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pS53 inhibits CTR1-mediated
cisplatin absorption by
suppressing SP1 nuclear
translocation in osteosarcoma
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Background: Osteosarcoma (OS) is a malignant bone tumor mainly affecting
children and young adolescents. Cisplatin is a first-line chemotherapy drug for OS,
however, drug resistance severely limits the survival of OS. Nevertheless, cellular
factors in cisplatin resistance for OS remain obscure. In this study, the function and
potential mechanism of p53 in cisplatin absorption were explored in OS cells.

Methods: The CRISPR-Cas9 gene editing technology was performed to obtain
p53 gene knock-out U20S cells. The p53 over-expression 143B cell line was
established by lentivirus-mediated virus infection. Moreover, the functions of
p53 and CTRL1 in cisplatin absorption were assessed by inductively coupled
plasma mass spectrometry (ICP-MS) through CTR1 over-expression and
knock-down. Further, the DNA binding activity of SP1 on CTR1 gene
promoter was determined by dual-luciferase assay and chromatin
immunoprecipitation (ChlIP) assay. The functional regulation of p53 on SP1
was studied by nucleocytoplasmic separation assay and electrophoretic
mobility shift assay (EMSA). The interaction between p53 and SP1 was verified
by Co-Immunoprecipitation assay.

Results: Under cisplatin treatment, p53 knock-out promoted CTR1 expression
and cisplatin uptake, while p53 overexpression inhibited CTR1 expression and
cisplatin uptake. Moreover, p53 regulated CTR1 level not by binding to CTR1
promoter directly but by suppressing the nuclear translocation of transcription
factor specificity protein 1 (SP1). It was verified that SP1 is directly bound with
CTR1 promoter. SP1 overexpression stimulated CTR1 expression, and SP1
knock-down attenuated CTR1 expression.
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Conclusion: The p53 might function as a negative regulator in CTR1 mediated
cisplatin absorption, and the p53-SP1-CTR1 axis is a target for cisplatin resistance.
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Introduction

Osteosarcoma (OS), the most frequent primary malignant
bone tumor, has an annual incidence of 3~4/million and
predominantly affects children and young adolescents (1).
Multimodal chemotherapy combined with surgery increases
the 5-year survival rate from <20% to >60% in localized OS
(2). However, the prognosis of OS patients remains stagnant in
the last four decades, and drug resistance is a critical factor for
the treatment dilemma (3).

Cisplatin is the first-line chemotherapeutic agent for OS. It
links with genomic DNA, resulting in DNA loss and cytotoxicity
(4). However, only 30% of OS patients respond to cisplatin
treatment (5). Cisplatin resistance is multifactorial, including
reduced cisplatin absorption, enhanced cisplatin detoxication,
increased repair of DNA damage, and so on (3). Therefore, it is
imperative to identify the mechanism of cisplatin resistance to
improve the therapeutic effect of patients with OS.

Recent studies have identified that copper transporter 1
(CTR1) is the main influx transporter of cisplatin (6). High
expression of CTRI is correlated with enhanced platinum
accumulation and chemotherapy sensitivity in small cell lung
cancer, bladder cancer, and ovarian carcinoma cells (7-9). Our
previous work also shows that upregulation of CTRI increases
cisplatin uptake and improves cisplatin sensitivity in OS cells
(10). In small cell lung cancer, the transcription of CTR1 gene is
activated by transcription factor specificity protein 1 (SP1) (11).
At post-transcriptional level, CTR1 can be repressed by
polypyrimidine tract binding protein 1 (PTBP1), microRNA-
98-5p and microRNA-130a (12-14). However, the potential
upper regulatory mechanisms of CTRI in OS cells have never
been reported.

As a housekeeping protein, tumor suppressor p53 is a
sequence-specific DNA-binding protein that regulates
transcription, which controls cell proliferation, DNA repair,
and cell death (15). The mutation of p53 frequently occurs in
cancer cells. It is generally believed that the presence of mutant
p53 predisposes cancer development, promotes the survival of
cancer cells, and is associated with ineffective therapeutic
responses and unfavorable prognoses (16). Nevertheless,
increasing studies find that patients harboring mutant or null
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P53 respond better to cisplatin than those harboring wild-type
p53 in multiple cancer types (17-20). In addition, Fan et al.
reported that induced expression of p53 in OS cell line SaOS-2
caused cells to be less sensitive to cisplatin (21). These findings
suggest that p53 may promote cisplatin resistance under
some conditions.

This study aimed to detect the protein expression of CTR1 in
OS cells after cisplatin intervention, explore the role of
transcription factors p53 and SP1 in the regulation of CTRI1
expression, and understand the mechanism of p53 on cisplatin
absorption in OS cells.

Materials and methods
Cell culture

Human OS cell lines U20S and 143B were obtained from
American Type Culture Collection (ATCC, Manassas, VA,
USA). U20S and 143B cells were cultured in McCoy’s 5A
(HyClone Laboratories of Thermo Scientific, Logan, UT, USA)
and high-glucose Dulbecco’s modified Eagle’s medium (DMEM,
HyClone Laboratories of Thermo Scientific, Logan, UT, USA),
respectively, which were supplemented with 10% fetal bovine
serum (FBS) (Gibco, USA), 1% penicillin-streptomycin (10,000
U/mL) (Gibco, USA) at 37°C in 5% CO, atmosphere.

Reagents and antibodies

Cisplatin with a purity greater than 95% was purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). The control
IgG was obtained from Beyotime Biotech Ltd. (Shanghai, China).
Antibodies against Bcl-2, Bax, caspase-3, SP1, CTRI, and p53
were obtained from Abcam (UK).

RNA extraction and gene expressing
plasmid construction

Total RNA of U20S and 143B cells were extracted using
Trizol reagent (Invitrogen, USA), and reverse transcription (RT)
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was conducted using an M-MLV kit (Promega, USA) of 500 ng
total RNA. The cDNA was utilized to amplify p53 and SP1 genes
by PCR using Q5 high-fidelity DNA polymerase (NEB, USA).
For packaging the p53 gene expressing Lentivirus, the p53 gene
was cloned into the pLenti-EGFP lentivirus vector. For transient
transfection, the SP1 gene was constructed into the pFLAG-
CMV2 plasmid. The primers used for amplified p53 and SP1
were listed in Table 1.

Lentivirus packaging and cell infection

For packaging p53-overexpression lentivirus, 293T cells
were separated into 10cm plates pre-coated with Poly-D-lysine
(Sigma) with 80% cell density. Then, cells were transfected with
auxiliary plasmid psPAX2 and pMD2G, expressing pLenti-
EGFP-p53 plasmid. Cellular supernatant was collected 48h
post-transfection and filtrated with a 0.45um filter membrane.
To enhance the efficiency of infection, the supernatant was
centrifuged at 20000 rpm/min for 2h. The virus pellet was
dissolved with PBS. The p53 over-expression 143B cell line
was established by lentivirus-mediated virus infection with
MOI=5. Infected cells that expressed GFP were separated with
flow cytometry 72h post-infection, and the expression of p53
was determined by Western blot.

Generation of p53 deficient cell line by
CRISPR-cas9 system

The p53 gene knock-out assay was performed on cultured
U208 cells using CRISPR-cas9 gene editing technology. The guide
RNA targeting the p53 gene was constructed of sgRNA duplex
using the True-Guide Synthetic gRNAs (Thermo Fischer
Scientific, Waltham, USA). For the second approach, the vector-
mediated editing approaches were employed, and the ssDNA was
cloned into a pGCS plasmid vector. Then, the cultured U20S cells

TABLE 1 Primer and probe sequence.

Forward primer Sequence 5'——> 3"

10.3389/fonc.2022.1047194

were transfected with Cas9 plus each sgRNAs plasmid using a
Lipofectamine 3000 (Thermo Fisher Scientific, USA), and GFP-
positive cells were separated by FACS. Half of harvested were
cultured in a 6-cm dish. Cellular DNA was isolated from another
half of the cells using a QIAQuick PCR purification kit (Qiagen,
Germany). The specific locus cleavage site on DNA was generated
by PCR amplification with specific primer sequences that covers
the CRISPR-Cas9 cut site. Then, the nuclease assay was carried
out to detect and validate the CRISPR-Cas9 specificity. Nuclease
assay was conducted by GeneArt Genomic Cleavage Detection Kit
(Thermo Fisher Scientific, USA) as per the manufacturer’s
guidelines, and CRISPR-Cas9 cut specificity was checked by
agarose gel electrophoresis.

CCK-8 cell proliferation assay

Cell proliferation and cytotoxicity of cisplatin were analyzed
via CCK8 assay (Dojindo Laboratories, Kumamoto, Japan)
according to its protocol. Briefly, the p53 over-expression,
knock-out cells with indicated control cells were seeded into
96-well plates at a density of 3000 cells/well, then incubated for
0, 1, 2, 3, and 4 days. At the end of incubation, 10 pL of CCK-8
reagent was added to each well for 3h. The absorbance was
measured at 450 nm wavelength on an automatic ELISA plate
reader. The experiments were repeated three times with
triplicate wells for each sample.

Cell apoptosis assay

U20S and 143B cells with different p53 genotypes were
collected for the apoptosis assay using the Annexin V-FITC cell
apoptosis Kit (BD, USA) according to the manufacturer’s
instructions. Cells were seeded into 6-well plates and adhered
to for 24 h. When the confluence reached 70-80%, cells were
treated with or without cisplatin for 24h. Subsequently, cells

Reverse primer Sequence 5'——> 3"

p53-Full-length ATGGAGGAGCCGCAGTCAGA

SP1-Full-length ATGAGCGACCAAGATCACTCCA

TCAGTCTGAGTCAGGCCCTTCT

TCAGAAGCCATTGCCACTGATA

p53-qPCR CAGCACATGACGGAGGTTGT TCATCCAAATACTCCACACGC
SP1-qPCR GCTACCCCTACCTCAAAGGAAC TTGCTGGTTCTGTAAGTTGGGA
CTRI-qPCR TCTCACCATCACCCAACCACTT ATTGATCACCAAACCGGAAAAC
GAPDH-qPCR AAGGTGAAGGTCGGAGTCAA AATGAAGGGGTCATTGATGG
CTR1-ChIP-qPCR GAAATCGGTGTCGTCCTCG GACTCTGGGAATACCCAGCTTC

CTRI1-Probe-WT

CTR1-Probe-Mut

Frontiers in Oncology

GTCCCCCGCACCGAACATTGCGTTGGCTTTCACCGGGTTG

GTCCCCCGCACCGAACATTTATTTGGCTTTCACCGGGTTG
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were washed with cold phosphate-buffered saline (PBS) twice
and resuspended in a 200 pl binding buffer. Then, the cells were
stained with 5 pl of FITC for 20min in the dark. Finally, cells
were added with 5 pl PI reagent before detection on the
CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA).

Measurement of the intracellular Pt
accumulation and the content of
Pt-DNA adducts

The samples of cells and DNA were used to measure total
intracellular accumulation or the content of Pt-DNA adducts by
inductively coupled plasma mass spectrometry (ICP-MS). The total
DNA of cells were extracted by Genomic DNA Extraction Kit
(TTANGEN Biotechnologies, Beijing, China) to determine the
content of Pt-DNA adducts. The analyses were performed by the
Department of Toxicology, School of Public Health, Peking
University Health Science Center. The detection values were
standardized by protein concentrations determined by BCA
Protein Assay Kit or DNA concentrations measured by a UV-Vis
Spectro- photometer (Thermo Fisher Scientific, Waltham, USA).

Western blot (WB) analysis

Differently treated cells were collected and lysed by RIPA
lysis buffer (Cwbiotech, Beijing, China), and protein
concentration was measured by a BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, USA). Briefly, an equal
amount of lysate protein was separated by SDS-PAGE (10% gel)
and transferred to polyvinylidene fluoride (PVDF) microporous
membranes. After being blocked with 5% bovine serum albumin,
membranes were blocked and incubated with the primary and
secondary antibodies of interest in PBST at dilutions
recommended by the manufacturer. Finally, protein bands
were visualized by chemiluminescence using an ECL kit
(Millipore, USA) according to the manufacturer’s protocol.
The final average pixel of the protein band was calculated by
normalizing to the loading control protein GAPDH.

Real-time qPCR

Cellular total RNA of different treatment groups was extracted
by using the RNeasy mini kit (QIAGEN, Germany) according to
the manufacturer’s instructions. RNA was quantified using the
Nano-one (Thermo Fisher Scientific, Waltham, USA), and quality
was assessed by gel electrophoresis. The cDNA was synthesized
using a Reverse Transcription kit (QIAGEN, Germany) and used
as templates for qPCR. The data were analyzed by 2"**“ method,
and GAPDH was used as the internal control. The gPCR primers
were listed in the Table 1.
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Nucleocytoplasmic separation assay

The NE-PER Kit (Thermo Fisher Scientific, Waltham, USA)
was used to separate nuclear and cytoplasmic fractions from
p53-0OE, p53-KO, and indicated control cells. After digestion,
the cells were resuspended in DPBS and buffer A containing
DTT, Protease Inhibitor, Phosphates Inhibitor I, and Phosphates
Inhibitor II for 15 min and then homogenized. The cells were
centrifuged for 15 min at 4°C for 400xg, and the cytoplasm was
isolated from the supernatant. Using PBS, nuclear isolation
buffer (buffer B containing DTT, Protease Inhibitor,
Phosphates Inhibitor I, and Phosphates Inhibitor II), and 0.3
mL RNase-free H,O, the precipitate was suspended in a
centrifuge tube and incubated for 20 min on ice. The granules
were then centrifuged to obtain the desired nuclear fragments.
Using Tubulin as the cytoplasmic control and Lamin A as the
nuclear control, the level of p53 and SP1 were detected using
western blot in the cytoplasm or nucleus.

Dual-luciferase activity assay

The sequence of CTR1 promoter region containing SP1
binding site was amplificated from DNA originated from
U20S cell and cloned into the pGL3-promoter dual-luciferase
reporter plasmid (Promega, USA) to construct CTR1 expression
reporter clone pGL3-CTRI1-promoter. The 293T cells were
seeded into a 12-well plate at a confluence of 70% one day
prior to transfection. Then the luciferase reporter gene plasmid,
SP1 expression plasmid, and pRL-TK were transfected into cells
using Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific,
Waltham, USA). After transfection for 48 h, cells were lysis, and
luciferase activity was detected using the Dual-Luciferase
Reporter Assay Kit (Promega, USA). The relative luciferase
activity was determined by calculating the ratio of firefly
fluorescence to Renilla fluorescence.

ChlIP-quantitative PCR (qPCR) assay

Chromatin immunoprecipitation (ChIP) assay was performed
using a Magnetic ChIP kit (Thermo Fisher Scientific, Waltham,
USA). Briefly, 143B cells were crosslinked with 1% formaldehyde
followed by inactivation by 0.125 M glycine. The cells were lysed
and sonicated to shear DNA to fragments. To immunoprecipitate
protein-chromatin complexes, supernatants were incubated using
5 ug anti-p53 antibody overnight and 5 pg normal rabbit IgG
antibodies per immunoprecipitation reaction as control. Then
incubated for 2h after adding 50 pl of protein A/G agarose beads.
Ten percent of the diluted supernatants were saved as input for
normalization. Several washing steps were followed by protein
digestion using cell lysis buffer. RT-PCR was used to amplify DNA
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fragments using specific primers. Reverse crosslinking was carried
out at 65°C. DNA was subsequently purified. Immunoprecipitated
chromatin was subjected to real-time qPCR using SYBR Green
PCR Master Mix (Qiagen, Hilden, Germany). ChIP-qPCR
enrichment analysis was performed, and each sample was
normalized to the input, and the fold difference between the
sample and IgG was calculated using 20*4“"). The ChIP-qPCR
primers were listed in Table 1.

Electrophoretic mobility shift
assay (EMSA)

DNA binding activity of the synthesized oligonucleotides to
SP1 proteins was tested using LightShift Chemiluminescent EMSA
Kit (Pierce, Thermo Scientific, USA). The 5 biotin-labeled
oligonucleotides were synthesized and labeled. Unlabeled
oligonucleotides were included in the binding reaction for
competition assays. U20S cells with increasing amounts of
CTR1 were incubated with probe DNA (50 nM) in a DNA
binding buffer containing 20mM Tris-HCl, 50 mM NaCl, and
2mM DTT for 5 min. Then, the reaction mixtures were loaded on
5% polyacrylamide gels, and electrophoresis was performed in
IXTBE buffer at 100 V for 1.5 h on ice. After running the
electrophoresis, the PAGE gel was photographed under UV light
using chemiDoc™ XRS (Biorad, USA). Stains dye was used to
stain the gel and photographed under a normal white light digital
camera. The sequences of the oligonucleotides are listed in Table 1.

Co-immunoprecipitation

U20S cells were collected by trypsinization and washed with
pre-cold PBS three times. Then cell pellet was lysed in RIPA lysis
buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% (vol/vol)
NP-40, 1 mM EDTA, and 5% (vol/vol) glycerol) containing
protease inhibitor cocktails. After 30 min, the lysed samples
were centrifuged for 10 min at 4°C. A part of the lysates was
saved as control. For immunoprecipitation, the rest of the lysates
were incubated with the p53 antibody at 4°C overnight and then
incubated with protein G agarose for 2h. The beads were washed 5
times with RIPA washing buffer (50 mM Tris-HCI, pH 7.4), 300
mM NaCl, 1% NP-40, 1 mM EDTA, and 5% glycerol) and then
reconstituted in 50 pl 2xSDS loading buffer. All targeted protein
bands were immunoblotted with the indicated antibodies.

Statistical analysis

All experiments were repeated three times. All data were
analyzed by SPSS Statistics 20.0 software and expressed as mean +
standard deviation (SD). Statistical analyses were carried out using
the Student's t test or ANOVA followed by a Dunnett t test.
Differences were considered statistically significant at a p <0.05.
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Results

p53 attenuates the cytotoxic effect of
cisplatin and inhibits cisplatin uptake in
OS cells

To explore the function of p53 on cisplatin, we built p53
over-expression (p53-OE) and p53 knock-out (p53-KO) OS cell
lines (Figure 1A). CCK8 assays were used to examine the
function of p53 on cell viability with or without cisplatin
incubation. The results indicate that p53 alone has no
significant impact on OS cell viability (Figure 1B). With
cisplatin addition (10ug/mL), p53-OE cells were less sensitive
to cisplatin compared with control cells, whereas p53-KO cells
were more sensitive compared with control cells (Figure 1B).
Cisplatin exerts cytotoxicity mainly through inducing cell
apoptosis. Flow cytometry analysis showed that p53 expression
has no significant impact on OS cell apoptosis without cisplatin
addition (Figure 1C). Under cisplatin treatment, the cell
apoptosis ratio was much lower in p53-OE group than in
indicated control group, which was much higher in p53-KO
group than indicated control group (Figure 1C). We next
focused on whether apoptosis marker proteins of the classic
apoptosis pathway could be associated with the outcome. All
apoptosis marker proteins have no significant change without
cisplatin treatment. However, the level of anti-apoptosis marker
protein Bcl-2 increased upon cisplatin treatment in p53-OE cells.
When p53 gene was knockout, Bcl-2 demonstrated reversed
effect in the presence of cisplatin. The pro-apoptotic factor BAX
protein and caspase-3 were also analyzed, confirming the
protective effect of p53 on OS cells against cisplatin-induced
cell death (Figure 1D). To explore whether the different effects of
cell viability and apoptosis were due to the change of cisplatin
uptake, inductively coupled plasma mass spectrometry (ICP-
MS) was conducted to detect cisplatin accumulation in OS cells.
The results confirmed a similar pattern with cell viability and
apoptosis (Figure 1E). Taken together, these findings suggest
that p53 exhibits a protective effect on cell viability and apoptosis
in cisplatin treatment.

CTR1 mediates cisplatin absorption and
apoptosis in OS cells

To further explore the mechanism of the protective effect of
P53 upon cisplatin treatment, we investigated whether CTR1
was involved. The CTR1 over-expression (CTR1-OE) and
knock-down (CTR1-KD) OS cell lines were established by
transfection of CTRI1-OE plasmid and indicated siRNAs,
respectively (Figure 2A). The effect of CTRI level on cell
apoptosis was determined. All groups showed a similar
apoptosis ratio in the absence of cisplatin. Under cisplatin
incubation, CTR1-OE cells had a significantly higher apoptosis
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FIGURE 1

The effect of p53 on the viability, proliferation, apoptosis and cisplatin uptake in OS cells. (A) The p53 over-expression (p53-OE) 143B OS cell
line was established by lentivirus-mediated infection, and p53 knock-out (p53-KO) U20S OS cell line was built by CRISPR-cas9 gene editing
technology. The expression of p53 was examined by western blot. GAPDH was used as the internal control. (B) Cell viability of p53-OE 143B
cells and p53-KO U20S cells treated with or without cisplatin (10 pg/ml) was determined by CCK8 assay. Data are representative of three
independent experiments. (C) Cell apoptosis rate was detected by flow cytometry analysis using Annexin V and PI staining in p53-OE 143B cells
and p53-KO U20S cells treated with or without cisplatin (10 ug/ml). (D) The expression of apoptosis marker proteins in different p53-expressing
OS cell lines with or without cisplatin incubation was determined by western blot. GAPDH was used as the internal control. (E) Cisplatin
accumulation in p53-OE 143B cells and p53-KO U20S cells treated with cisplatin (10 pg/ml) was detected by ICP-MS. Bars show mean + SD.

Ctrl, the control group; NS, no significance; **p < 0.01.

ratio compared to control samples; while CTR1-KD cells showed
a distinctly lower apoptosis ratio (Figure 2B). Similarly, the level
of Bcl-2 decreased upon cisplatin treatment in CTRI1-OE cells
but increased in CTRI-KD cells, while BAX and caspase-3
increased in CTRI1-OE cells but decreased in CTRI-KD cells
(Figure 2C). To further confirm the cisplatin absorption
mediated by CTR1, we performed ICP-MS on different CTR1-
expressing cells treated with cisplatin. The ICP-MS provided
similar results that there was a positive correlation between
CTRI protein expression level and cisplatin accumulation along
with the content of Pt-DNA adducts (Figures 2D, E). These
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results indicated that the CTRI level had a critical role in
cisplatin absorption and cell apoptosis in OS cells.

p53 inhibits CTR1 expression and
cisplatin absorption in OS cells

Considering that both p53 and CTRI affected cisplatin
uptake, we hypothesized a potential link between p53 and
CTRI. We firstly conducted the RT-qPCR assays and found a
significant decrease in CTR1 mRNA level upon p53 over-
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expression, while the p53-KO group upregulated CTR1 mRNA
level (Figure 3A). Similarly, at the protein level, CTR1 was
significantly upregulated in p53-KO cells compared to the
control group, while downregulated in p53-OE cells
(Figure 3B). These results demonstrated that the expression of
CTRI displayed a negative regulatory relationship with p53.
Next, the regulation of p53 on CTR1 expression was explored by
crossing cisplatin treatment in different p53 genotype cell lines.
In the presence of cisplatin, the up-regulation of CTR1 was
antagonized by p53 overexpression. Similarly, the down-
regulation of CTR1 was saved by the knock-out of p53 under
cisplatin treatment and CTR1 knock-down (Figure 3C).
Furthermore, we investigated the effect of p53 on CTRI-
mediated cisplatin absorption. ICP-MS showed the
enhancement effect on cisplatin uptake and the content of Pt-
DNA adducts by CTR1 overexpression was blocked by p53
overexpression. Likewise, the weakening effect on cisplatin
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uptake along with the content of Pt-DNA adducts by CTR1
knock-down was reversed by p53 knock-out (Figures 3D, E).
These results indicate that p53 can negatively regulate CTR1
expression and subsequent cisplatin absorption in OS cells.

The expression of CTR1 is not induced
by p53-mediated direct promoter
region binding

The present results demonstrated that p53 inhibited
cisplatin-induced expression of CTRI. It was hypothesized
that p53 translocated from the cytoplasm to the nucleus to
bind to the promoter of CTR1 gene in a cisplatin-induced
manner. Therefore, U20S cells were treated with or without
cisplatin for 24 h, then cytoplasm and nuclear proteins were
isolated to analyze the expression of p53. The nuclear located-
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The function of p53 on CTR1 expression and cisplatin absorption in OS cells. (A) CTR1 mRNA expression was detected by RT-qPCR in p53 over-
expression (p53-OE) 143B OS cell line and p53 knock-out (p53-KO) U20S OS cell line. (B) CTR1 protein expression was detected by western
blot in p53-OE 143B OS cell line and p53-KO U20S OS cell lines. GAPDH was used as the internal control. (C) 143B cells overexpressed with
the p53 gene and control cells were transfected with CTR1-OE plasmid upon cisplatin treatment. U20S cells with p53 gene knock-out and
control cells were transfected with CTR1-siRNA upon cisplatin treatment. The protein level of p53 and CTR1 was detected by western blot.
GAPDH was used as the internal control. (D) Cisplatin accumulation (E) content of Pt-DNA adducts in all groups (143B cells with p53-OE or
CTR1-OE, U20S cells with p53-KO or CTR1-siRNA) treated with cisplatin (10 pg/ml) for 24h was detected by ICP-MS. Data are representative of
three independent experiments. Bars show mean + SD. Ctrl, the control group; **p<0.01.

p53 increased in cisplatin-treated cells, whereas the total p53
level had no apparent changes (Figure 4A). Next, the ChIP assay
was conducted to determine the direct binding of p53 on the
CTRI1 promoter region. The amount of p53-bound DNA
fragments of the CTR1 gene was measured as percentages to
total input DNA subjected to immunoprecipitation followed by
gPCR. Upon cisplatin treatment, the binding of p53 to the
putative binding sites in the promoter elements of CTRI1
showed no distinct enrichment over the input chromatin
compared to that of an IgG-negative control antibody. Next,
no chromatin enrichment was observed with primers from
adjacent random regions (Figure 4B). We then assessed if
U20S cells transiently transfected with a CTRI-promoter
luciferase reporter construct were activated by p53. The dual-
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luciferase activity demonstrated that p53 protein has no
regulation effect on the luciferase activity of the CTRI-
promoter, but only a slight decrease effect, indicating that p53
could not bind to CTRI-promoter directly (Figure 4C). These
results suggest that p53 gene has no direct regulation on CTR1
gene expression.

P53 mediates the expression of CTR1
through SP1 in OS cells

Transcription factor SP1 is reported to activate CTRI1
expression (11). We constructed SP1-OE plasmid and siRNA
for SP1 knock-down to explore the potential link between SP1
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and CTRI in OS cells. The over-expression and knock-down of
SP1 were confirmed by western blot and RT-qPCR (Figure 5A).
SP1 overexpression stimulated CTRI expression in a cisplatin-
independent manner, and SP1 knock-down attenuated CTRI
expression (Figure 5B). Likewise, SP1 overexpression group had
a higher rate of cell apoptosis than the control group, whereas
SP1 knock-down nearly completely abolished the apoptosis-
inducing effect of cisplatin on U20S cells (Figure 5C). The
next objective was to determine whether the regulation of SP1 on
CTRI gene through a direct manner. It was shown that SP1
responded strongly to cisplatin treatment on the CTR1 promoter
upon SP1-OE plasmid compared with the control vector. In
contrast, SP1 knock-down had consistent low binding ability on
CTRI promoter compared with the scrambled siRNA upon
cisplatin treatment (Figure 5D). Furthermore, the dual-
luciferase analysis showed that the luciferase activity increased
after co-transfection of SP1-OE plasmid compared with vector
control, and knockdown of SP1 by gene-specific siRNA3
significantly decreased luciferase activity by more than 80%.
PGL3-Basic luciferase vector that lacks CTR1 promoter domain
did not demonstrate a change in activity (Figure 5E). Finally, the
EMSA assay further confirmed that recombinant SP1 protein
could directly bind to the sequences with high affinity in the
CTRI promoter. When the binding sequences were mutated,
SP1 had no binding capacity (Figure 5F). Thus, the data suggest
that SP1 protein can bind to the CTR1 promoter directly, and
SP1 is a potent stimulation reagent on CTR1 expression.
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P53 inhibits SP1 nuclear transfer and
mediates the expression of CTR1 by
direct binding to SP1

The inhibition of p53 on cisplatin absorption by CTR1 has
been demonstrated above. SP1 could enhance CTRI1 expression
and promotes cisplatin-induced cell apoptosis. We detected SP1
protein levels in p53-OE and KO cell lines. The result
demonstrated no significant change of SP1 in different p53
expression cell lines (Figure 6A). Given the SP1 level above,
we further explore whether the SP1 function of CTR1 is partially
through nuclear transfer. Therefore, we examined the effect of
SP1 nuclear transfer with or without p53 protein. As shown in
Figure 6B, the nuclear-cytoplasmic separation assay showed that
over-expression of p53 inhibited SP1 protein nuclear transfer.
Consistently, depleting p53 induced a remarkable increase in the
amount of SP1 in the nucleus. Thus, we identified that p53 could
mediate SP1 nuclear transfer. To further explore the nuclear
transfer of p53, we focused on the protein interacting with
CTR1. We immunoprecipitated p53 protein with antibody and
identified that p53 directly interacted with SP1 (Figure 6C).
Based on the results of nuclear-cytoplasmic separation and CoIP
assay, we hypothesized that p53 might hinder the content of
nuclear SP1, which bind to the CTR1 promoter. The expression
of SP1 and CTR1 promoter complex was analyzed by ChIP assay
to confirm this. The result demonstrated a significant increase in
p53-KO cells expression of the SP1-CTR1 promoter complex,
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which was downregulated by p53 over-expression (Figure 6D).
To validate the regulation of p53 protein on SP1 mediated CTR1
expression, a luciferase assay was carried out. As shown in
Figure 6E, the luciferase promoter activity was increased with
SP1-overexpression, while p53-overexpression effectively
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antagonized the enhancement of luciferase activity on CTR1
promoter mediated by SP-1 overexpression. These results
suggest that activated p53 impeded the nuclear translocation
traffics of SP1 to the nucleus and subsequent binding to CTR1
sites in the promoter region. Taken together, p53 may function
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through downregulating CTR1, which was involved in the SP1-
mediated nuclear translocation.

Discussion

The prognosis of OS has reached a plateau nowadays; even
immune therapy like PD1 inhibitors also do not show
encouraging activity (22). Increasing evidence has shed light
on the potential value of drug transporter CTR1 in OS treatment
(23). This study investigated the association between p53 and
cisplatin absorption in OS cells. Our results have provided
mechanistic insights into the process of CTRI1-mediated
cisplatin absorption by uncovering the critical role of p53 and
SP1in CTRI1 regulation. It is a novel mechanism relevant to p53-
driven drug uptake and cancer development.

Tumor suppressor p53 is widely known for its vital role in
inducing cell cycle arrest, apoptosis, and senescence. One hallmark
of cancer is the altered metabolic activity of cancer cells, and recent
studies have revealed that p53 also regulates cell metabolism (24). In
2004, Schwartzenberg-Bar-Yoseph et al. firstly reported that p53
repressed glucose transporter 1 (GLUT1) and GLUT4 gene
transcription to decrease glucose uptake in human OS cells,

10.3389/fonc.2022.1047194

human embryonal rhabdomyosarcoma cells, and murine
myoblasts (25). Except for transcriptional suppression, p53 also
inhibits IKKB/NF-«B signaling pathway to downregulate GLUT1
and GLUT4 expression indirectly (26). Cancer cells mainly rely on
glycolysis as the predominant source of ATP, even in the presence
of oxygen, known as the Warburg effect (27). Studies have shown
that p53 suppresses the expression or the activity of multiple
enzymes to inhibit glycolysis, including hexokinase II (HK-II)
(28), phosphofructokinase-1 (PFK-1) (29), and phosphoglycerate
kinase-1 (PGK-1) (30). In addition, p53 also regulates lipid
metabolism, mitochondrial activities (25), and the synthesis of
serine (31). Jiang et al. found that p53 repressed the expression of
SLC7AL11, a key component of the cystine/glutamate antiporter, to
inhibit cystine uptake and sensitize tumor cells to ferroptosis (32).
However, whether p53 regulates metal ion transporter to affect
metal element absorption and metabolism has not been reported. In
this study, we found that p53 repressed transporter CTRI
expression to inhibit cisplatin uptake and sensitize OS cells to
cisplatin treatment. Different from the above studies show that p53
regulates the expression of the transporters by direct transcription
suppression, our study indicates that p53 mediates CTRI
expression by affecting the translocation of SP1. The potential

reason for the difference may be that glucose metabolism
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p53 suppresses CTR1 transcription by directly binding with SP1 in OS cells. (A) The expression of SP1 was detected by western blot in p53
over-expression (p53-OE) 143B OS cell line and p53 knock-out (p53-KO) U20S OS cell line. GAPDH was used as the internal control.

(B) Nuclear-cytoplasmic separation was utilized to investigate SP1 nuclear translocation in different p53 expression cell lines. The blotting of
Lamin A and Tubulin were used as internal control to determine the separation effect. (C) The interaction between p53 and SP1 was determined
by Co-IP in 143B cells. Proteins precipitated using anti-Flag antibodies were resolved by SDS-PAGE. (D) The impact of p53 on SP1 binding ability
in CTR1 promoter was determined by ChlIP assay in different p53-expressing 143B cell lines. (E) The dual-luciferase activity assay was utilized to
confirm the influence of p53 on SP1 binding ability in 143B cells. Bars show mean + SD.
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determines cell death and survival all the time, while drug uptake
only occurs when cancer cells face drug stress. Seen from this point,
p53 may be deemed as a “bad protein”, who builds a barrier
between cisplatin and OS cells. The finding proposes p53 is a crucial
factor in regulating cisplatin uptake, which supplies a novel
perspective to understanding the role of p53 in cisplatin
resistance and as a potential prognostic biomarker before
cisplatin treatment.

The human P53 gene comprises 13 exons which generate 12
different p53 isoforms protein through combination usage of
alternative splicing and distinct promoters located in the
upstream of exon 1 (P1) and within intron 4 (P2). The role of
various p53 isoforms display different effects on cell fate and
function by modulating p53 activity. Furthermore, the
abnormally expressed TP53 mutations has been extensively
documented in many tumors (33, 34). In this study, the
knockout site is located on the third exon of p53 gene
resulting in frameshift mutation and early termination of
protein translation. Our strategy disturbed the function of full
length of p53 protein, however, the isoform of p53 utilized the
P2 promoter for transcription initiation may not be destroyed. A
study of P2-driven expression of the mutant R167H-A152p53
isoform determine that A152p53a. isoform play a critical role in
the malignant transformation and tumor spectrum in pigs. The
higher expression of A152p530a. isoform was observed in pigs
with early onset of OS (35). Yet, potentially function of different
TP53 isoforms still remain unclear in CTR1-mediated cisplatin
absorption in the OS. Further research is required to prove the
existence of other isoforms of p53 and the potential functions of
them in OS cellular lines.

Like p53, SPI is also viewed as a housekeeping gene
implicated in various essential biological processes including
cell growth, differentiation, apoptosis, and carcinogenesis (36).
Similar to p53, SP1 regulates glycolysis by transactivating the
GLUT1 promoter (37). SP1 induces the transcription of
cellular genes that contain CG-rich-binding sites in their
promoters (36). Besides transporting platinum, CTRI is
firstly found to transport copper. Kuo’s team reported that
both zinc-finger and glutamine-rich domains of SP1 were
sensors of the copper, which enabled SP1 to regulate CTRI
expression under copper stress (11, 38). Consistent with Kuo’s
findings, we find that SP1 activates CTR1 transcription.
However, whether cisplatin may be the potential stress to
stimulate SP1 needs further exploration.

It has been a consensus that CTR1 is the pivotal influx-
transporter of platinum; however, few studies have focused on
the regulatory mechanism of the CTRI in cisplatin uptake.
Except for SP1, Porcu et al. report that the transcription factor
c-myc binds the transcription start site of CTR1 promoter region
to regulate CTRI expression in hepatocellular carcinoma cells
(39). The other studies all find post-transcriptional regulatory
mechanisms, including polypyrimidine tract binding protein 1
(PTBP1), microRNA-98-5p, microRNA-130a and microRNA-
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21 (12-14, 40). Our study confirms the transcriptional activation
function of SP1 in OS cells. What is different is that our work
demonstrates that p53 works at the upper stream of SP1 in the
regulation of cisplatin uptake, which constitutes the p53-SP1-
CTRI axis. Similar to our finding, some studies have highlighted
that SP1 and p53 often cooperate to regulate many tumor-
related signaling pathways (41). In addition to transport copper
and platinum, a recent study shows that CTRI is rapidly
sulfenylated at Cys189 at its cytosolic C terminus after
stimulation with vascular endothelial growth factor (VEGF),
which induces CTR1-vascular endothelial growth factor receptor
type 2(VEGFR2) disulfide bond formation and their co-
internalization to early endosomes, driving sustained VEGFR2
signaling to enhance angiogenesis (42). It is needed to explore
further whether cytokines, like VEGF, have a possible function
in the process of CTR1-mediated cisplatin absorption.

At present, drug resistance has been seriously limited the
treatment effect of chemotherapy on tumor. The pharmacokinetic
(PK) study provide a scientific basis for the safe and effective use of
therapeutic antitumor drugs. So, the efficacy of drug
administration and efflux is a determinant of PK which
consistent with drug resistance (43). The efficacy of anti-tumor
drug absorption depends on characteristics of drug and cell type.
Previous studies have shown that the influx of cisplatin is due to
passive diffusion across the cell membrane. Modern studies reveal
that CTR1 also proposed a pivotal role in the uptake of cisplatin
(4, 44). However, the mode of passive transport of cisplatin in
osteosarcoma cell lines has been poorly studied. In our study,
knockdown of CTRI gene significantly decreased cisplatin intake,
suggesting that CTR1-mediated cisplatin intake is one of the main
modes of intracellular cisplatin absorption. However, the
contribution of passive transport to cisplatin intake should also
be considered. Many studies of ultrasound displayed the
antagonistic effect to drug resistance through the enhancement
of intracellular anticancer drug level (43, 45). The exists of
regulatory effect of p53 on CTRI is unknown in the ultrasound-
mediated anti-tumor effects. These antitumor therapies that
increase intracellular cisplatin content combined with p53
genotype analysis should be conducted in subsequent studies
and need further research.

In conclusion, this study demonstrates that p53 inhibits
cisplatin uptake in OS cells. Further mechanism studies indicate
that inhibitory effect results from p53-mediated suppression of
SP1 nuclear transfer and subsequent downregulation of CTRI.
However, insufficient in vivo data has been acquired in this study
to determine the regulation effect of cisplatin absorption by p53.
We will cover these aspects of study in future with in vivo tumor
model system and clinical osteosarcoma samples. To our
knowledge, the current study is the first to demonstrate that
p53-dependent SP1 activity regulates cisplatin absorption, which
provides evidence for a new oncogenic role of p53 in OS. Thus, the
multiple p53 genotypes important for cisplatin transport may be a
promising direction for personal patient treatment in OS.
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