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A B S T R A C T   

Human cytochrome P450 1B1 (CYP1B1) catalyzes estrogen metabolism to produce metabolites that promote the 
progression of breast cancer. Since the invasive properties of cancer cells cause cancer relapse, which dramat
ically reduces patient survival, we investigated the new pro-invasive mechanism involving CYP1B1 in breast 
cancer. Exploring clinical data from invasive breast cancer patients revealed that CYP1B1 exhibits a potential 
correlation with urokinase-type plasminogen activator receptor (uPAR). Interestingly, uPAR mRNA expression 
was elevated in invasive breast cancer patients carrying TP53 genes with driver mutations, and our results 
showed that CYP1B1 activates the uPAR pathway following regulation of p53 according to its mutant status. 
CYP1B1 suppressed wild-type (WT) p53 whereas it induced the oncogenic gain-of-function mutant p53R280K, not 
only via transcriptional regulation but also the protein stabilization and activation following phosphorylation on 
Ser15 residue of p53R280K. Intriguingly, results from CYP1B1 polymorphic gene study and 4-hydroxyestradiol (4- 
OHE2) treatment showed that CYP1B1 regulates p53s and uPAR through its enzymatic activity. Furthermore, 
effects of DMBA and TMS on uPAR expression disappeared in HCT116p53− /− cells, indicating that p53 is critical 
for uPAR induction by CYP1B1. Collectively, our results demonstrate that CYP1B1 may reduce the relapse-free 
survival rate of breast cancer patients by inducing invasive traits in cancer cells via p53 regulation based on the 
mutation status of TP53 genes and further activation of the uPAR pathway. The elucidation of the previously 
unknown molecular mechanism of CYP1B1 may provide evidence for the development of effective anti-cancer 
therapeutic strategies that target the progression of cancer invasion.   

1. Introduction 

Cancer remains one of the world's major health issues, with 
approximately 19.3 million new cases and nearly 10.0 million related 
deaths worldwide in 2020 [1]. The number of cases of female breast 
cancer, in particular, was reported as the highest among newly diag
nosed cases, and the number of deaths by female breast cancer was the 
fifth highest worldwide in 2020 [1]. Breast cancer is the leading cause of 
cancer-related death (in 110 countries) and the most frequently diag
nosed cancer (in 159 countries) in female populations [1]. Patient 
mortality of cancer has a significant correlation with metastasis status, 
and numerous studies have stated that 90 % of cancer deaths are caused 
by metastases [2,3]. Therefore, identifying the key regulators of breast 
cancer metastasis is critical for developing therapeutic approaches with 

advanced clinical outcomes for breast cancer, which is the most common 
and lethal type of cancer. 

Since estrogen and its metabolites have been identified as critical 
factors in the development of breast cancer, researchers have focused on 
the molecular mechanisms of key regulators of estrogen metabolism, 
which produces carcinogenic metabolites [4,5]. In particular, catechol 
estrogen metabolites, 4-hydroxyestradiol (4-OHE2) and 2-hydroxyestra
diol (2-OHE2), play crucial roles as carcinogens in various ways, 
including induction of DNA mutations and activation of proteases for 
extracellular matrix (ECM) degradation, which eventually promote 
breast cancer cell invasion and metastasis [6–8]. Cytochrome P450 1B1 
(CYP1B1) is the key enzyme for producing 4-OHE2 and 2-OHE2 and has 
tumor-specific expression patterns [8,9]. The role of CYP1B1 in cancer 
metastases has been partially demonstrated; it promotes the epithelial- 
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mesenchymal transition (EMT) process by regulating EMT-related fac
tors [10,11]. Furthermore, several clinical studies have recently 
revealed that CYP1B1 expression is significantly higher in metastatic 
tumors than in normal tissues and primary tumors [12,13]. The findings 
of the aforementioned studies reveal a strong link between CYP1B1 
hyperexpression in tumors and cancer metastasis. However, the precise 
molecular mechanism is still unknown. 

MCF-7 and MDA-MB-231 cells are the most commonly used cell lines 
for breast cancer research [14] and previous reports have described that 
these cell lines exhibit different levels of invasiveness: MDA-MB-231 
cells have been reported as a more aggressively invasive breast cancer 
cell line than MCF-7 cells [15,16]. In this study, we employed these two 
cell lines to investigate how the tumor-specific expression of CYP1B1, 
which increases with the metastatic level of tumors, is associated with 
the invasive properties of breast cancer and revealed the detailed mo
lecular mechanism underlying it. By exploring the role of CYP1B1 in 
breast cancer cell lines with different invasiveness, our study aimed to 
determine the correlation between CYP1B1 expression level and the 
basal invasiveness of breast cancer cells through identifying the mo
lecular mechanisms of CYP1B1 for regulation of invasive cell signaling 
in breast cancer. 

2. Materials and methods 

2.1. Reagents 

7,12-Dimethylbenz[α]anthracene (DMBA) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Dr. Sanghee Kim generously pro
vided the 2,2′,4,6′-tetramethoxystilbene (TMS) (Seoul National Univer
sity, Seoul, Korea). Moloney murine leukemia virus (M-MLV) reverse 
transcriptase and RNase inhibitor were obtained from Promega (Madi
son, WI, USA). SYBR green was purchased from QIAGEN (Hilden, Ger
many). Rabbit polyclonal antibodies for CYP1B1 and GAPDH, and Ultra 
Cruz™ Mounting Medium were purchased from Santa Cruz Biotech
nology (Santa Cruz, CA, USA). Mouse monoclonal antibody for p53 were 
purchased from Millipore (Bedford, MA, USA). Rabbit polyclonal anti
bodies for p-p53 (Ser15), Integrin α5, and Integrin β1 were purchased 
from Cell Signaling Technology (Beverly, MA, USA). HRP-conjugated 
goat anti-rabbit IgG, Texas Red-conjugated mouse anti-rabbit IgG, and 
DyLight® 594-conjugated goat anti-mouse IgG were obtained from 
Bethyl (Montgomery, TX, USA). HRP-conjugated goat anti-mouse IgG 
and newly synthesized rabbit polyclonal antibodies for uPAR were 
purchased from Abclon (Guro, Seoul, South Korea). 

2.2. Cell lines and cell culture 

The human breast cancer cells MCF-7, MDA-MB-231, MDA-MB-468, 
and immortalized normal mammary epithelial cell line MCF-10A were 
obtained from the American Type Culture Collection (Manassas, VA, 
USA), and T47D, BT-20 were obtained from the Korean Society Cell 
Bank (KCLB). HCT116p53+/+ (p53 wild-type) and HCT116p53− /− (p53 
null-type) isogenic colon cancer cell lines were provided by Dr. Bert 
Vogelstein (Johns Hopkins University, USA). MCF-7, MDA-MB-231, 
T47D, BT-20 cells were cultured in RPMI medium (Hyclone, Marl
borough, MA, USA), and MDA-MB-468, HCT116p53+/+ and 
HCT116p53− /− cells were cultured in DMEM medium (Hyclone), sup
plemented with 10 % (v/v) heat-inactivated fetal bovine serum (FBS) 
(Hyclone), 100 μg/mL streptomycin, and 100 U/mL penicillin (Thermo 
Fisher Scientific, Waltham, MA, USA). MCF-10A cells were cultured in 
monolayers, as reported previously [17]. The cell lines were validated 
by short tandem repeat (STR) profiling analysis. Every six months, all 
cell lines were checked for the presence of Mycoplasma using the poly
merase chain reaction (PCR) Mycoplasma Detection Set (Takara Bio Inc., 
Shiga, Japan). After thawing, the cells were assessed and stabilized for 
four passages of cell culture. 

2.3. Adenovirus infection 

The infection of MCF-7 cells with adenovirus carrying CYP1B1-ORF 
genes (ViGene Biosciences Inc., Rockville, MD, USA) was conducted in 
serum-free media at a multiplicity of infection (MOI) of 750 virus par
ticles (vp)/cell. After 24 h, the media was replaced with fresh media 
containing serum. Cells were maintained in a humidified atmosphere at 
37 ◦C with 5 % CO2 for 24 h before being fixed or harvested for further 
studies. Under these conditions, the transduction efficiency of the 
CYP1B1 gene-carrying adenovirus was nearly 100 %. 

2.4. Construction and transduction of CYP1B1 short hairpin RNA 
(shRNA) lentivirus 

The plasmid pLKO.1 that encodes a human immunodeficiency virus 
(HIV)-derived lentiviral vector adequate for the insertion of shRNA 
constructs driven by an upstream U6 promoter was cloned with the 
optimal shRNA sequence targeting human CYP1B1 (5′-GCGA
CATGATGGACGCCTTTAT-3′). This modified plasmid or empty vector 
was then co-transfected into HEK293T cells with plasmids for lentiviral 
packaging to produce control or CYP1B1 shRNA lentivirus. The con
structed control or CYP1B1 shRNA lentivirus were added to cells for 
virus infection and gene transduction, and after 24 h, infected cells were 
treated with puromycin for selection. After 24 h, the media was replaced 
with growth media without puromycin, and cells were cultured for 
further CYP1B1 knockdown studies. 

2.5. Transient transfection of plasmid DNA and siRNA 

The plasmid pcDNA 3.1/Zeo carrying the CYP1B1-encoding 
sequence for CYP1B1 overexpression and CYP1B1-specific siRNA 
(target sequence: CAGCATGATGCGCAACTTCTT, QIAGEN) and PLAUR- 
specific siRNA (target sequence: AAGCCGTTACCTCGAATGCAT, QIA
GEN) were used in transfections. Cells (1 × 106 cells/dish) were trans
fected with 3 μg plasmid or 37.5 nM siRNA at room temperature with the 
Neon Transfection System (Invitrogen, Carlsbad, CA, USA) and cultured 
in 60- or 100-mm dishes in RPMI containing 10 % FBS without antibi
otics. Cells were harvested or treated with agents after 48 h for further 
studies. 

2.6. Real-time PCR (quantitative PCR, qPCR) 

Total RNA was extracted using Ribospin™ vRD (GeneAll, Songpa, 
Seoul, South Korea). At 37 ◦C for 1 h, the reverse transcription for total 
RNA (500 ng) was conducted in 20 μL of total volume containing 5× RT 
buffer, 100 pmol oligo-dT primer, 40 U RNase inhibitor, 10 mM dNTPs, 
and 200 U M-MLV reverse transcriptase. The Rotor-Gene SYBR® PCR Kit 
(QIAGEN) was used for quantitative PCR (qPCR), and QIAGEN Rotor- 
Gene Q Series software was used for analyzing the results. Each reac
tion contained 1 μM oligonucleotide primers, 2 μL cDNA, and 12.5 μL 2×
SYBR® Green PCR Master Mix in a final volume of 25 μL. PCR conditions 
were set as follows: one cycle at 95 ◦C for 5 min, followed by 40 cycles of 
denaturation at 95 ◦C for 5 s, and annealing/extension at 60 ◦C for 10 s. 
Data is representative of experiments in triplicate. Primer sequences are 
listed in Supplementary Table S1. 

2.7. Western blot analysis 

Whole cells were scrapped for harvest and lysed for 30 min in 50 mM 
Tris-HCl (pH 8.0) with 1 mM PMSF, 1 μg/mL leupeptin, 1 % nonidet P- 
40, 1 μg/mL aprotinin, and 150 mM NaCl, and subsequently centrifuged 
at 4 ◦C for 15 min at 22000 g. The bicinchoninic acid (BCA) Protein 
Assay Reagents (Thermo Fisher Scientific) were used for determination 
of protein concentrations. 20 μg of extracted proteins were separated 
using SDS-PAGE on 10–15 % polyacrylamide gels and transferred onto 
PVDF membranes electrophoretically. Incubation with specific 
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antibodies was performed overnight for membranes following blocking 
process with 5 % nonfat milk in Tris-buffered saline containing 0.1 % 
Tween-20 (TBS-T) for 1 h at 4 ◦C. Proteins were visualized by enhanced 
chemiluminescence reagents after 2 h of incubation with secondary 
antibodies (Thermo Fisher Scientific). Quantitative data was obtained 
using Quantity One software (Bio-Rad, Hercules, CA, USA). 

2.8. Confocal microscopic analysis 

Cells were cultured on coverslips after transfection or virus infection 
or treated with the indicated reagent concentrations, rapidly washed 
with PBS, and fixed with 3.7 % (w/v) paraformaldehyde (Sigma-Aldrich) 
for 30 min at room temperature. After washing with PBS, the cells were 
blocked for 30 min using PBS containing 5 % goat serum and 0.2 % 
Triton X-100 before being incubated overnight with specific primary 
antibodies. The cells were then thoroughly washed before being stained 
for 2 h with Texas Red-conjugated goat anti-rabbit IgG or DyLight® 594- 
conjugated goat anti-mouse IgG (1:500) for 2 h. Following additional 
washes, the coverslips were mounted onto glass slides using Ultra 
Cruz™ Mounting Medium containing 4′,6-diamidino-2-phenylindole 
(DAPI). Fluorescence signals were detected using a LSM700 Confocal 
Laser Scanning Microscope (Carl Zeiss, Jena, Germany). 

2.9. cBioPortal 

The cBioPortal for Cancer Genomics (http://www.cbioportal.org) is 
a depository of cancer genomics data [18,19]. Using TCGA Pan-Cancer 
Atlas dataset, we investigated the basal expression level of CYP1B1 in 
cancers, collecting data from 32 studies for human cancers (10,967 
samples in total). The correlation between CYP1B1 and EMT-related 
factors and uPAR and the correlation between mutation status of TP53 
and the expression level of uPAR was studied using TCGA Pan-Cancer 
Atlas dataset with 994 breast invasive carcinoma samples. The alter
ation frequency of PLAUR was presented by analyzing the data from 22 
studies of different types of human breast cancer with samples from 
8108 patients. 

2.10. GEPIA 

Gene Expression Profiling Interactive Analysis (GEPIA) (http://ge 
pia.cancer-pku.cn/) is a web-based interactive tool for analyzing gene 
expression in 9736 tumors and 8587 normal samples [20]. GEPIA was 
used to analyze the data for expression of uPAR in 1085 breast invasive 
tumor samples comparing to 291 normal samples from TCGA and the 
Genotype-Tissue Expression (GTEx) datasets (Log2FC cutoff: 1; p-value 
cutoff: 0.01). Analysis of variance (ANOVA) was used to compare tumor 
sample to normal samples. 

2.11. Generation of a xenograft model using stable CYP1B1-suppressed 
MDA-MB-231 cells to measure tumor growth 

CYP1B1-knocked down or control MDA-MB-231 cells (2.5 × 106 

cells/injection) were injected subcutaneously into the backs of Balb/c 
nude mice (female, 6 weeks) obtained from Japan SLC, Inc. (Shizuoka, 
Japan), in a mixture with Matrigel (Sigma-Aldrich) (1:1). All animal 
experiments were approved by the Institutional Animal Care and Use 
Committee (IACUC) of Chung-Ang University (2017–00096, 
2019–00003) and were performed according to the IACUC guidelines. 
Once every two days, tumor volume was measured around the injected 
area. Twenty-nine days post-injection, all xenograft tumors were larger 
than 50 mm3. After six weeks from injection, tumor volumes in three 
mice were measured to analyze the effect of CYP1B1 knockdown. Using 
calipers, volume was calculated on the basis of width (x) and length (y) 
using the following formula: x2y/2. 

2.12. Immunohistochemistry for tissue samples 

The xenograft model mice were sacrificed when tumor growth 
measurements were complete, and the tumors were immunohis
tochemically processed. Immunostaining was performed on formalin- 
fixed paraffin-embedded tissue sections. Following incubation with 
specific antibodies for detection, liquid diaminobenzidine (DAB) +
substrate chromogen system (Agilent Technologies, Santa Carla, CA, 
USA) was added before counterstaining with hematoxylin. Each stained 
tissue section was scanned using Pannoramic MIDI II (3DHISTECH Ltd., 
Budapest, Hungary) and visualized using the Pannoramic Viewer 
v.1.15.4 program (3DHISTECH Ltd.). 

2.13. Invasion assay 

Cancer cell invasion was examined using the QCM™ 24-well Cell 
Invasion Assay Kit (Millipore), according to the manufacturer's protocol. 
Briefly, 300 μL of cell suspension in serum free media (1 × 106 cells/mL) 
were seeded onto insert chambers with an 8 μm collagen-coated poly
carbonate membrane. The ECM layer-invaded cells were stained with 
DAPI. Invading cells were visualized and observed under a LSM700 
Confocal Laser Scanning Microscope (Carl Zeiss) for counting of cell 
numbers. Each experiment was repeated at least ten times. 

2.14. Microarray for comparing the gene expression patterns of MCF-7 
and MDA-MB-231 cells 

Cells (5 × 105) were seeded onto 60 mm cell culture plates. After 48 
h, the cells were harvested, and total RNA was isolated using Ribospin™ 
vRD (GeneALL Biotechnology Co.). Microarray hybridization was per
formed using the human GE 4 × 44 K v2 Microarray Kit (Agilent). Total 
RNA was prepared using Low RNA Input Linear Amplification Kit Plus 
(Agilent) according to manufacturer's instructions, and its quality was 
determined using an Agilent 2100 Bioanalyzer. Microarray data analysis 
was performed using GeneSpring 7.3.1 software (Agilent). The gene 
expression levels in MDA-MB-231/MCF-7 cells were quantified to 
identify and compare the changes in their gene expression patterns. 

2.15. Dual luciferase reporter assay 

Using the Neon™ transfection system (Invitrogen), cells (2 × 104 

cells/well) were seeded onto 96 well plates after co-transfection with 
200 ng of uPAR reporter plasmids and pRL-renilla (Promega), as a 
control, according to the manufacturer's protocol. After 24 h, cells were 
treated with 5 μM of DMBA with or without designated concentrations 
of TMS for 48 h. The cells were treated with TMS prior to DMBA 
treatment for 1 h. Subsequently, cells were lysed using passive lysis 
buffer at room temperature for 15 min and luciferase activities were 
measured with using the Dual Luciferase Assay System (Promega) on 
FilterMax F3 (Molecular Devices, LLC, San Jose, CA, USA). Each 
experiment was repeated at least three times. 

2.16. Statistical analysis 

Statistical analyses were performed using one-way analysis of vari
ance and Dunnett's multiple comparison t-test using the GraphPad Prism 
9 Software (GraphPad Software Inc., San Diego, CA, USA). Statistical 
significance was set at P ≤ 0.05. 

3. Results 

3.1. CYP1B1 induces tumor progression and cancer cell invasion, which 
may cause the reduction of relapse-free survival of breast cancer patients 
with relatively high expression level of CYP1B1 

To identify the expression pattern of CYP1B1 in various types of 
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cancers, we used the cBioPortal online database to collect and analyze 
the clinical data of 10,071 patients with cancer from 32 different The 
Cancer Genome Atlas (TCGA) datasets. Most types of invasive cancers, 
such as invasive breast cancer, had higher levels of mRNA expression of 
CYP1B1 (Fig. 1A). 

We investigated the effect of CYP1B1 on tumor growth, survival rate 
of patients with cancer, and cancer cell invasion to further determine the 
correlation between CYP1B1 and the invasive properties of breast can
cer. A Kaplan–Meier plot illustrating the clinical microarray dataset of 
patients with breast cancer obtained from PROGgeneV2 (GSE9893; n =

Fig. 1. CYP1B1 shows significant correlation with invasive types of cancers and reduces the relapse-free survival rates of breast cancer patients via induction of 
tumor growth and cancer cell invasion. (A) The mRNA expression levels of CYP1B1 in 10,071 cancer patients with 35 types of cancers. Data were obtained from 
cBioPortal. (32 TCGA datasets) (B) Kaplan-Meier plot for the relapse-free survival rates of breast cancer patients with high or low CYP1B1 levels, were analyzed. 
(GSE9893; n = 154, P = 0.006) (C) The control and stable CYP1B1-knocked down MDA-MB-231 cells were injected into the backs of Balb/c nude mice as a mixture 
with Matrigel (1:1), and the size of xenograft tumor was measured once every two days along with the body weight (n = 3). (D) The correlation between CYP1B1 and 
key factors for cancer cell invasion was analyzed based on the Spearman's rank-order correlation coefficient and Pearson correlation coefficient. P values for every 
correlation coefficient were presented together. CDH1: E-cadherin. FN1: Fibronectin 1. TNC: Tenascin C. VIM: Vimentin. ZEB2: Zinc Finger E-Box Binding Homeobox 
2. MMP: Matrix metalloproteinase. (E-F) Cell invasion was measured using the transwell invasion assay in the control or stable CYP1B1-knocked down MCF-7 and 
MDA-MB-231 cells. Data were from 10 independently quantified experiments (*, indicated P ≤ 0.05 via Dunnett's t-test). (E) The number of invading cells were 
plotted and the confocal microscopic analysis for invaded cells were conducted using DAPI staining, and (F) the number of invading shCON cells was compared to the 
number of invading sh1B1 cells and the relative percentage of cell invasion was calculated for MCF-7 and MDA-MB-231 cells, respectively. 
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154, P = 0.006) [21] showed that higher levels than the mean value of 
CYP1B1 expression result in earlier deaths of patients with breast cancer 
due to cancer relapse, which is deeply correlated with cancer metastasis 
(Fig. 1B) [22,23]. Following xenograft model with MDA-MB-231 cells, 
an aggressive and invasive breast cancer cell line, knockdown of CYP1B1 
by stably expressing lentiviral shRNA significantly inhibited tumor 
growth without affecting body weight (Fig. 1C and S1). 

The gene expression data of carcinoma samples from 1082 patients 
with invasive breast cancer were analyzed for the Spearman's rank-order 
correlation coefficient (SROCC) and Pearson correlation coefficient 
(PCC) between CYP1B1 and each factor using cBioPortal tools, and the 
results showed a significant positive correlation between CYP1B1 and 
cancer metastasis-inducing factors like matrix metalloproteinases 
(MMPs) and EMT-inducing factors (Fig. 1D). The factors in Fig. 1D were 
selected by criteria with Spearman's and Pearson's correlation 

coefficients >0.3 and p value <0.05. In case of CDH1 (E-cadherin), we 
selected the gene with p value <0.05 and the negative correlation co
efficient values. Based on these findings, we performed an invasion 
assay using CYP1B1-knocked down MCF-7 and MDA-MB-231 breast 
cancer cells, which are approximately two times more invasive than 
MCF-7 cells as shown in data from control groups (Fig. 1E), and found 
that CYP1B1 suppression strongly inhibited cell invasion in both cell 
lines (Fig. 1E, F, S1). Taken together, these results suggest that high 
expression level of CYP1B1 may reduce the survival rate of patients with 
breast cancer by inducing tumor progression and invasion. 

Fig. 2. CYP1B1 exhibits a positive correlation with uPAR, a critical signaling receptor for cancer cell invasion. (A) Microarray hybridization was performed to 
analyze the basal expression levels of genes, including PLAUR, in MCF-7 and MDA-MB-231 cells. Red dots represent genes that were >2-fold upregulated in MDA-MB- 
231 cells compared to MCF-7 cells, while green dots indicate genes that were >2-fold downregulated in MDA-MB-231 cells compared to MCF-7 cells. Relative 
expression levels of PLAUR, ITGB2, and ITGA6 in MDA-MB-231 cells were calculated and compared to the gene expression levels observed in MCF-7 cells as the 
control. (B) The mRNA expression of PLAUR, which encodes uPAR, was assessed comparing tumor samples of breast cancer patients and normal samples from TCGA 
and GTEx datasets on the GEPIA database. The RNA-Seq data were normalized using transcripts per kilobase million (TPM) method. TPM values in 1085 tumor 
samples from breast invasive cancer patients and 291 normal samples were plotted following conversion to log2-normalized transcripts per million [log2(TPM + 1)] 
(P < 0.01). (C) The gene alteration frequency of PLAUR in 8108 cancer patients with 13 types of breast cancers, including invasive and non-invasive types. Data were 
obtained from cBioPortal. (22 datasets) (D) The basal protein expression levels of CYP1B1 and uPAR were determined by Western blot analysis using naive T47D, 
MCF-7, BT-20, MDA-MB-231, and MDA-MB-468 cells. (E) The correlation between CYP1B1 and PLAUR was analyzed based on the Spearman's rank-order correlation 
coefficient and Pearson correlation coefficient. P values for each correlation coefficient were also presented. 
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3.2. CYP1B1 exhibits a correlation with urokinase-type plasminogen 
activator receptor (uPAR), which is a key receptor for metastatic signaling 
in patients with invasive breast cancer and such cells 

To reveal the detailed molecular mechanism of CYP1B1 for breast 
cancer metastasis, we searched for a candidate that has a potential 
correlation with CYP1B1 and plays a critical role in breast cancer cell 
invasion. First, we performed microarray analysis with MCF-7 and MDA- 
MB-231 cells because they are both breast cancer cell lines with different 
properties, particularly in terms of their invasiveness. Among 323 genes 
involved in cell-cell signaling, 32 genes that were overexpressed the 
most (at least over 30 times higher) in MDA-MB-231 cells compared to 
MCF-7 cells were identified (Fig. S2). From our list of 32 genes, we 
selected 3 genes previously reported as invasive signaling receptors in 
cancers for further studies: PLAUR, ITGB2, and ITGA6 (Fig. 2A) [24–26]. 
Clinical TCGA data from Gene Expression Profiling Interactive Analysis 
(GEPIA) showed that PLAUR and ITGB2 were significantly overex
pressed in tumor samples from patients with invasive breast cancer (n =
1085) compared with levels in normal samples (n = 291), whereas 
ITGA6 exhibited an opposite expression pattern (Fig. 2B and S3). In 
addition, the overexpression level of PLAUR in breast tumor samples 
compared to that in normal samples was significantly greater than that 
of ITGB2. Based on these data, PLAUR, which encodes uPAR, a critical 
signaling receptor for inducing EMT and cancer cell invasion via regu
lation of various types of metastasis mechanisms, such as the p38-MAPK 
pathway in breast cancer cells [27,28], was selected as a candidate key 
regulator of breast cancer invasion. Interestingly, cancer type summary 
data from the cBioPortal database of 8108 patients with several types of 
breast cancer using 22 datasets showed that samples from patients with 
invasive breast cancer had a significantly higher frequency of oncogenic 
alterations in PLAUR, including amplification, compared to samples 
from patients with non-invasive breast cancer (Fig. 2C). This indicates 
that overexpression of uPAR may be related to the invasive traits of 
breast cancer. To further confirm the potential correlation between 
CYP1B1 and uPAR in breast cancer, especially in terms of invasiveness, 
we measured the basal expression levels of CYP1B1 and uPAR in five 
different breast cancer cell lines. Intriguingly, the results demonstrated 
that triple-negative breast cancer cells, including MDA-MB-231 cells, 
which are known to be highly invasive and more aggressive than other 
subtypes of breast cancer cell lines, showed higher basal expression 
levels of uPAR along with CYP1B1 than luminal breast cancer cells, 
including MCF-7 cells (Fig. 2D) [29,30]. Furthermore, clinical TCGA 
data of 994 breast invasive carcinoma samples from cBioPortal were 
analyzed, revealing a positive correlation between CYP1B1 and uPAR 
(Fig. 2E). These findings suggest that tumor-specific CYP1B1 over
expression may lead to more aggressive and invasive traits in breast 
cancer cells by increasing the basal uPAR expression level. 

3.3. CYP1B1 induces uPAR expression by enhancing the promoter 
activity of uPAR 

Previously, we discovered that 4-OHE2-induced specificity protein 1 
(Sp1) serves as a key regulator of the CYP1B1-induced EMT process in 
breast cancer cell lines via transcriptional activation of EMT-inducing 
factors, including zinc finger E-box binding homeobox 2 (ZEB2) and 
zinc finger protein SNAI1 [10]. Interestingly, the Sp1 binding site was 
discovered in the uPAR promoter region, and it has been reported that 
uPAR expression and Sp1 DNA-binding activity are both elevated in 
patients with breast carcinoma [31,32]. Based on these findings, we 
investigated whether CYP1B1 induces uPAR expression by increasing 
uPAR promoter activity. To this end, we altered the expression levels of 
CYP1B1 in cells using the inducer, 7,12-dimethylbenz[α]anthracene 
(DMBA), and specific inhibitor, 2,2′,4,6′-tetramethoxystilbene (TMS), of 
CYP1B1 and measured the promoter activity of uPAR [33,34]. Surpris
ingly, CYP1B1 significantly elevated uPAR promoter activity not only in 
breast cancer cells but also in MCF-10A, a normal mammary epithelial 

cell line (Fig. 3A). Following transcriptional regulation, CYP1B1 
increased the production of uPAR protein in breast cancer cells and 
MCF-10A cells via transcriptional regulation (Fig. 3B-E). In vivo studies 
with xenograft models using control or CYP1B1-knocked down MDA- 
MB-231 cells revealed a significant decrease in uPAR protein expres
sion levels due to CYP1B1 suppression (Fig. 3F). As these results indicate 
that CYP1B1 induces uPAR expression, we further investigated whether 
CYP1B1 upregulates breast cancer cell invasion through induction of 
uPAR expression. Intriguingly, the levels of cancer cell invasion were 
significantly increased by CYP1B1 overexpression in both MCF-7 and 
MDA-MB-231 cells, and suppression of uPAR expression using siRNA in 
CYP1B1-overexpressed cells strongly decreased the cancer cell invasion 
(Fig. 3G, H, S4). Taken together, these results elucidate that CYP1B1 
may increase the invasiveness of breast cancer cells through elevation of 
uPAR expression by inducing uPAR promoter activity. 

3.4. CYP1B1 transcriptionally regulates wild-type (WT) p53, whereas the 
oncogenic mutant R280K p53 is additionally promoted by CYP1B1 via a 
post-translational modification (PTM) for protein stabilization 

In addition to Sp1, several transcription factors, including WT p53, 
target uPAR for the regulation of cancer invasion [35,36]. p53 is a well- 
known tumor suppressor that is expressed as various mutant forms in 
cancer cells, and numerous studies have reported that mutant p53 genes 
are present in more than half of cancers [37,38]. Gain-of-function (GOF) 
mutant p53 genes have been reported to perform various oncogenic 
functions, including cancer cell invasion and migration [39,40]. Ac
cording to the cBioPortal analysis of TCGA data from 994 breast invasive 
carcinoma samples, the mRNA expression level of uPAR in TP53- 
mutated samples was higher than that in WT TP53 samples (Fig. 4A). 
Furthermore, the majority of the mutations were driver mutations, 
which cause cancer (Fig. 4B) [41,42]. These findings suggest that 
CYP1B1 may promote the invasive properties of breast cancer by 
inducing uPAR expression, which may be associated with p53 and its 
mutant status. 

Given that MCF-7 mainly expresses WT p53, whereas MDA-MB-231 
predominantly expresses the R280K mutant of p53 (p53R280K), an 
oncogenic driver mutant of p53 implicated in tumor metastasis [43–45], 
we attempted to investigate the influence of the p53 status on CYP1B1- 
induced uPAR expression and breast cancer cell invasiveness using these 
two cell lines. To determine the correlation between p53 and CYP1B1, 
we measured p53 mRNA and protein expression levels following 
CYP1B1 overexpression or knockdown. Interestingly, CYP1B1 signifi
cantly suppressed WT p53 in MCF-7 cells at both the mRNA and protein 
levels, whereas the oncogenic mutant p53R280K in MDA-MB-231 cells 
was strongly induced by CYP1B1 (Fig. 4C-H, S5). In vivo xenograft 
models using stably CYP1B1-knocked down MDA-MB-231 cells also 
showed that CYP1B1 suppression significantly reduced protein expres
sion of the oncogenic mutant p53R280K (Fig. 4I). 

Since the strong induction of mutant p53R280K protein expression 
following transient CYP1B1 overexpression in MDA-MB-231 cells was 
markedly downregulated by a specific inhibitor of CYP1B1, TMS 
(Fig. 4G and S5), and previous data described mutant p53R280K over
expression in MDA-MB-231 cells [46], we assumed that CYP1B1 may 
regulate the protein levels of WT p53 and mutant p53R280K through PTM 
in addition to gene regulation. Moreover, accumulation of stabilized 
mutant p53 protein is important for its oncogenic GOF [47,48]. There
fore, we investigated whether CYP1B1 regulates the phosphorylation of 
mutant p53R280K at Ser15, which is critical for p53 stabilization and 
activation [49]. Surprisingly, CYP1B1 overexpression significantly 
increased phosphorylation at Ser15 of mutant p53R280K, which was 
significantly reduced by TMS, while the level of phosphorylation at 
Ser15 of WT p53 was markedly reduced by CYP1B1 (Fig. 4J). Stable 
CYP1B1 suppression strongly downregulated the phosphorylation at 
Ser15 of mutant p53R280K, whereas it elevated the phosphorylation at 
Ser15 of WT p53 (Fig. 4K). 
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In summary, CYP1B1 regulates p53 expression based on mutation 
status to induce invasive traits in breast cancer; CYP1B1 inhibits WT p53 
and promotes oncogenic mutant p53R280K through transcriptional 
regulation. Furthermore, CYP1B1 modulates additional protein stabili
zation and activation mechanisms to increase p53R280K protein levels 
and decrease WT p53 protein levels through regulation of phosphory
lation at Ser15 of p53 protein. 

3.5. WT p53 represses the promoter activity of uPAR, whereas p53R280K 

exerts a stimulating action on uPAR expression, resulting in the opposite 
effects on breast cancer cell invasion 

Because CYP1B1 regulates p53 based on its mutation status, we 
investigated whether CYP1B1 induces uPAR via p53 regulation and how 
p53 mutation status affects the outcome. To determine whether CYP1B1 
regulates uPAR expression via p53, we knocked down TP53 in MCF-7 
and MDA-MB-231 cells. Knockdown of WT TP53 resulted in drastic 
promotion of uPAR expression, whereas knockdown of TP53R280K 

strongly reduced uPAR expression (Fig. 5A and B). To rule out the 

Fig. 3. CYP1B1 induces the expression level of uPAR via enhancing the promoter activity of uPAR. (A) The promoter activity of uPAR was determined via a dual 
luciferase assay following treatment with 5 μM DMBA in the presence or absence of treatment with designated concentrations of TMS for 48 h in MCF-10A, MCF-7, 
and MDA-MB-231 cells. The cells were treated with TMS prior to DMBA treatment for 1 h. Data are representative of experiments performed in triplicate (*, indicated 
P ≤ 0.05 via Dunnett's t-test). (B-C) The protein expression levels of uPAR were measured with Western blotting in MCF-10A, MCF-7, and MDA-MB-231 cells 
following treatment in cells with (B) designated concentrations of DMBA for 24 h, and (C) designated doses of TMS for 48 h. (D-E) Confocal microscopic analyses for 
uPAR were conducted following treatment with 5 μM DMBA in the presence or absence of treatment with 10 μM of TMS for 48 h in MCF-7 and MDA-MB-231 cells. 
The cells were treated with TMS prior to DMBA treatment for 1 h. (D) MCF-7 cells, and (E) MDA-MB-231 cells. (F) Immunohistochemistry was performed using the 
xenograft tumor tissues, and the protein expression levels of CYP1B1 and uPAR were determined (n = 3). (G-H) MCF-7 and MDA-MB-231 cells were co-transfected 
with control or CYP1B1-overexpression vector and control or PLAUR-specific siRNA. After co-transfection, transwell invasion assay was conducted and the results 
were analyzed following confocal microscopic analysis for invaded cells using DAPI staining. Data were from 10 independently quantified experiments (*, indicated 
P ≤ 0.05 via Dunnett's t-test). (G) The number of invading cells were plotted and the confocal microscopic analysis for invaded cells stained with DAPI were 
conducted, and (H) the relative percentage of cell invasion was calculated using the number of invading cells. 
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possibility that changes in uPAR expression by genetic regulation of 
TP53 were due to characteristic differences between the two cell lines, 
we directly overexpressed WT TP53 and TP53R280K in p53 null cell line, 
HCT116p53− /− . Interestingly, Fig. 5C demonstrated that the main reason 
for the alteration of uPAR expression according to the genetic regulation 
of TP53 was the regulatory action of p53 on uPAR depending on the p53 
mutant status, not the cellular characteristics. Furthermore, we over
expressed WT TP53 in MDA-MB-231 cells and TP53R280K in MCF-7 cells 
and compared the effects of each p53 mutation status on uPAR expres
sion and breast cancer cell invasion. The basal promoter activity level of 
uPAR was considerably higher in MDA-MB-231 cells than in MCF-7 

cells, but it was drastically reduced to almost the same level as in 
MCF-7 cells by overexpression of WT TP53 (Fig. 5D and S6). Moreover, 
the promoter activity of uPAR in MCF-7 cells was significantly induced 
by overexpression of mutant TP53R280K (Fig. 5D and S6). uPAR protein 
expression levels revealed a similar pattern; the basal protein level of 
uPAR was much higher in MDA-MB-231 cells than in MCF-7 cells. 
However, overexpression of WT TP53 in MDA-MB-231 cells significantly 
downregulated uPAR protein expression to near-basal levels in MCF-7 
cells, whereas overexpression of TP53R280K in MCF-7 cells markedly 
increased uPAR protein expression (Fig. 5E, F, S6). Consequently, the 
level of cancer cell invasion in basal MDA-MB-231 cells, which was over 

Fig. 4. CYP1B1 suppresses the mRNA and protein expression levels of wild-type p53 in MCF-7 cells, whereas the oncogenic mutant p53R280K in MDA-MB-231 cells is 
promoted by CYP1B1 through phosphorylation on Ser15 for additional stabilization and activation. (A-B) The mRNA expression levels of PLAUR in breast cancer 
patients were compared based on (A) the mutation status of p53 in samples, and (B) the type of mutations of p53 in samples. Driver represents driver mutations for 
cancer, and VUS represents a variant of unknown significance. Data were obtained from TCGA Pan-Cancer Atlas dataset with 994 breast invasive carcinoma samples 
in cBioPortal. (C-D) The mRNA expression levels of WT p53 or p53R280K were measured using qPCR following stable CYP1B1 knockdown by lentiviral shRNA 
transduction in (C) MCF-7, and (D) MDA-MB-231 cells. Results are representative of experiments performed in triplicate (*, indicated P ≤ 0.05 via Dunnett's t-test). 
(E-G) The protein expression levels of WT p53 in MCF-7 cells and p53R280K in MDA-MB-231 cells were determined using Western blotting following (E) stable 
CYP1B1 knockdown by lentiviral shRNA transduction, (F) transient CYP1B1 overexpression by gene transfection, and (G) treatment with 10 μM of TMS for 48 h in 
control or CYP1B1-overexpressed cells by adenoviral transduction in MCF-7 cells or transient gene transfection in MDA-MB-231 cells. (H) Confocal microscopic 
analyses for p53 were conducted in stably CYP1B1-knocked down MCF-7 and MDA-MB-231 cells with lentiviral shRNA transduction. (I) Immunohistochemistry was 
performed using the xenograft tumor tissues, and the protein expression levels of p53 were determined (n = 3). (J-K) The level of phosphorylation on Ser15 residue of 
p53R280K was measured by Western blotting in MCF-7 and MDA-MB-231 cells following (J) treatment with 10 μM of TMS for 48 h in control or transiently CYP1B1- 
overexpressed cells, and (K) stable CYP1B1 knockdown with lentiviral shRNA transduction. 
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three times higher than that in basal MCF-7 cells, was significantly 
suppressed by overexpression of WT TP53 to almost the same level as in 
basal MCF-7 cells, whereas overexpression of TP53R280K in MCF-7 cells 
strongly promoted the invasion of cells (Fig. 5G and S6). These results 
suggest that p53 can alter the invasive properties of breast cancer cells 
through the regulation of uPAR expression based on the mutation status 
of p53. 

3.6. CYP1B1 enhances uPAR expression by regulating p53 depending on 
its mutation status through its enzymatic activity to generate 4-OHE2 

As the experimental system for transient overexpression of CYP1B1 
in Fig. 4 was proved to significantly enhance the enzymatic activity of 

CYP1B1 for 4-OHE2 production in our previous paper [10], we investi
gated whether CYP1B1 regulates p53 and uPAR via its enzymatic ac
tivity. Polymorphic genetic variants of CYP1B1 with different enzymatic 
activities were transiently overexpressed and their effects on WT p53, 
p53R280K, and uPAR expression were determined. L432V, an allelic 
variant of CYP1B1 with higher enzymatic activity, significantly reduced 
the expression of WT p53 and induced the uPAR expression, while the 
N203S variant form of CYP1B1 with lower activity exhibited opposite 
results in MCF-7 cells (Fig. 6A) [50,51]. On the contrary, p53R280K and 
uPAR expression in MDA-MB-231 cells were upregulated by L432V 
CYP1B1 and downregulated by N203S CYP1B1 (Fig. 6B). In addition, 
when the cells were directly treated with the enzyme product of 
CYP1B1, 4-OHE2, the expression of WT p53 was strongly suppressed, but 

Fig. 5. WT p53 inhibits the level of breast cancer cell invasion through suppression of uPAR expression via reducing the promoter activity of uPAR, while the 
oncogenic mutant p53R280K enhances the promoter activity and protein expression of uPAR to induce the breast cancer cell invasion. (A-B) The protein expression 
levels of uPAR were detected using Western blot analyses following knockdown of p53 by siRNA in (A) MCF-7 cells, and (B) MDA-MB-231 cells. (C) The protein 
expression levels of uPAR were determined using Western blot analyses in HCT116p53− /− cells after transient transfection of control or WT p53/mutant p53R280K 

genes. (D) The promoter activity of uPAR was measured via a dual luciferase assay in MCF-7 and MDA-MB-231 cells with transient transfection of control or WT p53/ 
mutant p53R280K genes. Data were from 5 independently quantified experiments and normalized by values of MCF-7 control group (*, indicated P ≤ 0.05 via 
Dunnett's t-test). (E-F) The protein expression levels of uPAR were detected in MCF-7 cells following transient transfection of control or p53R280K gene or in MDA-MB- 
231 cells following transient transfection of control or WT p53 gene, using (E) Western blot analyses, and (F) confocal microscopic analysis. (G) Cell invasion was 
determined using the transwell invasion assay in the control or p53R280K-overexpressed MCF-7 cells and control or WT p53-overexpressed MDA-MB-231 cells. Data 
were from 10 independently quantified experiments (*, indicated P ≤ 0.05 via Dunnett's t-test). The confocal microscopic analysis was conducted to detect the 
invaded cells stained with DAPI. 
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the expression of p53R280K and uPAR was remarkably increased (Fig. 6C 
and D). These data elucidated that CYP1B1 regulates WT p53, p53R280K, 
and uPAR through its enzymatic activity to generate 4-OHE2. 

To clarify whether CYP1B1 induces uPAR expression through regu
lation of WT or mutant p53, we examined changes in uPAR protein 
expression levels following genetic regulation of TP53 and CYP1B1. 
Both CYP1B1 overexpression and knockdown of WT TP53 in MCF-7 cells 
significantly promoted uPAR expression, which resulted in a synergistic 
effect on uPAR expression when WT TP53 was knocked down in 
CYP1B1-overexpressed cells (Fig. 6E). However, repression of TP53R280K 

strongly reduced uPAR expression and even diminished the promoting 
effect of CYP1B1 on uPAR in MDA-MB-231 cells (Fig. 6F). Additionally, 
in HCT116p53+/+ cells exhibiting WT p53, DMBA markedly induced 
uPAR expression but TMS inhibited DMBA action, indicating that uPAR 
induction was mediated by CYP1B1 (Fig. 6G). Interestingly, the action of 
DMBA on uPAR did not occur in HCT116p53− /− cells in Fig. 6H, sug
gesting that upregulation of uPAR by CYP1B1 could not be executed 
without p53. Collectively, these results revealed that p53 is crucial for 
uPAR induction by CYP1B1. 

Subsequently, we investigated whether CYP1B1 action for cancer 
cell invasion is dependent on uPAR induction by p53. Interestingly, 
nutlin-3a, an inhibitor of murine double minute 2 (MDM2), significantly 
blocked the promotion effects of CYP1B1 on uPAR expression (Fig. 7A 
and B) and the consequent activation of the uPAR pathway in MCF-7 

cells, but had no significant effects on MDA-MB-231 cells; the activa
tion of uPAR pathway was proven by the elevated protein levels of 
integrin α5β1 [52] (Fig. 7C and D) and the increased level of cancer cell 
invasion (Fig. 7E and F). The lack of impact of nutlin-3a on the CYP1B1- 
induced uPAR pathway in MDA-MB-231 cells can be explained by a 
previously published study, which demonstrated that mutant p53 pro
teins are stable in tumor cells, as their negative feedback loop with 
MDM2 is defective due to several signaling pathways, including Hsp90- 
mediated stabilization, which counteract and diminish the action of 
MDM2 as an E3 ligase on mutant p53 [44,53]. Therefore, we concluded 
that the different effects of nutlin-3a on DMBA-induced uPAR and breast 
cancer cell invasion in MCF-7 and MDA-MB-231 cells were due to the 
distinct mutation status of p53 in each cell line. 

In summary, our findings show that p53 can change the invasive 
levels of breast cancer cells based on their mutation status by regulating 
uPAR expression and that CYP1B1 can enhance the invasive traits of 
breast cancer cells using the ability of p53 to regulate uPAR. 

4. Discussion 

In this study, we established the molecular mechanism of CYP1B1 for 
the induction of invasive breast cancer traits; CYP1B1 activated the 
uPAR pathway by enhancing uPAR promoter activity via regulation of 
p53. These novel findings regarding the role of CYP1B1 may help 

Fig. 6. CYP1B1 promotes uPAR expression via reduction of WT p53 and induction of p53R280K through its enzymatic activity to generate 4-OHE2 in breast cancer 
cells. (A-B) Allelic variants of CYP1B1 genes with higher (L432V) or lower (N203S) enzymatic activity to generate 4-OHE2 were overexpressed along with normal 
CYP1B1 gene and the protein expression levels of uPAR were determined using Western blot analyses in (A) MCF-7 cells, and (B) MDA-MB-231 cells. (C-D) MCF-7 and 
MDA-MB-231 cells were treated with designated concentrations of 4-OHE2 in the charcoal-stripped FBS-containing phenol red free RPMI media. After 48 h, cells were 
harvested and Western blot analyses for detection of uPAR were performed. (C) MCF-7 cells, and (D) MDA-MB-231 cells. (E-F) MCF-7 and MDA-MB-231 cells were co- 
transfected with control or CYP1B1-overexpression vector and control or TP53-specific siRNA. After 48 h of post-transfection stabilization, cells were harvested and 
the protein expression levels of uPAR were measured using Western blot analyses. (E) MCF-7 cells, and (F) MDA-MB-231 cells. (G-H) HCT116p53+/+ or HCT116p53− /−

cells were treated with 5 μM DMBA in the presence or absence of 5 μM of TMS for 48 h and the protein expression levels of uPAR were determined using Western blot 
analyses. The cells were treated with TMS prior to DMBA treatment for 1 h. (G) HCT116p53+/+ cells, and (H) HCT116p53− /− cells. 
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explain the correlation between high levels of CYP1B1 expression and 
the low relapse-free survival rate of patients with breast cancer. Relapse 
of metastatic breast cancer is the leading cause of morbidity and mor
tality and is often associated with drug resistance in cancer cells, 
impairing the accuracy of diagnosis and the efficacy of therapeutic 
treatment [54]. Besides our findings regarding the role of CYP1B1 in 
inducing basal invasive properties in breast cancer, CYP1B1 has been 
widely described as one of the major factors making cancer cells tolerant 
to chemotherapies owing to its enzymatic ability to degrade or inacti
vate drugs and the significant contribution of CYP1B1 polymorphic 
genes to anti-cancer drug resistance [55–57]. Since oncogenic mutant 
p53 genes have been shown to enhance chemoresistance in several ways 
[58,59], our findings regarding the correlation between CYP1B1 and 
oncogenic mutant p53R280K may be able to demonstrate the molecular 
mechanism of CYP1B1 for chemoresistance in invasive breast cancer. 

Surprisingly, we found that CYP1B1 regulated the level of phos
phorylation at Ser15 of p53 differently depending on the mutation status 
of p53; CYP1B1 inhibited phosphorylation at Ser15 of WT p53, whereas 
the level of phosphorylation at Ser15 of mutant p53R280K was signifi
cantly induced by CYP1B1 (Fig. 4J and K). PTMs of WT p53 are possible 
at >15 % of all amino acid residues and alter the functional activity of 
WT p53 upon different types of stimuli by modulating various in
teractions with >300 proteins rather than causing structural changes 
[60]. PTMs of mutant p53 are relatively less known than those of WT 
p53, but all PTMs identified in mutant p53s so far also occur in WT p53 
[58]. Although most PTMs of p53 do not discriminate between WT and 
mutant p53, the patterns of PTMs of mutant p53 may be different from 
those of WT p53 because the conformational changes caused by muta
tions can expose or cover the target residues for PTMs and trigger the 
sequential alterations of PTM patterns due to the interdependent nature 

Fig. 7. CYP1B1 induces breast cancer cell invasion through activation of uPAR-integrin pathway following regulation of p53 according to the mutant status of p53 in 
breast cancer cells. (A-B) Confocal microscopic analyses were conducted to detect the protein expression levels of uPAR following treatment with 5 μM DMBA in the 
presence or absence of 10 μM nutlin-3a for 24 h in (A) MCF-7 cells, and (B) MDA-MB-231 cells. Cells were treated with nutlin-3a prior to DMBA treatment for 1 h. (C- 
D) The protein expression levels of integrin α5β1 were determined by Western blotting following treatment with 5 μM DMBA in the presence or absence of 5, 10 μM 
nutlin-3a for 24 h in (C) MCF-7 cells, and (D) MDA-MB-231 cells. Cells were treated with nutlin-3a prior to DMBA treatment for 1 h. (E-F) Cell invasion was measured 
using the transwell invasion assay in MCF-7 cells and MDA-MB-231 cells after treatment with 5 μM DMBA in the presence or absence of 10 μM nutlin-3a for 24 h. 
Cells were treated with nutlin-3a prior to DMBA treatment for 1 h. Data were from 10 independently quantified experiments (*, indicated P ≤ 0.05 via Dunnett's t- 
test). (E) The number of invading cells were plotted and the confocal microscopic analysis for invaded cells stained with DAPI were conducted, and (F) the relative 
percentage of cell invasion was calculated using the number of invading cells. 
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of p53 PTMs [47,60,61]. Compared to DNA-bound WT p53, structural 
differences in mutant p53R280K were primarily identified in the DNA- 
binding domain region, including several target residues for p53 PTM, 
such as Lys120 and Ser183 [62]. These conformational changes in 
mutant p53R280K may modify the phosphorylation patterns at Ser15 by 
CYP1B1, which can be further investigated in a follow-up study. 

Phosphorylation of Ser15, one of the most common PTMs of p53, 
stabilizes p53 proteins through inhibition of proteasomal degradation of 
p53 by MDM2 and stimulates the transcription activity of p53 via 
inducing nuclear accumulation of p53 protein [63–65]. Ser15 phos
phorylation of p53 is known to be a key point of p53 activation because 
it induces a series of additional PTMs, such as phosphorylation at Thr18 
and Ser20, which triggers recruitment of factors for C-terminal acety
lation of p53 and prevents proteasomal degradation of p53 [65–67]. 
Phosphorylation at Ser15 of mutant p53 by DNA-PK, ERK1/2 MAP ki
nase, and ATM was identified to be critical for oncogenic GOF of mutant 
p53, and inhibition of Ser15 phosphorylation of mutant p53 partially 
restored the function of WT p53 [68–71]. Interestingly, several p53 
mutants, including p53R280K in breast cancer cell lines, were found to be 
constitutively phosphorylated at Ser15, and overexpression of MDM2 
failed to affect Ser15 phosphorylation levels of mutant p53s [72]. This 
previous report demonstrated that constitutive phosphorylation of 
mutant p53s at Ser15 could be associated with highly activated ERK1/2 
MAP kinase in tumor cells compared to normal cells [72]. Based on these 
findings and those in Fig. 6, we suggest that the promoting effects of 
CYP1B1 mediated by p53R280K on key factors in uPAR signaling could 
not be diminished by nutlin-3a, possibly because the mutant p53R280K in 
MDA-MB-231 cells is constitutively phosphorylated at Ser15 by CYP1B1, 
thus avoiding the negative regulation by MDM2. To prove this hy
pothesis and identify the key kinases for Ser15 phosphorylation by 
CYP1B1, further follow-up study is needed. 

In conclusion, our findings provide evidence that CYP1B1 signifi
cantly contributes to induction of basal invasive properties in breast 
cancer and may induce chemoresistance, which in turn reduces the 
survival rate of patients with breast cancer but without relapse of dis
ease. These findings suggest that targeting CYP1B1 may be useful to 
establish novel anti-cancer strategies to ameliorate the morbidity and 
mortality of patients with invasive breast cancer. Since the importance 
of oncogenic mutant p53 in cancers has been recognized, targeting 
oncogenic mutant p53 for cancer therapy using small molecules, RNAi, 
immunotherapy, and noncoding RNAs has emerged as an enticing and 
promising strategy [38,73]. Based on our findings, which demonstrated 
a correlation between CYP1B1 and oncogenic mutant p53 in breast 
cancer, combination therapy with anti-cancer agents targeting CYP1B1 
or oncogenic mutant p53 will provide a synergistic effect for cancer 
treatment that prevents relapse. Furthermore, precise medical strategy 
for patients with breast cancer can be established based on the personal 
genomic information about the status of CYP1B1 polymorphism and p53 
mutation. 
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