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Psoralen could inhibit the proliferation of human breast cancer cells, however, the molecular
. mechanism was unclear. We evaluated the anti-proliferative effects of psoralen by MTT, plate colony
. formation assay and cell cycle analysis in MCF-7 and MDA-MB-231 cells. The effects of psoralen on
. activation of Wnt/B-catenin and the related target genes were examined by quantitative real-time PCR,
. western blotting and cellimmunofluorescence. The tumor growth was conducted in BALB/c nude mice
. and the pathological changes of heart, liver and kidney were also observed. Our results demonstrate
: that psoralen significantly inhibited cell proliferation by inducing GO/G1 phase arrest in MCF-7 cells and
: G2/M phase arrest in MDA-MB-231 cells. The expression of Fra-1 was reduced and Axin2 was promoted
both in MCF-7 and MDA-MB-231 cells after psoralen treatment. The cytoplasmic accumulation and
nuclear translocation of 3-catenin were significantly reduced by psoralen. Psoralen increased the levels
. of phospho-(Y142) 3-catenin, while decreased the expression of total 3-catenin and its downstream
. target Fra-1in vitro and vivo. Moreover, psoralen didn't cause any significant toxicity at the effective
concentration. Overall, our results might provide theoretical basis for clinical application of psoralen in
breast cancer.

Breast cancer is the most common form of cancer in Chinese women'. The main characteristic of breast cancer is
uncontrollable proliferation?. Therefore, blocking the cell cycle is regarded as an effective strategy for eliminating
cancer cells. Since 1982 and the initial discovery of Intl (Wntla), an oncogene in murine breast cancers®, Wnt
signaling has been strongly associated with cancer cell proliferation through regulation of the cell cycle.

The canonical Wnt/B3-catenin pathway plays a pivotal role in regulating tumorigenesis by arresting the cell
cycle at different phases. When (3-catenin is stabilized, it accumulates in the nucleus and constitutively activates

- its cell cycle-related target genes, such as c-Myc, cyclin D1, p16, PPAR~ and Fra-1. Functionally, Fra-1 can pro-

: mote tumor cell proliferation, inhibit apoptosis*, and increase cell invasion® and vascular invasion®. Several recent
observations have shown that Fra-1 not only has an essential role in breast tumorigenesis’ but also drives the

. expression of a highly prognostic gene set®~!!. The QIAGEN transcription factor binding sites in the Fra-1 gene

© promoter include TBP, STAT1, p53, p300, ATE-2 and C/EBPaq, which are all important for cell proliferation and

- cell cycle progression. In our previous studies, Fra-1 was significantly downregulated after psoralen treatment
in human breast cancer MCF-7 and MCF-7/ADR cells. The anti-tumor effect of psoralen has been studied since
1959'2; however, the anti-tumor mechanism is still unclear.

Based on our previous study, we analyzed the effect and mechanism of psoralen on cell proliferation and cell
cycle progression mediated by the Wnt/(3-catenin signaling pathway in MCF-7 and MDA-MB-231 cells. We also
assessed the changes in other organs and provided useful information for balancing the safe and rational use of

: psoralen in vivo.

Results
. Psoralen inhibit the proliferation, colony formation and cell cycle of breast cancer cell. The
© MTT assay showed that psoralen significantly reduced the proliferation of MCF-7 and MDA-MB-231 cells in
. a dose-dependent manner but no such significant effect on MCF-10A cells within the concentration range of
0-65pg/mL (Fig. 1A). The IC10 of psoralen on MCF-7 cells was 8 ug/mL and 12 pg/mL on MDA-MB-231 cells.
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Figure 1. Effects of psoralen on the cytotoxicity and proliferation of breast cancer cell lines. (A) MTT assay was
performed after MCF-7 and MDA-MB-231 cells were treated with psoralen for 48 h. (B) Cells were treated with
psoralen for 24 h and then the colony-formation ability was investigated after culturing at 37 °C and 5% CO,

for 14 days. The pictures of colonies in a 6-wall dish were taken with phase contrast microscopy (E). The colony
formation number was shown in (B). Flow cytometry results showed that psoralen induced G0/G1 phase cell
cycle arrest in MCF-7 cells (C) and G2/M phase cell cycle arrest in MDA-MB-231 cells (D) (*p < 0.05).

Therefore, the concentration of IC10 was considered to be a non-cytotoxic dose chosen as the working concentra-
tion in the subsequent experiments. The colony numbers in MCEF-7 cells and MCF-7 + p cells were 155.41 4 23.45
vs 42.74 £ 6.33, while MDA-MB-231 and MDA-MB-231 + p were 221.14 £ 34.25 vs 64.30 & 8.63. Our data
demonstrated that psoralen inhibited colony formation in both MCF-7 and MDA-MB-231 cells compared with
the control group at 14 days (Fig. 1B,E, p < 0.05). Further, we performed cell cycle distribution analysis by flow
cytometry at 48 h. As shown in Fig. 1C,D, psoralen induced cell cycle arrest in GO/G1 phase in MCF-7 cells
and the percentage of GO/G1 phase was increased by (17.32 £4.28)% (*p < 0.05); However, psoralen induced
cell cycle arrest in G2/M phase in MDA-MB-231 cells and the percentage of G2/M phase was increased by
(5.71£1.68)% (*p < 0.05).

Effects of psoralen on target Wnt/3-catenin signaling genes.  There were 2 genes were up-regulated
with FI>1.50 and 19 genes were down-regulated with FI <0.50 by the RNA-Seq analysis (Fig. 2A). The GO
enrichment analysis and KEGG pathway analysis indicated that Wnt/B3-catenin pathway was highly enriched.
Then the effects of psoralen on the expression of Wnt/(3-catenin target genes (Fra-1, cyclin D1, c-Myc and Axin2)
were further investigated. As shown in Fig. 2B,C, psoralen markedly reduced the mRNA expressions of Fra-1
and promoted the expression of Axin2 in both MCF-7 and MDA-MB-231 cells after treatment for 24 h. In
psoralen-treated MCEF-7 cells, cyclin D1 (CCND1), c-Myc and Fra-1 were all downregulated. In psoralen-treated
MDA-MB-231 cells, c-Myc was upregulated, and there was no significant difference in expression for CCND1.
These results further support the conclusion that psoralen could inhibit the transcriptional activity of 3-catenin
and subsequently lead to the suppression of Wnt target genes in breast cancer cells.

Psoralen repressed Wnt/3-catenin pathway by reducing the expression of total 3-catenin and
increasing the phospho-(Y142) 3-catenin. We next investigated the psoralen regulatory effect on
Wnt/3-catenin signaling by western blot and immunofluorescence. Western blot analysis revealed that the expres-
sion of the 3-catenin and its downstream target Fra-1 were decreased, and the phospho-(Y142) 3-catenin was
up-regulated in MCF-7 and MDA-MB-231 cells after psoralen treatment (Fig. 3A-C). Immunofluorescence stain-
ing revealed a significantly reduced intracellular accumulation of 3-catenin in psoralen treated cells (Fig. 3D).

Psoralen reduced tumor growth in a xenograft model of MCF-7 cells.  The antitumor efficiency of
psoralen was further validated in MCF-7 tumor-bearing mice. The tumor volume of the (A + P)-treated group
was only 22% that of the control group at the end of the experiment, and the tumor volumes of mice treated
with A and P were 58% and 44% those of the controls, respectively (Fig. 4A,B). The tumor weights in the control
group were 1.07 £0.12 g. The tumors of the A, P and (A 4 P) groups were significantly smaller, and the weights
of the tumors were 0.72+0.08 g, 0.83+£0.09g and 0.31 £ 0.04 g, respectively (vs. the control group, *p < 0.05);
the anti-tumor effect of the A group was better than that of the P group (#p < 0.05) (Fig. 4C). To investigate the
effects of psoralen on molecular targets in vivo, we further analyzed the expression levels of 3-catenin and Fra-1
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Figure 2. Effects of psoralen on the Wnt/(3-catenin signaling target genes. (A) Heatmap of differentially
expressed genes (DEGs) in psoralen-treated samples and control samples. (B,C) Quantitative RT-PCR of
Wnt/3-catenin target genes Fra-1, cyclin D1, c-Myc and Axin2 showed the expression levels in psoralen-treated
MDA-MB-231 cells and psoralen-treated MCF-7 cells as well as their control cells (*p < 0.05).

in the tumor samples. Immunohistochemical analysis indicated that the expression of 3-catenin and Fra-1 was
downregulated and their localizations were changed after psoralen treatment (Fig. 4D). The patterns of 3-catenin
and Fra-1 expression were mixed nuclear and cytoplasmic, but the reactivity in the cytoplasm was weaker than
that of nuclear staining. As shown in Fig. 4E, 3-catenin showed a loss of membranous and nuclear staining with
different degrees in the A and P groups, while there was preserved membranous staining, almost without nuclear
accumulation, in the (A + P) treated group. The nuclear localization of Fra-1 is important for its function as a
transcription factor. Strong nuclear and weak cytoplastic immunostaining were observed in the control group.
No obvious changes were observed in the A and P groups compared with the control group. However, weak
cytoplasmic immunostaining and nuclear localization of Fra-1 were rarely observed in the (A + P) treated group.
Psoralen at a concentration of 17.5mg/kg did not induce significant heart, hepatic or kidney injury (Fig. 4E).
Taken together, these results suggest that psoralen could inhibit MCEF-7 cell proliferation in vivo by inhibiting the
(-catenin/Fra-1 signaling pathway; thus, psoralen is a potential therapeutic candidate for breast cancer.

Discussion

Over the past few decades, psoralen has been viewed as an attractive drug for the induction of anti-proliferation,
apoptosis, cell cycle arrest and differentiation in human cancer cells, and it has acted as an effective anti-tumor
agent in animal trials. Recent studies reported the anti-tumor effects of psoralen on bladder cancer, mucoepider-
moid carcinoma and breast cancer. However, the mechanism of its anticancer effects and the determination of
an efficacious and safe dose of psoralen have heretofore not been deeply considered, limiting the clinical use of
psoralen.

Our results showed that psoralen could induce cell cycle arrest in MCF-7 cells and MDA-MB-231 cells, which
may be related to its inhibitory effect on Wnt/3-catenin transcriptional activity. The expression of Wnt/3-catenin
target genes, such as CCND 1 and c-Myc, was differently regulated in MCF-7 cells and MDA-MB-231 cells after
psoralen treatment. Fra-1 was downregulated in both of the psoralen-treated MCF-7 and MDA-MB-231 cells,
which was also consistent with our RNA-Seq results. Among the AP-1 components, Fra-1 has hitherto been
generally overlooked. Fra-1 may also play an active role in mitotic progression and play a vital role in tumor
initiation and progression, making it a therapeutic target'*-'°. However, there is still no ideal targeted drug for
Fra-1 due to the absence of readily targeted catalytic sites. Our RNA-Seq analysis revealed that Fra-1 (FOSL1) was
significantly reduced after psoralen treatment in the MCF-7 and MDA-MB-231 cells. Fra-1 was a direct target
gene of Wnt/3-catenin signaling; therefore, we turned our attention to the effect of psoralen on the activity of
Wnt/3-catenin signaling. It is known that 3-catenin is the key transcriptional activator of canonical Wnt signaling
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Figure 3. Effects of psoralen on the Wnt/3-catenin signaling. (A) Western blot analysis exhibited the expression
of 3-catenin and its downstream target gene Fra-1 in MCF-7 and MDA-MB-231 cells treated with psoralen

for 72h. (B,C) Bar graphs represent the mean normalized densitometry values of 3-catenin and Fra-1 in

MCEF-7 and MDA-MB-231 cells, *p < 0.05 compared with the control group. Data are means =+ SD of three
independent experiments. (D) The distributions of 3-catenin in the cytoplasm and nucleus were detected by
immunofluorescence. The results showed strong cytoplasmic and nuclear localization of 3-catenin in MCF-7

cells and MDA-MB-231 cells as well as typical membranous 3-catenin expression in the cell-cell contacts after
psoralen treatment.

in the nucleus. When the Wnt signal is cascaded, 3-catenin will translocate from the cytoplasm to the nucleus,
after which it will bind to TCF/Lef and activate target genes. In this study, we demonstrated that psoralen could
significantly limit the activation of 3-catenin and downregulate the expression its target gene, Fra-1.

Psoralen has been widely used as a traditional Chinese medicine due to its pharmacological activities, includ-
ing its anti-tumor'’, anti-inflammatory'®, antipyretic and antibacterial activities. The transductional pathways
activated by psoralen in target cells are still not well known today. The growing interest in the anti-tumor molecu-
lar mechanisms of psoralen has led to the identification of the main signals. However, previous studies have con-
firmed that psoralen could induce liver toxicity, limiting its clinical application®. In this study, we also provided
useful information for balancing a safe and rational dose of psoralen in breast cancer treatment. The morphologic
changes seen in the pathological sections of tissues were observed by 2 different pathologists, and we found that
psoralen did not cause significant toxicity to the heart, liver or kidneys at the effective concentration.

Our study investigated the anti-tumor effects and mechanism of psoralen in breast cancer cells and provided
new insights into the role of psoralen in clinical application. The combined application of the natural product
psoralen with the traditional chemotherapeutic agent adriamycin could lower the required dose of chemotherapy
and improve the anti-tumor effect.

Materials and Methods
Celllines. MCF-7 and MDA-MB-231 cell lines were purchased from Nanjing KGI (Co. Ltd, Nanjing, China).

Animals. We used 4-6 week-old female nude mice, weighting 14-18 g, purchased from the SPF Laboratory
Animal Center of Beijing Vital River Laboratory (No. 11400700167348).

Cell culture. The MDA-MB-231 cells were cultured in L-15 medium supplemented with 10% FBS in air 100%.
MCF-7 cells were maintained in RPMI-1640 containing 10% FBS at 37 °C and 5% CO,. All cell lines were rou-
tinely tested using a mycoplasma-contamination kit (R&D).

MTT assay to detect cell proliferation. The effects of psoralen on cell proliferation were measured by
MTT assay according to our previous test method. MDA-MB-231cells and MCEF-7 cells were cultured in 96-well
plates with 2 x 10* cells per well overnight. After treatment with varying concentrations of psoralen for 48 h, 20 pL
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Figure 4. The anti-tumor effect of psoralen in vivo. (A) Tumor volume variation, p < 0.05. (B) Tumor weights
of the mice groups with different treatments, *p < 0.05 vs. control group, *p < 0.05 vs. A group. Each point
represents the mean & SD. (C) Representative images of tumors isolated from the xenograft model after 28 days.
(D) Immunohistochemical analysis for the expression of 3-catenin and Fra-1 (magnification, 400x) for mice of
all groups. (E) Histopathological study of different treated groups; the heart, liver and kidneys were stained by
the HE method. The scale bar is 100 pm.

of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT, 5 mg/ml, Sigma) was added to each
well and then incubated at 37°C for 4h. Absorbance values were then measured at 490 nm using a microplate
reader (Bio-Red).
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Plate colony formation assay. The cells were cultured in 6-well plates with 150-250 cells/well overnight.
MDA-MB-231 cells and MCEF-7 cells were respectively incubated with psoralen at their IC10 concentration
(8 ug/mL and 12 pg/mL) for 14 days. The cells were washed twice with PBS and stained with 0.1% crystal violet
(Beyotime Institute of Biotechnology) for 5 min. The number of colonies >50 cells/colony were defined as posi-
tive colonies. Triplicate wells were set up for each condition.

Cell cycle analysis.  For cell cycle analysis, cells were plated at a density of 5 x 10* cells/well in 6-well plates,
and allowed to grow for 24 h until 70% confluence. Cells were starved in serum-free medium for 24 h to achieve
synchronization and respectively incubated with psoralen at IC10 concentration for 48 h. Then cells were har-
vested and fixed with 70% ethanol. Cellular DNA content from each sample was determined by cell cycle kit
(KeyGen Biotech Co, Ltd). Data was collected by BD FACS Calibur (BD Bioscience USA) and analyzed using the
ModFit LT 3.2 software.

RNA-Seq and bioinformatic analysis. Total RNA were respectively extracted from MCF-7 cells and
MDA-MB-231 cells using TRIzol reagent after psoralen treatment for 24 h. RNA library construction was per-
formed using the NEBNext® Poly (A) mRNA Magnetic Isolation Module from Illumina (San Diego, CA, USA).
The cDNA fragments were sequenced by the Illumina HiSeq3000. The differential gene-expression values for
each sample were calculated by DEseq based on the RPKM (reads per kilo bases per million reads method). A
corrected P-value of 0.005 and a log2 (fold-change) of 1.5 were set as the thresholds for significantly differential
expression. The gene ontology (GO) enrichment analysis was implemented by the GO seq R package and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways with a corrected p <0.05 were considered to be
significantly enriched by DEGs.

Reverse transcription and real-time quantitative PCR. The expression of Axin2, a negative regu-
lator of the Wnt/(3-catenin/TCF signaling pathway and its downstream target genes c-Myc, CCND1 and Fra-1
were assessed by RT-PCR after psoralen treatment. The primer sequences were designed and supplied from
Sangon Biotech Co., Ltd. (Shanghai, China) as follows: Axin2 (forward:5’-AGTCAGCAGAGGGACAGGAA-3/,
reverse: 5-GTGGACACCTGCCAGTTTCT-3'), c-Myc (forward:5'-GGACTATCCTGCTGCCAAGA-3/,
reverse: 5'-CGCCTCTTGACATTCTCCTC-3’), CCND1 (forward:5-CCTGTCCTACTACCGCCTCA-3/, rev
erse:5’-TCCTCCTCTTCCTCCTCCTC-3'), Fra-1 (forward:5’-TGACCACACCCTCCCTAACT-3/, reverse:
5'-CTGCTGCTACTCTTGCGATG-3') and (3-actin (forward:5'-CCTGGCACCCAGCACAAT-3/, reverse:
5-GGGCCGGACTCGTCATAC-3’). The RT-PCR reaction was performed with the SYBR green detection sys-
tem (Thermo Scientific, Waltham, MA, USA) and the data were analyzed by 2724,

Western blot analysis and Immunofluorescence. To further explore the effects of psoralen on the tran-
scriptional activation of Wnt/(3-catenin signaling pathway, western blot analysis was conducted according to the
previous protocol®. Using 3-actin as an internal reference, the membrane was subsequently incubated at 4°C
overnight with primary antibodies against (3-catenin, phospho-{3-catenin and Fra-1 diluted at 1:3000, 3-actin
diluted at 1:5000 (Proteintech Group, CHI, USA), and enhanced chemiluminescence (ECL) plus kit (Millipore,
America) was applied for visualization. The (3-catenin expression and intracellular localization were analyzed
using immunofluorescence. MDA-MB-231 cells and MCF-7 cells were fixed and stained with 3-catenin antibod-
ies (1:200 dilution). Images were captured by fluorescent microscopy.

Tumor growth inhibitory effects of psoralen in vivo. Female BALB/c nude mice were kept under a
12h light/dark cycle at the Animal Care Facility. The animals were given daily fresh diet with free access to water
and acclimatized for at least 5 days prior to the experiments. All methods were approved by the Institutional
Animal Care and Use Committee of Binzhou Medical University Hospital (No. SYXK-20130019). All experi-
ments were conducted in accordance with the guidelines of the Ministry of Health of PR China and the Animal
Care Committee of Binzhou Medical University. Subcutaneous tumor models were generated by injection of
1 x 10® MCF-7 cells and 2 x 10° MDA-MB-231 cells in medium with 50% Matrigel into the right axilla of nude
mice?!. When the tumors reached 100 mm?, the mice were randomly divided into 4 groups (6 mice per group):
normal saline group (Control); once weekly with intraperitoneal adriamycin (4 mg/kg) group®' (A); twice weekly
with oral psoralen (17.5 mg/kg) group? (P); adriamycin combined psoralen group (A + P). At the end of exper-
iment (28 days), mice were sacrificed and tumors were excised, weighted and photographed. The tumor volume
was calculated using the formula (TV) =L x W?/2, where length (L) was the longest diameter and width (W) was
the shortest diameter perpendicular to length.

In addition, tumor samples were removed from every group mice. The expression of 3-catenin and Fra-1
was assessed by SP immunohistochemical method using rabbit-anti-human monoclonal antibody and an
Histostain™- SP Kit (SPN 9001 ZSGB-BIO). The heart, liver and kidney were also collected, fixed in 10% forma-
lin and embedded in paraffin. The paraffin-embedded tissues were sectioned at 5 pm thickness and stained with
hematoxylin and eosin (H&E) for histopathological analysis.

Statistical analyses. All data were expressed as means + SD. They were analyzed by one-way analysis of
variance (ANOVA). Differences among the treatment groups were assessed by LSD-t test, using Graph Pad Prism
version 7.0 (Graph Pad Software Inc, CA, and USA). Values of p < 0.05 were considered to be significant.

References
1. Chen, W. Q. et al. Report of Cancer Incidence and Mortality in China, 2014. Zhonghua Zhong Liu Za Zhi. 40, 5-13 (2018).
2. Hanahan, D. & Weinberg, R. A. Hallmarks of Cancer: The Next Generation. Cell. 144, 646674, https://doi.org/10.1016/].
cell.2011.02.013 (2011).

SCIENTIFICREPORTS| (2018) 8:14001 | DOI:10.1038/s41598-018-32438-7 6


http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1016/j.cell.2011.02.013

www.nature.com/scientificreports/

3. Nusse, R. & Varmus, H. E. Many Tumors Induced by the Mouse Mammary Tumor Virus Contain a Provirus Integrated in the Same
Region of the Host Genome. Cell. 31, 99-109 (1982).

4. Liu, X. et al. Involvement of Fra-1 in Retinal Ganglion Cell Apoptosis in Rat Light-Induced Retina Damage Model. Cell Mol
Neurobiol. 37, 83-92, https://doi.org/10.1007/s10571-016-0346-3 (2017).

5. Verde, P,, Casalino, L., Talotta, F.,, Yaniv, M. & Weitzman, J. B. Deciphering AP-1 Function in Tumorigenesis: Fra-Ternizing On
Target Promoters. Cell Cycle. 6,2633-2639, https://doi.org/10.4161/cc.6.21.4850 (2007).

6. Gao, X. Q,, Ge, Y. S, Shu, Q. H. & Ma, H. X. Expression of Fra-1 in Human Hepatocellular Carcinoma and its Prognostic
Significance. Tumour Biol. 39, 1393380029, https://doi.org/10.1177/1010428317709635 (2017).

7. Rattanasinchai, C., Llewellyn, B. J., Conrad, S. E. & Gallo, K. A. MLK3 Regulates FRA-1 and MMPs to Drive Invasion and
Transendothelial Migration in Triple-Negative Breast Cancer Cells. Oncogenesis. 6, €345, https://doi.org/10.1038/oncsis.2017.44
(2017).

8. Bamberger, A. M. et al. Expression Pattern of the AP-1 Family in Breast Cancer: Association of fosB Expression with a Well-
Differentiated, Receptor-Positive Tumor Phenotype. Int ] Cancer. 84, 533-538 (1999).

9. Chiappetta, G. et al. FRA-1 Protein Overexpression is a Feature of Hyperplastic and Neoplastic Breast Disorders. Bimc Cancer. 7,17,
https://doi.org/10.1186/1471-2407-7-17 (2007).

10. Song, Y. et al. An Association of a Simultaneous Nuclear and Cytoplasmic Localization of Fra-1 with Breast Malignancy. Bmc Cancer.
6, 298, https://doi.org/10.1186/1471-2407-6-298 (2006).

11. Gallenne, T. et al. Systematic Functional Perturbations Uncover a Prognostic Genetic Network Driving Human Breast Cancer.
Oncotarget. 8,20572-20587, https://doi.org/10.18632/oncotarget.16244 (2017).

12. Hopkins, C. E. Psoralen Prophylaxis Against Skin Cancer: Progress of Field Trials. ] Invest Dermatol. 32, 383-386 (1959).

13. Casalino, L. et al. Fra-1 Promotes Growth and Survival in RAS-transformed Thyroid Cells by Controlling Cyclin a Transcription.
Embo J. 26, 1878-1890, https://doi.org/10.1038/sj.emboj.7601617 (2007).

14. Cheng, E et al. SIRT1 Promotes Epithelial-Mesenchymal Transition and Metastasis in Colorectal Cancer by Regulating Fra-1
Expression. Cancer Lett. 375, 274-283, https://doi.org/10.1016/j.canlet.2016.03.010 (2016).

15. Desmet, C. ]. et al. Identification of a Pharmacologically Tractable Fra-1/ADORA2B Axis Promoting Breast Cancer Metastasis. Proc
Natl Acad Sci USA 110, 5139-5144, https://doi.org/10.1073/pnas.1222085110 (2013).

16. Zhao, C. et al. Genome-Wide Profiling of AP-1-regulated Transcription Provides Insights Into the Invasiveness of Triple-Negative
Breast Cancer. Cancer Res. 74, 3983-3994, https://doi.org/10.1158/0008-5472.CAN-13-3396 (2014).

17. Panno, M. L. & Giordano, F. Effects of Psoralens as Anti-Tumoral Agents in Breast Cancer Cells. World J Clin Oncol. 5, 348-358,
https://doi.org/10.5306/wjco.v5.i3.348 (2014).

18. Chen, C. H. et al. Isoflavones and Anti-Inflammatory Constituents From the Fruits of Psoralea Corylifolia. Phytochemistry. 143,
186-193, https://doi.org/10.1016/j.phytochem.2017.08.004 (2017).

19. Yang, A. et al. Studies On the Metabolites Difference of Psoralen/Isopsoralen in Human and Six Mammalian Liver Microsomes in
Vitro by UHPLC-MS/MS. ] Pharm Biomed Anal. 141, 200-209, https://doi.org/10.1016/j.jpba.2017.04.026 (2017).

20. Wang, X. et al. Exosomes Play an Important Role in the Process of Psoralen Reverse Multidrug Resistance of Breast Cancer. ] Exp
Clin Cancer Res. 35, 186, https://doi.org/10.1186/s13046-016-0468-y (2016).

21. Ji, X. W. Pharmacokinetic-Pharmacodynamic Modeling of the Antitumor Effect of TM208 and EGFR-TKI Resistance in Human
Breast Cancer Xenograft Mice. Acta Pharmacol Sin, https://doi.org/10.1038/aps.2016.40 (2016).

22. Wu, C. et al. Psoralen Inhibits Bone Metastasis of Breast Cancer in Mice. Fitoterapia. 91, 205-210, https://doi.org/10.1016/j.
fitote.2013.09.005 (2013).

Acknowledgements

We would like to thank Shuhua Wu, Hong Ji for pathological assistance and thank Na Ni for valuable confocal
microscopy assistance. This work was supported by National Natural Science Foundation of China (No.
81173601), Natural Science Foundation of Shandong Province (No. ZR2017LH072 and No. ZR2017MHO033),
Projects of Binzhou technology development program (No. 20152C0301), Scientific Research Staring Foundation
of Binzhou Medical University (No. BY2014KYQD36) and the Science and Technology Program of Universities
in Shandong Province (No. J15LL51).

Author Contributions

Conceived and designed the experiments: Xiaohong Wang and Zhenlin Yang. Performed the experiments:
Xiaohong Wang, Chengfeng Xu, Yitong Hua, Kai Cheng, Yingzhe Zhang, Jian Liu. Analyzed the data: Xiaohong
Wang, Yong Han. Contributed reagents/materials/tools: Song Liu, Guogiang Zhang, Shujian Xu. Wrote the paper:
Xiaohong Wang. All authors had read and approved the final manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14001 | DOI:10.1038/s41598-018-32438-7 7


http://dx.doi.org/10.1007/s10571-016-0346-3
http://dx.doi.org/10.4161/cc.6.21.4850
http://dx.doi.org/10.1177/1010428317709635
http://dx.doi.org/10.1038/oncsis.2017.44
http://dx.doi.org/10.1186/1471-2407-7-17
http://dx.doi.org/10.1186/1471-2407-6-298
http://dx.doi.org/10.18632/oncotarget.16244
http://dx.doi.org/10.1038/sj.emboj.7601617
http://dx.doi.org/10.1016/j.canlet.2016.03.010
http://dx.doi.org/10.1073/pnas.1222085110
http://dx.doi.org/10.1158/0008-5472.CAN-13-3396
http://dx.doi.org/10.5306/wjco.v5.i3.348
http://dx.doi.org/10.1016/j.phytochem.2017.08.004
http://dx.doi.org/10.1016/j.jpba.2017.04.026
http://dx.doi.org/10.1186/s13046-016-0468-y
http://dx.doi.org/10.1038/aps.2016.40
http://dx.doi.org/10.1016/j.fitote.2013.09.005
http://dx.doi.org/10.1016/j.fitote.2013.09.005
http://creativecommons.org/licenses/by/4.0/

	Psoralen induced cell cycle arrest by modulating Wnt/β-catenin pathway in breast cancer cells

	Results

	Psoralen inhibit the proliferation, colony formation and cell cycle of breast cancer cell. 
	Effects of psoralen on target Wnt/β-catenin signaling genes. 
	Psoralen repressed Wnt/β-catenin pathway by reducing the expression of total β-catenin and increasing the phospho-(Y142) β- ...
	Psoralen reduced tumor growth in a xenograft model of MCF-7 cells. 

	Discussion

	Materials and Methods

	Cell lines. 
	Animals. 
	Cell culture. 
	MTT assay to detect cell proliferation. 
	Plate colony formation assay. 
	Cell cycle analysis. 
	RNA-Seq and bioinformatic analysis. 
	Reverse transcription and real-time quantitative PCR. 
	Western blot analysis and Immunofluorescence. 
	Tumor growth inhibitory effects of psoralen in vivo. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Effects of psoralen on the cytotoxicity and proliferation of breast cancer cell lines.
	Figure 2 Effects of psoralen on the Wnt/β-catenin signaling target genes.
	Figure 3 Effects of psoralen on the Wnt/β-catenin signaling.
	Figure 4 The anti-tumor effect of psoralen in vivo.




