-
ufacturer’s instructions for the Annexin V-FITC/PI apop-
tosis kit (Solarbio, Beijing, China). Then, the apoptosis 
was assessed by staining cells with Annexin V-FITC and 
Propidium Iodide (PI) in the dark. Finally, the cell cycle 
profiles were analyzed via PI staining and flow cytom-
etry following the manufacturer’s protocol for the cell 
cycle detection kit (Beyotime, Shanghai, China). Gating 
Strategy:

Cells were first gated using FSC/SSC parameters 
to exclude debris and identify intact populations. 
Apoptotic cells exhibited reduced FSC (cell shrinkage) 

and slightly increased SSC (chromatin condensation). 
Viability staining with PI distinguished live cells 
from necrotic/late apoptotic cells. A dual-parameter 
plot (Annexin V-FITC vs. PI) was used to classify 
four populations: Live cells  (Annexin V⁻/PI⁻), Early 
apoptotic cells  (Annexin V⁺/PI⁻), Late apoptotic 
cells  (Annexin V⁺/PI⁺), Necrotic cells  (Annexin V⁻/
PI⁺). Color Compensation Strategy: Spectral spillover 
was calculated using single-color controls (unstained, 
Annexin V-FITC, PI, etc.) and corrected via a 
compensation matrix. PMT voltages were optimized to 
prevent signal saturation. Compensation accuracy was 
verified through quadrant alignment validation.

Chromatin immunoprecipitation (ChIP) assay
The chromatin immunoprecipitation assay with 786-O 
and CAKI-1 cells was performed according to the pro-
tocol for the SimpleChIP® Plus enzymatic chromatin IP 
kit with magnetic beads. First, 1 × 107 cells were fixed 
with 1% formaldehyde, and 1.25 M glycine was added to 
terminate the reaction. The cells were then washed with 
cold PBS containing a protease inhibitor and collected 
by centrifugation. Finally, the collected cells were soni-
cated in IP mixed medium and centrifuged at 14,000 × g 
for 30  min at 4  °C. Protein A/G agarose beads were 
mixed with the above supernatant and centrifuged, and 
the chromatin in the supernatant was immunoprecipi-
tated overnight with antibodies against SAP30 or IgG. 
The protein A/G agarose beads were then washed with 
mixed wash buffer, LiCl/detergent, and TE buffer. The 
beads were heated overnight at 65 °C in a buffer mixture 
containing 1% SDS and 0.1 M NaHCO3 to reverse cross-
link the beads. The beads were then treated with 1 ml of 
RNase A for 15 min at 37 °C and digested with 2 ml of a 
proteinase K solution for 1 h at 37  °C. Finally, the DNA 
was purified via extraction with LiCl, phenol/chloroform 
and ethanol, and the specific MT1G promoter region was 
amplified with a DNA template. Supplementary Table S1 
lists the primer sequences designed to detect specific 
promoters.

Luciferase reporter assay
The SAP30-overexpressing plasmid pcDNA3.3-SAP30 
and the plasmid pGL4.18WT + binding sites (BS1, BS2 
and BS3) containing the promoter region of MT1G 
were constructed. The binding site sequences used for 
promoter reporter plasmid construction are listed in 
Supplementary Table  S1. 293  T cells cultured in 6-well 
plates were transfected with the overexpression plasmids 
or empty vectors. Luciferase activity was measured via a 
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dual-luciferase reporter system (E1910, Promega, USA) 
according to the manufacturer’s instructions.

Detection of EdU incorporation
Cells (3 × 105 cells/well) were seeded on coverslips in 
6-well plates for 24  h. The cells were then cultured in 
a culture medium containing EdU for 2  h after 48  h of 
transfection. The cultures were subsequently stained with 
azide 488 and Hoechst 33,342. EdU-positive cells were 
observed under a fluorescence microscope and photo-
graphed. The EdU binding rate was expressed as the ratio 
of the number of EdU-positive (green) cells to the total 
number of Hoechst-stained(blue) cells.

Immunofluorescence (IF)
Cells (3 × 105 cells/well) were inoculated in 6-well plates 
with coverslips for 24 h. Thereafter, the cells were washed 
twice with PBS, fixed with 4% paraformaldehyde for 
30  min, permeabilized with 0.05% Triton for 30  min, 
blocked with 5% BSA for 2  h, and incubated with an 
antibody against SAP30 overnight at 4  °C. On the next 
day, the slides were incubated with a type A fluores-
cent secondary antibody for 1  h at room temperature. 
Finally, nuclear staining was performed with DAPI, and 
subsequent imaging was performed via fluorescence 
microscopy.

Xenograft tumour growth
786-O cells (3 × 107 cells/ml) were injected into the poste-
rior ventral sides of 6-week-old male nude mice obtained 
from Charles River Laboratories (Beijing, China). After 
6 days, when the tumours became visible, their volumes 
were measured; afterwards, transfection was performed 
according to the instructions of the EntransterTM in vivo 
kit (EnGreen, Beijing, China) and repeated every 3 days. 
Forty-eight days later, the nude mice were sacrificed, the 
tumours were removed, and their weights and volumes 
were measured. The procedure adhered to the guidelines 
set by the Animal Ethics Committee of Harbin Medical 
University.

Statistical analysis
Statistical analysis was performed with the GraphPad 
software (version 7.0). The data are presented as the 
means ± standard deviations (SDs). Statistical significance 
was assessed via a t test, with p < 0.05 considered 
significant.

Results
SAP30 is highly expressed in ccRCC cells and tissues 
and is correlated with an unfavourable prognosis
Transcription factors play crucial roles in regulating the 
development of cancer [21, 22]. Therefore, we initially 
intersected the differentially expressed genes from The 
Cancer Genome Atlas (TCGA) renal cancer dataset and 
the transcription factor ENCODE database to identify 
SAP30 as a potential transcriptional suppressor (Fig. 1A). 
SAP30 was found to be highly expressed in kidney renal 
clear cell carcinoma (KIRC) based on the TCGA data 
(Fig.  1B). Next, we evaluated the mRNA and protein 
expression levels of SAP30 in human clear cell renal cell 
carcinoma (ccRCC) samples from our study group. The 
PCR results revealed that SAP30 expression was greater 
in tumour tissue than in normal tissue in 34 pairs of sam-
ples (Fig. 1C) and was greater in the renal cancer cell lines 
than in normal renal tubular cells (HK-2) (Fig. 1D). Addi-
tionally, the western blotting results indicated that SAP30 
expression was higher in the kidney cancer cell lines than 
in HK-2 cells (Fig. 1E). To further validate the differential 
expression of SAP30 in ccRCC, we performed immuno-
histochemical (IHC) staining on 40 pairs of tumour and 
adjacent noncancerous tissues. SAP30 was significantly 
upregulated in tumour tissues compared with adjacent 
nontumour tissues (Fig.  1F, G). Finally, we found that 
high SAP30 expression was associated with shorter over-
all survival (OS) times of ccRCC patients from the TCGA 
dataset (Fig. 1H). In summary, SAP30 is highly expressed 
in ccRCC and is correlated with a poor prognosis.

SAP30 knockdown inhibits ccRCC cell proliferation 
and promotes cell apoptosis
To assess the biological significance of SAP30 in ccRCC, 
we used specific siRNAs to knock down SAP30 expres-
sion in three different ccRCC cell lines (786-O, CAKI-1, 

Fig. 1  SAP30 is highly expressed in ccRCC and is highly correlated with the patient prognosis. A Venn diagram showing shared genes 
between the upregulated differentially expressed genes in the KIRC TCGA dataset (|log2FC|> 2; *p value < 0.05) and transcription factors 
in the ENCODE database. B Data on the SAP30 expression were obtained and plotted from the TCGA database (|log2FC| cut-off: 1; *p value < 0.01). 
C SAP30 mRNA expression in 34 pairs of ccRCC samples, shown as the mean ± SD. Statistical analysis was conducted via a t test (*p < 0.05). D mRNA 
expression of SAP30 in 5 cell lines. E Protein expression of SAP30 in 5 cell lines. F–G Immunohistochemical verification of SAP30 protein levels in 40 
pairs of cancer and adjacent nontumour tissues. H Kaplan–Meier curve of overall survival (OS) of patients in the TCGA cohort according to SAP30 
expression

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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and OS-RC-2) (Fig.  2A, B). The results of the CCK-8 
assay demonstrated that the knockdown of SAP30 inhib-
ited the proliferation of all the three tumour cell lines 
tested (Fig.  2C). Consistently, the inhibition of prolif-
eration was further evidenced by the decreased colony 
formation upon SAP30 gene silencing in ccRCC cells 
(Fig.  2D, E). We hypothesized that SAP30 might influ-
ence cell viability by affecting apoptosis. Consistent 
with this hypothesis, Hoechst staining revealed that 
SAP30 knockdown promoted cell apoptosis (Fig. 2F, G). 
Moreover, flow cytometry was used to detect apoptosis, 
and the cell cycle assay revealed that the knockdown of 
SAP30 increased cell apoptosis (Fig.  2H, I) and blocked 
the G1 to G2 phase transition (Fig. 2J, K) in the three cell 
lines. Based on the aforementioned effects on the phe-
notypes, we also evaluated changes in the levels of apop-
tosis- and cell cycle-related proteins following SAP30 
knockdown. Upon SAP30 gene silencing in the three 
cell lines, the expression of cell cycle-related proteins, 
such as CCNB1, CCND1, and CCNL2, was significantly 
downregulated (Fig. 2L). Additionally, SAP30 knockdown 
increased the expression of the proapoptotic protein Bax 
and decreased the expression of the antiapoptotic pro-
tein Bcl2 (Fig.  2M). Importantly, we found that the p53 
protein expression increased upon SAP30 knockdown 
(Fig.  2M), indicating that SAP30 may be a key factor 
affecting cell proliferation and apoptosis [23]. Thus, these 
data suggest that SAP30 may promote cell proliferation, 
inhibit apoptosis, and affect cell cycle arrest by poten-
tially modulating the p53 signalling pathway in ccRCC.

Overexpression of SAP30 promotes ccRCC cell proliferation 
and inhibits cell apoptosis
In addition, SAP30-overexpressing (SAP30-OE) con-
structs were transfected into 786-O and CAKI-1 cells to 
ectopically increase SAP30 expression (Fig.  3A, B). The 
CCK-8 and EdU assays demonstrated that the overex-
pression of SAP30 promoted the proliferation of renal 
cancer cells (Fig.  3C–E), and flow cytometry confirmed 
that the overexpression of SAP30 also inhibited cell 
apoptosis (Fig. 3F, G). Additionally, the overexpression of 
SAP30 reduced the proportion of cells in the G1 phase of 
the cell cycle (Fig. 3H, I). These results indicate that the 

overexpression of SAP30 promotes the proliferation and 
inhibits the apoptosis of tumour cells.

SAP30 affects the proliferation and apoptosis of tumour 
cells through the MT1G/p53 pathway in ccRCC​
The Sin3 histone deacetylase (HDAC) complex is a 
typical co-repressor complex, a multi-protein com-
plex recruited to chromatin by DNA-binding repres-
sor proteins to facilitate local histone deacetylation 
and transcriptional repression [24]. To determine 
the mechanism by which SAP30 contributes to the 
observed phenotypes, we identified 251 potential tar-
gets by intersecting the putative targets of SAP30 
from the ENCODE database with the genes differ-
entially expressed in kidney cancer from the TCGA 
database (Fig. 4A). Gene Ontology (GO) term analysis 
was subsequently conducted on the 251 target genes. 
Among them, metallothionein, which is associated 
with growth-related functions, attracted our attention 
(Fig.  4B). Studies have shown that MT1G can interact 
with p53 to promote its expression in hepatocellular 
carcinoma [20], and therefore, we hypothesized that 
MT1G and p53 could be involved in the mechanism 
by which SAP30 affects the proliferation and apoptosis 
in ccRCC. Subsequent western blot analysis revealed 
increased protein expression of MT1G and p53 follow-
ing the knockdown of SAP30 in the 786-O and CAKI-1 
cell lines (Fig.  4C). Next, we simultaneously knocked 
down MT1G and SAP30 and observed that knocking 
down MT1G reversed the effect of SAP30 silencing 
on p53 protein levels (Fig.  4C). These results suggest 
that SAP30 regulates the expression of the p53 protein 
through MT1G. Indeed, the CCK-8 and colony forma-
tion assays demonstrated that the knockdown of MT1G 
restored the tumour cell viability by partially revers-
ing the inhibitory effect of SAP30 silencing on tumour 
cell growth (Fig.  4D–F). We subsequently used flow 
cytometry and observed that the knockdown of MT1G 
partially restored the number of cells undergoing apop-
tosis, which was induced as a result of SAP30 silencing 
(Fig.  4G, H). These findings suggest that SAP30 influ-
ences the proliferation and the apoptotic phenotype 

(See figure on next page.)
Fig. 2  SAP30 knockdown inhibits the proliferation and promotes the apoptosis of tumour cells. A Protein expression of SAP30 in the si-Ctrl, 
si-SAP30-1 and si-SAP30-2 groups. B mRNA expression of SAP30 in the si-Ctrl, si-SAP30-1 and si-SAP30-2 groups. C–E CCK-8 and colony formation 
assays were performed to analyse the effect of si-SAP30 on the proliferation of 786-O, CAKI-1 and OS-RC-2 cells. F, G The numbers of apoptotic 
cells detected by Hoechst staining in the si-Ctrl and si-SAP30 groups; the arrows indicate apoptotic cells. H–K Flow cytometry was used to detect 
cell apoptosis and determine the cell cycle phase in the si-Ctrl and si-SAP30 groups of 786-O, CAKI-1 and OS-RC-2 cells. L Expression levels of cell 
cycle-related proteins in SAP30-knockdown 786-O, CAKI-1 and OS-RC-2 cells. M Expression levels of apoptosis-related proteins in SAP30-knockdown 
786-O, CAKI-1 and OS-RC-2 cells. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 2  (See legend on previous page.)
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Fig. 3  Overexpression of SAP30 promotes the proliferation and inhibits the apoptosis of tumour cells. A, B Protein and mRNA expression of SAP30 
in the Ctrl and SAP30-OE groups. C–E CCK-8 and EdU (green: EdU positive) assays were used to analyse the effects of SAP30-OE on the proliferation 
of 786-O and CAKI-1 cells. F–I Flow cytometry was used to detect cell apoptosis and cell cycle progression in the Ctrl and SAP30-OE groups 
of 786-O and CAKI-1 cells. *p < 0.05, **p < 0.01, ***p < 0.001
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of kidney cancer cells primarily by modulating the p53 
protein through its interaction with MT1G.

SAP30, as a transcription repressor, binds to the promoter 
of MT1G to inhibit its transcription
Given that SAP30 functions as a transcriptional 
repressor, we used immunofluorescence microscopy 
to examine SAP30 protein localization and observed 
its predominant localization in the nucleus (Fig.  5A). 
We subsequently analysed the expression levels of 
MT1G in ccRCC by using data from the TCGA data-
base, and interestingly, MT1G was found to be sig-
nificantly downregulated in ccRCC (Fig. 5B). However, 
analysis of the TCGA database did not confirm a sig-
nificant correlation between DNA methylation of 
MT1G and its low expression in renal cancer (Fig. 5C). 
Because SAP30 is a component of the histone dea-
cetylation complex and because MT1G is reportedly 
induced by histone deacetylase inhibitor (HDACi) 
treatment [19], the low expression of MT1G in renal 
cancer may be due to the regulation of deacetylation. 
We speculated that either knocking down SAP30 or 
using a histone deacetylase inhibitor (HDACi) has 
the potential to increase MT1G protein and mRNA 
expression (Fig.  5D, E). To further validate the corre-
lation between SAP30 levels and those of MT1G and 
p53 in clinical samples, we assessed their expression in 
40 tumour samples via IHC (Fig.  5F), which revealed 
that SAP30 expression was significantly negatively cor-
related with MT1G and p53 expression (Fig.  5G, H). 
These findings suggest that SAP30 suppresses MT1G 
expression at the transcriptional level. Furthermore, 
a luciferase reporter assay demonstrated that SAP30 
inhibited MT1G gene transcription at binding site 1, 
which is GGA​GCT​CTCAG (Fig.  5I). Next, to assess 
the ability of SAP30 to bind to the MT1G promoter 
region, a chromatin immunoprecipitation (ChIP) 
assay was conducted. The results demonstrated that 
SAP30 knockdown reduced its binding to the MT1G 
promoter (Fig.  5J). The positions of the SAP30 bind-
ing sites are marked with coloured boxes (Fig. 5K). In 
summary, the data indicate that SAP30 binds to the 
MT1G promoter region, leading to negative regulation 

of MT1G transcription and influencing downstream 
gene expression.

SAP30 knockdown suppressed tumour growth in a ccRCC 
xenograft mouse model
The effect of SAP30 on ccRCC development was further 
validated in  vivo via a xenograft mouse model. 786-O 
cells were subcutaneously injected into the flanks of nude 
mice (Fig. 6A, B). Once the tumours became clearly vis-
ible, their sizes were measured every three days. The 
mice were then sacrificed, and the tumour weight and 
volume were recorded. Compared with those in the si-
ctrl group, the volume and weight of the tumours in the 
SAP30-knockdown group were significantly lower, but 
this reduction was reversed by the knockdown of MT1G 
(Fig.  6C–E). Notably, the regulation of MT1G and p53 
expression by SAP30 was confirmed again in vivo. Con-
sistent with the in vitro results, RT‒PCR and western blot 
analysis revealed that the expression of MT1G and p53 
was significantly increased following SAP30 knockdown 
(Fig.  6F, G). These in  vivo experiments further demon-
strated that inhibiting SAP30 expression in ccRCC could 
suppress tumour progression by upregulating MT1G and 
p53.

Discussion
The high mortality rate of patients with renal cell carci-
noma (RCC) is primarily attributable to challenges like 
early diagnosis, postoperative tumor recurrence, high 
metastasis rates, and radiotherapy resistance. There-
fore, it is crucial to explore effective molecular biological 
treatment targets [25]. Genetic regulation relies heav-
ily on transcription factors [26], which play important 
roles in various diseases, including cancer [21, 27]. The 
Cancer Dependency Map (DepMap) project has high-
lighted the critical roles of transcription factors in tumor 
development and maintenance, suggesting their potential 
as therapeutic target [28]. Previous studies have identi-
fied SAP30 as a biomarker for various tumors, including 
hepatocellular carcinoma, renal cell carcinoma, and basal 
cell carcinoma [29–31]. However, the biological func-
tion and mechanism of action of SAP30 remain poorly 
understood. In our study, SAP30 was highly expressed in 

(See figure on next page.)
Fig. 4  SAP30 knockdown promotes the expression of the MT1G and p53 proteins, while MT1G knockdown reverses the alterations in p53 
protein levels, cell proliferation and apoptosis-related phenotypes caused by the knockdown of SAP30. A Venn diagram showing shared 
genes between the downregulated differentially expressed genes in the KIRC TCGA dataset (|log2FC|> 2; *p value < 0.05) and transcription 
factors in the ENCODE database. B The top 30 enriched GO terms for 251 genes. C Protein expression of p53 and MT1G in the si-Ctrl, si-SAP30, 
si-MT1G and si-S + M groups. D–F CCK-8 and colony formation assays were used to analyse the effects of si-Ctrl, si-SAP30, si-MT1G and si-S + M 
on the proliferation of 786-O and CAKI-1 cells. G, H Flow cytometry was used to detect apoptosis in the si-Ctrl, si-SAP30, si-MT1G and si-S + M 
groups of 786-O and CAKI-1 cells. *p < 0.05, **p < 0.01, ***p < 0.001
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ccRCC tissues based on data from TCGA. And this find-
ing was corroborated using our own samples, confirming 
elevated SAP30 levels at both mRNA and protein levels 
in ccRCC tissues. Furthermore, high SAP30 expression 
was associated with poor patient prognosis. Through 
detailed cell experiments and an in  vivo mouse model, 
we demonstrated that SAP30 plays a pivotal role in pro-
moting apoptosis in kidney cancer cells. Additionally, 
we found that SAP30 inhibits the p53 pathway. Overall, 
our data suggest that SAP30 facilitates the development 
of ccRCC and could be a potential therapeutic target for 
this disease.

To further explore the mechanism by which SAP30 
promotes renal cancer cell growth and inhibits apoptosis, 
we used the ENCODE and TCGA databases to identify 
the downstream targets of SAP30. We performed GO 
analysis of the identified target gene set, which indicated 
that MT1G might serve as a bridge between SAP30 and 
its effects on renal cancer cell proliferation and apopto-
sis. A dual-luciferase reporter assay and ChIPPCR con-
firmed that SAP30 suppresses MT1G transcription. The 
role of MT1G in stabilizing and activating p53 has been 
validated in hepatocellular carcinoma (HCC) [20]. We 
found that SAP30 affected p53 expression via MT1G. 
Our findings indicate that the SAP30/MT1G/p53 signal-
ing axis plays a significant role in SAP30-induced prolif-
eration and inhibition of apoptosis in ccRCC. However, 
our data analysis did not identify which HDAC family 
members are recruited by SAP30 to repress the tran-
scription of MT1G. Additionally, our analysis cannot 
exclude the possibility that other signaling pathways 
of SAP30 in ccRCC operate in parallel with the SAP30/
MT1G/p53 axis. These limitations require further experi-
ments. Small-molecule inhibitors are a significant treat-
ment option for advanced renal cancer [32].

MT1G, a member of the metallothionein family, is 
one of the eight functional isoforms of MT1 and a small 
cysteine-rich protein [17]. MT1G has been studied in 
liver, prostate, esophageal, and pancreatic cancers and 
is closely associated with ferroptosis, drug resistance, 
cell proliferation and apoptosis, and tumor cell stemness 
[33–36]. However, limited evidence has linked MT1G 
to kidney cancer. In our study, we found low expression 

of MT1G in ccRCC. MT1G knockdown restored the 
inhibition of SAP30-induced apoptosis and prolifera-
tion induced by SAP30 knockdown in both cell lines and 
a mouse model. Studies have indicated that MT1G was 
essential for the SAP30-mediated regulation of tumour 
cell growth and apoptosis, collectively influencing ccRCC 
development. Given that SAP30 is a component of the 
histone deacetylase complex, we demonstrated that 
HDAC inhibitors could also reduce MT1G expression at 
the mRNA and protein levels in kidney cancer cell lines. 
These findings suggest that low MT1G expression in 
kidney cancer is at least partly regulated by histone dea-
cetylation. Previous reports have shown that low MT1G 
expression in kidney cancer is not significantly correlated 
with methylation [37], supporting our conclusions. Fur-
ther research should explore whether other factors medi-
ate the low expression of MT1G in kidney cancer.

The TP53 gene encodes the p53 protein, which has 
anticancer effects. During cancer suppression, p53 binds 
to DNA response elements to induce various biologi-
cal activities, including cell cycle arrest, apoptosis, DNA 
repair, autophagy, and ferroptosis [38–40]. Because p53 
is a zinc ion-dependent transcription factor [41] and 
the p53 ubiquitinate MDM2 can affect its stability [42], 
knocking down SAP30 upregulated the p53 protein level, 
and this upregulation was partially reversed by knocking 
down MT1G. However, we cannot completely rule out 
that SAP30 affects p53 in other ways. Overall, our results 
suggest that p53 collaborates with SAP30 and MT1G in 
regulating ccRCC development.

Taken together, our findings highlight the critical role 
of SAP30 knockdown in inhibiting cell proliferation and 
enhancing apoptosis to impede ccRCC progression. Our 
results also demonstrated that the SAP30/MT1G/p53 
axis affects the proliferation and apoptosis of ccRCC cells 
both in vitro and in vivo, suggesting that this axis may be 
a future therapeutic target for ccRCC.

Conclusion
In summary, our study demonstrated that the tran-
scriptional repressor SAP30 promoted the prolifera-
tion and inhibited the apoptosis of ccRCC cells through 
the MT1G/p53 pathway. SAP30 could bind to the 

Fig. 5  SAP30 binds to the MT1G promoter region to repress MT1G expression. A Immunofluorescence was used to determine the location 
of SAP30 in 786-O and CAKI-1 cells. B The MT1G mRNA expression data were obtained from TCGA. C Spearman correlation between MT1G 
methylation and mRNA expression in the KIRC TCGA dataset. D, E mRNA and protein levels of MT1G were determined in the si-Ctrl, si-SAP30 
and HDACi groups. F Immunohistochemical staining for the SAP30, MT1G and p53 proteins in tumour tissues. G, H Correlations between the levels 
of SAP30 and MT1G and p53 were analysed. I Dual-luciferase reporter assay results showing the activity of the MT1G promoter fragment. J ChIP‒
PCR analysis of the binding of SAP30 to the MT1G promoter. K Binding site base pair sequences are indicated with boxes. *p < 0.05, **p < 0.01, 
***p < 0.001

(See figure on next page.)
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Fig. 6  SAP30 knockdown inhibits ccRCC progression in vivo. A, B The subcutaneous tumours in 12 nude mice and the isolated tumours are 
shown. C, D The volumes and weights of the tumours were measured in nude mice. E The tumour volumes were measured at 6, 12, 24 and 48 days 
after tumour formation. F MT1G mRNA expression was measured by qRT‒PCR in the si-Ctrl and si-SAP30 groups in vivo. G The protein expression 
levels of SAP30, MT1G and p53 were determined in the si-Ctrl and si-SAP30 groups in vivo. H Hypothetical model of the proposed mechanism 
by which SAP30 regulates the proliferation and apoptosis of ccRCC cells through the MT1G/p53 axis. *p < 0.05, **p < 0.01, ***p < 0.001
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MT1G promoter region, repressing MT1G expression 
at the transcriptional level. This reduced the interac-
tion between MT1G and p53, leading to decreased p53 
protein levels by promoting MDM2-mediated p53 deg-
radation. Ultimately, SAP30 promotes tumour cell prolif-
eration and inhibits tumour cell apoptosis.
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