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Understanding the molecular mechanism of drug resistance helps to identify an effective target for breast cancer therapy. In this study we investigated the regulatory role of Obg-like ATPase 1 which is involved in multiple uses of drug resistance against breast cancer. Paclitaxel resistant cell line (MCF-7-PTR) was developed by a continuous increasing paclitaxel concentration. MTT assay was used to validate either acquired resistant or OLA1 modified cell lines. qRT-PCR, western blotting, apoptosis, and cell cycle assays were executed to evaluate gene and protein expression in cell lines. A series of in vitro assays was performed in the cells with RNAi-mediated knockdown to expound the regulatory function of OLA1 in breast cancer. We demonstrated that OLA1 was highly correlated with either acquired or intrinsic resistance of breast cancer. Further study showed that escalated expression of OLA1 promoted the EMT process in tumor cells through TGF-β/Smad signaling cascades, resulting in the enhanced expression of anti-apoptosis-related proteins (cleaved caspase3, Bax, Bcl-2) and the strengthening depolymerization of microtubules in tumor cells. Our findings revealed that OLA1 enhanced the anti-apoptotic ability and elucidated a regulatory role of OLA1 in promoting chemotherapy resistance of breast cancer. Chemo-sensitivity of the disease can be thus enhanced significantly by knocked down OLA1, which led to the inactivation of the TGF-β/Smad signaling cascades, polymerized microtubules, and promoted cell apoptosis. Our data suggest that OLA1 may be developed as a potential target to improve chemotherapy of patients with breast cancer.
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Introduction

Breast cancer is one of the leading fatal cancers among women worldwide. According to statistics, there were an estimated 2.1 million breast cancer patients globally in 2018, and one out of every four female cancer patients is a breast cancer patient (Bray et al., 2018). Although breast cancer is a relatively easily diagnosed cancer in most countries, this does not prevent it from being a most lethal disease. The resistance of tumor cells to chemotherapy is still a critical issue breast cancer therapy.

Epithelial-to-mesenchymal transition (EMT), which is associated with the acquisition of stem cell properties, metastasis, and resistance to therapy (Mani et al., 2008; Pastushenko et al., 2018), is a process in which the characteristics of epithelial cells change to the mesenchymal phenotype. Reasonably, breast cancer that remains after chemotherapy shows mesenchymal phenotypes and tumor initiation characteristics (Creighton et al., 2009). In fact, the evidence that EMT promotes tumor metastasis is insufficient, but EMT can indeed promote tumor chemoresistance in various cancers (Fischer et al., 2015; Zheng et al., 2015; Diepenbruck and Christofori, 2016; Ye et al., 2017). Emerging evidence has proven that EMT makes tumor cells more chemoresistance when cells are transfected with specific hallmark genes of EMT, including Wnt and the transforming growth factor-β (TGF-β) (Cufi et al., 2010; Li et al., 2013; Mallini et al., 2014). Actually, the TGF-β pathway has a crucial role in EMT induction in a variety of tissue types (Xu et al., 2009; Lamouille et al., 2014). Adding TGF-β to culture mediums of epithelial cells is a convenient method to induce EMT (Xu et al., 2009). Exposure of tumor cells to TGF-β and TNF-α induces the EMT process and generates cells with a cancer stem cell-like phenotype, which is shown by the increased self-renewal capacity resulting in greatly improved tumorigenicity, and enhanced resistance to oxaliplatin, etoposide, and paclitaxel (Asiedu et al., 2011).TGF-β signaling possesses both Smad and non-Smad pathways, and crosstalk with numerous signal transduction pathways to advance EMT processes at multiple levels, including PI3K-AKT-mTOR, Wnt, Notch, and ERK, p38, and JUN N-terminal kinase (JNK) MAPK pathways (Xu et al., 2009; Lamouille et al., 2014). A study showed that breast cancer MDA-231 cells treated with cisplatin increased TGF-β mRNA expression. When TGF-β neutralizing antibodies were used to block the activity of TGF-β in tumor cells, breast cancer cells resumed sensitivity to the drug (Ohmori et al., 1998). Moreover, MCF-7/tamoxifen-resistant cells experienced the EMT process driven by an intensive endogenous TGF-β/Smad signaling pathway. Ectopic supplements of TGF-β promoted a mesenchymal transition of MCF-7 cells showing a resistant phenotype (Shi et al., 2013).

Paclitaxel (PTX) is a microtubule-stabilizing agent which is approved by the Food and Drug Administration(FDA) for the therapy of ovarian, breast (Gampenrieder et al., 2013; Zardavas and Piccart, 2015), and lung cancer, as well as leukaemias and lymphomas (Wertz et al., 2011). Paclitaxel in general induces mitotic arrest to mediate arrested cell death. Microtubules play pivotal roles in basic cellular processes and are targets used for anti-tubulin chemotherapeutics (Wertz et al., 2011). Microtubules are composed of tubulin monomers joined together by non-covalent bonds. There are two subunits of tubulin: α-tubulin and β-tubulin. Either assembly or disassembly of tubulin is highly relied on in cellular GTP and GDP (Muller-Reichert et al., 1998; Wang and Nogales, 2005; Alushin et al., 2014). γ-tubulin, not a component of microtubules, is involved in the assembly of microtubules (Oegema et al., 1999). It is important in the nucleation and polar orientation of microtubules (Joshi et al., 1992). It is mainly found in centrosomes and spindle poles because they are the most abundant microtubule nucleation areas (Wolf and Joshi, 1996).

Obg-like ATPase 1(OLA1) is a p-loop GTPase belonging to the TRAFAC (translation factor related) class, the Obg family and the YchF subgroup. The main functions of TRAFAC GTPase include: translation factors and ribosomal connexin, signal transduction, intracellular transport, and stress response proteins (Leipe et al., 2002; Verstraeten et al., 2011). OLA1 is highly conserved from bacteria to humans, and unlike other Obg family members, exercises both GTPase and ATPase activities (Koller-Eichhorn et al., 2007; Gradia et al., 2009). OLA1 was a DNA damage related and cell growth regulated gene, and decreased cellular sensitivity to doxorubicin in colon cancer cell (Sun et al., 2010). Currently, literature reports that OLA1 was involved in EMT transformation in different tumor cells (Zhang et al., 2009b; Bai et al., 2016). EMT is not a prerequisite for metastasis but contributes to chemoresistance (Fischer et al., 2015). However, whether OLA1 also mediates the EMT process in drug-resistant cells is not known yet. Thus far, there is no report showing whether OLA1 is associated with breast cancer drug resistance. Recent studies showed that OLA1 can also interact with γ-tubulin and form a complex with breast cancer 1 (BRCA1) and BRCA1-associated RING domain protein (BARD1), leading to the recruitment of receptors for activated C kinase 1 (RACK1) to regulate the centrosome (Matsuzawa et al., 2014; Yoshino et al., 2018; Yoshino et al., 2019). We hypothesize that OLA1 may regulate paclitaxel resistance of breast cancer by interfering tubulin expression. In this study, we show that OLA1 is positively correlated with the development of drug resistance by inducing the EMT process through activation of TGF-β/Smad signaling pathway in breast cancer. Our results indicate OLA1 can be developed as a novel valuable target for an improvement of breast cancer chemotherapy.



Materials and Methods


Materials

PTX (#S1150) and Fluorouracil (5-FU, #S1209) were purchased from Selleck Chemicals LLC (Shanghai, China). Antibodies against OLA1 (also as GTPBP9, #PA5-31227) and Snail (#PA5-11923) were purchased from Invitrogen (San Diego, CA, USA). Antibodies against GAPDH (#5174), Slug (#9585P), Vimentin(#3932S), Smad3 (#9523P), p-Smad3 (#9520P), Smad4 (#9515P), Cleaved caspase3 (#9661), Bax (#2772), and Bcl2 (#2876S) were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against gamma tubulin (#ab11316), Zeb1 (#ab180905) and E-cadherin (#ab76055) were purchased from Abcam (Cambridge, MA, USA). GAPDH was purchased from ProteinTech Inc (Wuhan, China). The second antibodies were purchased from Abbkine Inc (Wuhan, China). SuperEnhanced chemiluminescence (ECL) detection reagents and RIPA lysis buffer were purchased from Applygen Technologies Inc. (Beijing, China). Apoptosis Kit was purchased from KeyGEN BioTECH Inc (Nanjing, China). (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Solarbio Inc (Beijing, China). All other reagents were from Beyotime (Haimen, China) and Sangon Biotech (Shanghai, China).



Cell Culture

Human MCF-7 breast carcinoma cells were kindly provided by Stem Cell Bank, Chinese Academy of Sciences(Shanghai, China), and routinely grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Cat#12430054) containing 10% fetal bovine serum (PAN, Germany) and a mixture of 100 IU/ml penicillin and 100 μg/ml streptomycin (Solarbio, Beijing, China) in an incubator at 37 °C, 5% CO2. The paclitaxel-resistant sublines (MCF-7-PTR) were derived from MCF-7 by continuous exposure to PTX. MCF-7-PTR cells were cultured continuously in a medium containing 10% FBS supplemented with 100 nM PTX. MDA-MB-231 were kindly provided by Dr. Zhengzheng Shi, and the culture conditions were similar with MCF-7 as described above.



Cell Viability Assay

MTT assay was used to determine the viability of the treated cells. Digest, collect, and count cells and 6000 cells were seeded onto 96-well plates and incubated overnight at 37°C. Paclitaxel at different concentrations (0, 1.56, 3.13, 6.25, 12.50, 25.0, 50.0, and 100.0 μM) were added to each well with different incubation times. Thereafter, 20 μL MTT solution (5 mg/mL) was added to each individual well. After incubating for 4 h at 37°C, the media was aspirated and 150 μL DMSO was added to dissolve the formazan crystals. The absorbance was measured at 490nm by the microplate reader. Six replicate wells were included in each analysis and at least three independent experiments were conducted. The cell inhibition rate and IC50 were calculated respectively by SPSS. The same method was used for the measurement of 5-Fu.



Cell Proliferation

Cell proliferation ability was assessed using an MTT assay. The silence group was transfected with either siOLA1 or silence negative control (siNC) for 12h before use. Cells were seeded at a density of 2 × 103 cells/well in 96-well plates. In the experimental group transfected with interfering RNA, the culture medium containing the transfection reagent and the interfering RNA was replaced once on the fourth day of the experiment. Cells, on day 1, 2, 3, 4, 5, 6, and 7 were incubated with 20 μL MTT solution at 37°C for 4 h. With the incubation medium removed, 150 μL DMSO was added to each well. The absorbance was measured at 490 nm.



Construction of Paclitaxel Resistant Cell Lines

Low-concentration induction method was used to construct drug-resistant cell lines. Briefly, the IC50 of paclitaxel on MCF-7 was detected, and the appropriate initial concentration (100 nM) was selected and added into the culture flask for incubation. After 24 h, the medicated medium was aspirated, washed with PBS, and added to the normal medium until the cells were over 80% and passaged. The medium was incubated n with equal concentration of the drug depending on cell growth, or a four-fold dose of the drug was added. This process was cycled back and forth until the resistance met the experimental needs. The establishment cycle of acquired drug-resistant cells was about six months.



Small Interfering RNA Transfections

Small interfering RNA (siRNA) for OLA1 (Cat#EHU113781) and siRNA Universal Negative Control #1 (Cat#SIC001) were purchased from Sigma-Aldrich. Cells seeded in a 6-well plate were transiently transfected with 100 pM siRNA with Lipo2000 Transfection Reagent (Thermo Scientific) according to manufacturer’s instructions.



Establishment of the Stable OLA1 Knockdown MDA-MB-231 Cell Lines.

Small hairpin RNA (shRNA) lentiviral used for stable silencing of OLA1 (shOLA1) and the control non-targeting plasmid (shNC) were purchased from GenePharma (Nanjing, China) by inserting the following short-hairpin sequences into the pGLV3/H1/GFP/Puro vector:

5′-CCGGGAGGAAATGATTGGGCCCATTCTCGAGAATGGGCCCAAT CATTTCCTCTTTTTTG-3′ for sh-OLA1 and 5′-CCGGCAACAAGATGAAGAG CACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTTG-3′ for Small hairpin control (shNC). shRNA transfections and protocol were followed the recommendations by GenePharma (China). The shNC and shOLA1 vectors were transfected into MDA-MB-231 cells. The knockdown efficiency of the target gene was verified by qRT-PCR and western blot analysis.



qRT-PCR Analysis

Total RNA was extracted from the cells using TRIzol (Cat#15596026, Invitrogen, CA, USA), and the concentration and quality were determined by a microplate reader (DU730, Beckman, CA, USA). The nucleotides were reverse-transcribed into cDNA according to the instructions of the PrimeScript™ RT Reagent Kit (Cat#RR037A, Takara, Japan). After amplification and dilution, the assay was performed on the LightCycler480 II (Roche, USA). The gene primer was as follows: GAPDH (glyceraldehyde 3-phosphate dehydrogenase): Forward primer: 5-CATGAGAAGTATGACAACAGCCT Reverse primer: 5-AGTCCTTCCACGATACCAAAGT; OLA1: Forward primer: 5-TGGACAAGTATGACCCAGGT Reverse primer: 5-GCTGCAAACCCAGCCTTAATG. The other primer sequences are provided in the supplemental material (Supplementary Table 1).



Western Blotting Analysis

Protein was extracted from the cells using RIPA buffer, added with PMSF to avoid degrading, and stored at -80°C. The BCA protein concentration detection kit was used for quantification, and the loading buffer was added in proportion to boil at 95 °C and stored in a refrigerator at -20 °C. SDS-PAGE gel was prepared and 30 μg of protein sample was added to each lane. The target protein band was cut and transferred to the PVDF membrane, and the milk was blocked for 2 h. The membrane was washed three times with TBST (10 min/time), added with a primary antibody at 4°C overnight, then washed three times with TBST (10 min/time), and the secondary antibody was incubated for 2 h. After TBST washing, the membrane was incubated with ECL high-sensitivity developer and then developed in ChemiDoc Imaging Systems (BIO-RAD, USA).



Apoptosis Analysis

Cells (2 × 105) were seeded onto 6-well plates for each group overnight then treated with paclitaxel (20 μM) for the indicated time. After incubation, the medium was collected, and the cells were digested with trypsin without EDTA and incorporated into the previously collected medium, where total cells were collected by centrifugation. Following the steps of Annexin V-FITC/PI double staining kit, staining reagents were added twice in turn, incubated at room temperature for 10 min in the dark, and then apoptosis analysis was performed by flow cytometry.



Cell Cycle Analysis

Cells were stained with propidium iodide (PI) using the cell cycle kit (#KGA511, KeyGEN BioTECH, Nanjing, China) according to the provided protocol. Briefly, cells were harvested, washed in ice-cold phosphate-buffered saline (PBS), and fixed in 70% cold ethanol for 2h at 4°C. After two PBS washes, cells were treated with RNase A/PI staining buffer and assayed with an FACS Calibur (BD Biosciences, San Jose, CA, USA) flow cytometer using Cell Quest software. The cell cycle distribution was analyzed using BD CellQuest™ Pro Analysis software (BD Biosciences, San Jose, CA, USA).



Statistical Analysis

Data were presented as mean ± standard deviation (SD). IC50 (mean ± 95% confidence interval) of chemotherapeutics in breast cancer was calculated by SPSS23.0, and other statistic results were carried by GraphPad Prism 8. A two-sided tail non-paired Student’s t test was used to compare the differences of two groups. Kaplan-Meier analysis and logrank test was used to assess statistical significance of survival rate. P <0.05 was considered statistically significant.




Results


OLA1 Was Upregulated in Breast Cancer

We first analyzed OLA1 expression profile across all tumor samples and paired normal tissues in the RNA sequencing data from Gene Expression Profiling Interactive Analysis (GEPIA) (Tang et al., 2017). We found that OLA1 has a ubiquitous expression in the brain, thyroid, and 25 other tissues from the body map (Supplementary Figure 1A), and is highly expressed in breast cancer, pancreatic cancer, colorectal cancer, and other cancer tissues (Supplementary Figure 1B). Through matching with The Cancer Genome Atlas (TCGA) normal and Genotype-Tissue Expression (GTEx) data, we found that OLA1 is significantly upregulated in breast cancer (N=1085) compared to their paired normal tissue (N=291) (Figure 1A). Notably, the Kaplan-Meier (KM) Plotter analysis (Nagy et al., 2018) showed that OLA1 expression may negatively correlate with the overall survival and relapse free survival of breast invasive carcinoma (BRCA) patients (Figures 1B, C). Although the P-value is more than 0.05, the survival time with OLA1 highly expressed cohort is much less than the lower, suggesting OLA1 may play a regulatory role in drug resistance.




Figure 1 | OLA1 is upregulated in breast cancer. (A) The average expression level of OLA1 in patient’s breast cancer tissue was higher than adjacent tissues in TCGA and GTEx breast cancer dataset. (B, C) Kaplan-Meier overall survival and relapse free survival curves for patients with breast cancer stratified by high and low expression of OLA1.





Upregulated OLA1 Was Also Observed in Acquired Drug-Resistant Cell Line MCF-7-PTR

To understand the regulatory role of OLA1 in breast cancer resistance to PTX, MCF-7 resistant cell line to PTX was developed (named as MCF-7-PTR) through continuous induction of MCF-7 with PTX at a low concentration (100 nM). To understand whether multiple drug resistance of MCF-7-PTR was also conferred, the resistance of MCF-7-PTR to 5-Fu was also examined and showed that multiple drug resistance of breast cancer cells were formed, as shown in Figure 2. MTT assays showed that the IC50 of MCF-7-PTR to paclitaxel was 50.87 ± 31.85 μM compared to the parental cells MCF-7 (IC50 6.17 ± 2.93 μM), and the drug resistance index was 8.24 (Figure 2B). The IC50 of MCF-7-PTR to 5-Fu was 1173.19 ± 688.62 μM as compared to the parental cells MCF-7 (i.e. 91.84 ± 42.38 μM), and the drug resistance index was 12.77 (Figure 2C). During development of the drug antagonistic to breast cancer, cell morphology was changed significantly, observed to be more dispersed and irregular in resistant cells than that of the parental cells (Figure 2A). To find out whether endogenous OLA1 is related to the development of drug resistance in breast cancer, the endogenic level of OLA1 in both mRNA (Figure 2D) and protein levels (Figure 2E) in MCF-7-PTR was analyzed, and showed that both endogenous levels of mRNA and protein of OLA1 were indeed significantly higher than that of the parental cells (*P< 0.05, **P < 0.01), indicating that OLA1 plays a regulatory role in the development of tumor drug resistance.




Figure 2 | Upregulated of OLA1 in acquired drug-resistant cell line MCF-7-PTR. (A) Morphology of paclitaxel-induced MCF-7-PTR cells and the parent MCF-7 cells (100X). (B) Drug resistance assay for enhanced expression of OLA1 promotes MCF-7-PTR cell resistance to PTX. (C) Drug resistance assay for enhanced expression of OLA1 promotes MCF-7-PTR cell resistance to 5-Fu. MCF-7 cells and MCF-7-PTR cells were analyzed for the presence of OLA1 by RT-PCR (D), Western blotting (E). The relative fold-change was compared with MCF-7 cells (*P < 0.05, **P <0.01, ***P < 0.001, Student’s t-test).





Knockdown of OLA1 Enhanced Chemo-Sensitivity of the Acquired Drug Resistance of Breast Cancer

To further determine the regulatory role of OLA1 in drug resistance, small interfering RNA of OLA1 was successfully used to knockdown the endogenic level of OLA1 in MCF-7-PTR, as shown in both mRNA and protein levels (Figures 3A, B). Acquired resistant cell MCF-7-PTR regained its sensitivity to paclitaxel after knocking down of the endogenous OLA1 (*P < 0.05, **P < 0.01, ***P < 0.001) (Figures 3C, D), as shown in the flow cytometry analysis of MCF-7-PTR (Figure 3E). To further confirm apoptosis induced by siRNA-OLA1 treatment, the expression level of Bcl-2 and the proapoptotic protein Bax and apoptosis terminal factor Caspase-3 were examined and showed that Bcl-2 was significantly decreased while Bax and Caspase-3 were increased remarkably (Figure 3F). Intriguingly, regardless of whether OLA1 was silenced or not, no significant effect on cell proliferation of MCF-7-PTR was observed (Figure 3G).




Figure 3 | Knockdown of OLA1 suppress the chemoresistance and enhanced chemo-sensitivity of acquired drug resistance cell in breast cancer. (A, B) were mRNA and protein levels of OLA1 with or without siOLA1 in MCF-7-PTR. (C, D) Depletion of OLA1 enhances the PTX or 5-Fu sensitivity of MCF-7-PTR cells by specific siRNA respectively. (*P < 0.05, **P < 0.01, ***P < 0.001, Unpaired Student’s t-test.) (E) Annexin V-FITC and PI staining of the indicated cells treated with PTX (20 μM) for 24 h (apoptosis rate is the sum of early and late apoptosis rates). (*P< 0.05, ***P < 0.001, Unpaired Student’s t-test.) (F) Western blotting analysis of cleaved caspase3, Bax, and Bcl2 in the indicated cells; GAPDH was used as a loading control. (G) Cell proliferation curve was drawn in the indicated cells. ns, no significance.





Knockdown of OLA1 Enhanced Chemo-Sensitivity of Intrinsic Drug Resistance of Breast Cancer

To understand whether endogenous OLA1 is also associated with intrinsic drug resistance of breast cancer cells, a triple-negative breast cancer cell line MDA-MB-231 was utilized. The endogenic level of OLA1 in MDA-MB-231 cells was significantly higher than MCF-7 (Supplementary Figure 1C), while it can be remarkably suppressed if it was silenced (Figures 4A, B). To understand whether knocked down OLA1 in MDA-MB-231 can enhance the chemosensitivity of the triple negative breast cancer, Knocked down of OLA1 stably in MDA-MB-231 was performed (Figures 4A, B), and it was found that the expression of OLA1 was meaningfully decreased in the transfected group compared with the control group (**P < 0.01) (Figures 4C, D). The sensitivity to paclitaxel of MDA-MB-231 cells in the knockdown OLA1 group was not changed at low doses of the drug, but significantly enhanced at high doses of the drug (Figures 4E–H). The enhanced sensitivity to paclitaxel of MDA-MB-231 was further confirmed by analysis of flow cytometry when OLA1 was knocked down as shown in Figure 4I. Decreased level of Bcl-2 and the increased levels of Bax and Caspase-3 were also observed (Figure 4J), suggesting that knock down of OLA1 also promoted the sensitivity of breast cancer cells with intrinsic resistance to chemotherapy. This notion was further confirmed by retarded cell proliferation (Figure 4K), which was supported by an arrested activity in the cell cycle indicated by a blockage at the G1/S phase (Figure 4L) and the reduced CCND1 (Figure 6D). However, there was no change observed in the expression of CCND1 in MCF-7-PTR (Figure 6C), consistent with the cell growth, suggesting that there may be other interactive factors involved in OLA1 signaling cascade.




Figure 4 | Knockdown of OLA1 suppress chemoresistance and enhanced chemo-sensitivity of endogenous drug resistance cell in breast cancer. (A, B) were mRNA and protein level of OLA1 with or without siOLA1 in MDA-MB-231. (C, D) were mRNA and protein level of OLA1 with or without shOLA1 in MDA-MB-231. (E, F) Depletion of OLA1 enhances the PTX or 5-Fu sensitivity of MDA-MB-231 cells by specific siRNA respectively. (G, H) Knockdown of OLA1 enhances the PTX or 5-Fu sensitivity of MDA-MB-231 cells by short hairpin RNA. (I) Annexin V-FITC and PI staining of the indicated cells treated with PTX (20 μM) for 24 h. (J) Western blotting analysis of cleaved caspase3, Bax and Bcl2 in the indicated cells; GAPDH was used as a loading control. (K) Cell proliferation curve was drawn in indicated cells. (L) The cell-cycle distribution was assessed following transduction by flow cytometry. Data represent the mean ± SD from three independent experiments.(*P < 0.05 **P < 0.01, ***P < 0.001, Student’s t-test).





Downregulation of OLA1 Inhibited EMT Progression in Drug-Resistant Breast Cancer Cell Lines

EMT is a biological process that allows polarized epithelial cells to undergo a variety of biochemical changes, making them exhibit a mesenchymal cell phenotype, including increased migratory capacity, invasiveness, and enhanced anti-apoptotic capabilities. To understand the molecular mechanism underlying OLA1-mediated drug resistance to breast cancer cells, biomarkers in the EMT process were analyzed. The results showed that knocked down OLA1 in the MDA-MB-231-shOLA1 decreased the expression of Snail, MMP9, Vimentin, Slug, zeb-1 (P < 0.05) (Figures 5A, C), and incremental E-cadherin (Figure 5C). We also found that the expression of Snail, MMP9, Vimentin, Slug, and Zeb-1 was significantly increased in MCF-7-PTR cells (P < 0.05) (Figures 5B, D) and decreased E-cadherin, suggesting that OLA1 may regulate EMT process positively. To understand the effects of chemoresistance of MCF-7 cells with the effects of the extinction of OLA1 in MDA-MB-231 cells, SNAI1, VIM, ZEB1, and CDH1 in MCF-7 PTR cells transfected with siOLA1 were detected (Figure 5E). The results showed that knocked down OLA1 in the MCF-7-PTR decreased the EMT process.




Figure 5 | Down regulated OLA1 inhibits EMT progress in drug-resistant cell lines. (A) The effect of OLA1 knockdown on expression of Snail, Slug, Vimentin, Zeb1, and MMP9 were evaluated by qRT-PCR. (B) mRNA levels of Snail, Slug, Vimentin, Zeb1, and MMP9 in MCF-7-PTR were calculated comparing with MCF-7. (C) The effect of OLA1-KD on E-cadherin, Vimentin, and Snail 1, Slug, and Zeb1 protein levels were confirmed by western blotting. (D) Protein levels of E-cadherin, Vimentin, and Snail 1, Slug, and Zeb1 in MCF-7-PTR were calculated comparing with MCF-7. (E) mRNA levels of OLA1, Snail, E-cadherin, Vimentin, and Zeb1 in MCF-7-PTR-siOLA1 were calculated comparing with siNC. (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test). ns, no significance.





OLA1 Induced EMT Phenotype via TGF-β/Smad Pathway in Breast Cancer

To further investigate the molecular mechanisms of OLA1 regulated EMT resulting in drug resistance to breast cancer, biomarkers in TGF-β/Smad pathway including TGFβ1, TGFβ2, SMAD3, and SMAD4 were characterized in the following cell lines: MCF-7 and MCF-7-PTR, and MDA-MB-231 cells with or without OLA1 knockdown. The results showed that TGF-β/SMAD was activated in MCF-7-PTR cells in contrast to MCF-7 (Figures 6A, E). Knockdown of OLA1 decreased the expression of TGF-β1, TGF-β2, SMAD4, and SMAD3 significantly (P < 0.05) (Figures 6B, F), indicating that TGF-β/Smad but not Wnt signaling was inhibited in MDA-MB-231-shOLA1 cells (Figures 6C, D). The relationship OLA1 with TGF β 1, SMAD3, and SMAD4 was also validated with Pearson Correlation analysis by GEPIA software. The results showed that the correlation between OLA1 and TGF β 1, SMAD3, and SMAD4 was small, or negatively correlated (Figures 6G–I, left) in the breast mammary tissue of the GTEx database and the normal breast tissue of TCGA. However, OLA1 and TGF β 1, SMAD3 SMAD4 has a strong positive correlation in the breast cancer tissue of the TCGA database (Figures 6G–I, right). These results indicate that OLA1 deficiency weakens the EMT phenotype through the inhibition of the TGF-β/Smad pathway in either the acquired or intrinsic drug resistant cell lines.




Figure 6 | OLA1 induces EMT phenotype by TGFβ/Smad pathway in breast cancer. TGFβ/Smad signaling marker mRNA level was confirmed in MCF-7-PTR (A), and MDA-MB-231-shOLA1 (B) compared with their Control. Wnt signaling marker mRNA level was confirmed in MCF-7-PTR (C), and MDA-MB-231-shOLA1 (D) compared with their Control. (E) Protein level of Smad3, p-Smad3 and Smad 4 in MCF-7-PTR was calculated comparing with MCF-7. (F) Protein level of Smad3, p-Smad3 and Smad 4 in MDA-MB-231-shOLA1 was calculated comparing with MDA-MB-231. (G) mRNA level Pearson Correlation analysis between OLA1 and TGFB1. Left: Relationship in GTEx Breast mammary tissue and TCGA BRCA normal data. Right: Relationship TCGA BRCA tumor data. (H) mRNA level Pearson Correlation analysis between OLA1 and Smad3. Left: Relationship in GTEx Breast mammary tissue and TCGA BRCA normal data. Right: Relationship TCGA BRCA tumor data. (I) mRNA level Pearson Correlation analysis between OLA1 and Smad4. Left: Relationship in GTEx Breast mammary tissue and TCGA BRCA normal data. Right: Relationship TCGA BRCA tumor data. (**P < 0.01, ***P < 0.001, Student’s t-test). ns, no significance.





Mechanism of OLA1 Increases the Resistance of Paclitaxel in Breast Cancer

Ingenuity Pathway Analysis (IPA) was used to clarify the underling the mechanism of paclitaxel resistance regulated by OLA1. As the picture shows (Figure 7A), γ-tubulin acts as a bridge linking OLA1 to paclitaxel. We also tested the expression of γ-tubulin in drug-resistant cell lines by knocking down the expression of OLA1. The results showed that the expression of γ-tubulin decreased significantly with the weakening of OLA1 (Figure 7B). Our study provides a novel insight that reveals the role of OLA1 in tamoxifen and paclitaxel resistant breast cancer. The mechanism of OLA1 participation in the resistance of paclitaxel in breast cancer was drawn (Figure 7C).




Figure 7 | Mechanism of OLA1 increases the resistance of paclitaxel in breast cancer. (A) IPA analysis between OLA1 and γ-tubulin in cell cycle regulation. (B) OLA1 and γ-tubulin levels in indicated cells. (C) Mechanism of OLA1 regulates the resistance in different breast cancer cells.






Discussion

OLA1 belongs to the YchF subfamily p-Loop GTPase. The YchF family protein structure mainly includes three domains: N-terminus G domain, the coiled-coil domains on both sides, and the C-terminus TGS domain (ThrRS, GTPase, Spot). OLA1 is highly conserved compared with other Obg family members, but the NKxD consensus sequence in the G4 domain is replaced by NxxE, so it lacks the specificity of binding nucleotides, so it can hydrolyze both ATP and GTP. OLA1 also plays a vital role in cell signal transduction, intracellular transport, cell stress and embryonic development, and protein translation. As an enzyme that also has transport functions and hydrolyzes ATP activity, we can easily associate the influential role played by members of the ABC protein superfamily in tumor multidrug resistance research, including ABCB1 (MDR1), ABCC1, ABCG, etc. Through bioinformatics analysis, we found that overexpression of OLA1 has been found for various types of cancer, including breast cancer, and may be connected with poor survival, (Zhang et al., 2009a; Zhang et al., 2009b; Sun et al., 2010; Bai et al., 2016; Ding et al., 2016; Huang et al., 2020). Therefore, let us justify the hypothesis that OLA1 may be associated with breast cancer resistance.

Tumor metastasis is an important reason for cancer multidrug resistance. EMT plays a consequential role in the process of tumor invasion, and propels cancer cells increased tumor-initiating and metastatic potency with a stubborn resistance to elimination by multiple therapies (Dongre and Weinberg, 2019). Conversely, some chemotherapeutic drugs, while killing cancer cells, also promote the metastasis of cancer cells (Chang et al., 2017; Karagiannis et al., 2017; Keklikoglou et al., 2019). For example, George Karagiannis et al. found that paclitaxel can change the tumor metastasis microenvironment and promote breast cancer metastasis (Karagiannis et al., 2017). Recently, Ioanna Keklikoglou found that the commonly used chemotherapy drugs paclitaxel and doxorubicin can promote the release of exosome by tumors, change the microenvironment in the lung, and promote lung metastasis in breast cancer (Keklikoglou et al., 2019). The loss of the epithelial phenotype and the acquisition of interstitial characteristics are the main features of EMT occurrence.

According to reports, decreased OLA1 expression weakens breast cancer cell motility and invasion (Zhang et al., 2009b). We constructed a paclitaxel-resistant cell line MCF-7-PTR, and found that the drug-resistant cell line promotes the EMT process and OLA1 was highly expressed. The resistance cell MCF-7-PTR with morphology change is associated with the morphology of MCF-7-ADR which is induced by continuous concentration of Adriamycin, and indicated that the resistant cell line may have much heterogeneity. EMT-transcription factors (EMT-TFs) such as TWIST1, SNAIL1, SLUG, and ZEB1, can trigger the EMT process by either directly or indirectly restraining E-cadherin expression (Graham et al., 2008; Taube et al., 2010). Moreover, OLA1 contributes to EMT in lung cancer by modulating the GSK3β/Snail/E-cadherin signaling. OLA1-knockdown cells are more resistant to TGFβ1-induced EMT in A549 cell line. The TGF-β signaling has a proven role in expediting EMT by down-regulating E-cadherin via certified EMT-TFs such as TWIST1, SNAIL1, and SLUG (Mallini et al., 2014). Knockdown of OLA1 in lung adenocarcinoma cells can attenuate the TGF-β-induced EMT process and restore E-cadherin expression (Bai et al., 2016). Knockdown of OLA1 caused Egr1, a regulator of oxidative stress, to be down-regulated as well as Smad, and could reverse the process of mouse embryo fibroblast transformation induced by a metal mixture (Martinez-Baeza et al., 2016). Meanwhile, EGR1 is a TGF-β/Smad target that up-regulates the expression of collagen genes and undertakes a crucial role in regulating TGF-β stimulation (Chen et al., 2006). Therefore, this evidence leads us to believe that the chemoresistance of breast cancer cells caused by OLA1 may be achieved through the TGF-β/Smad pathway. In our results, we demonstrated that OLA1 is a positive regulator of the EMT process regardless in the paclitaxel acquired resistance (MCF-7-PTR) cell or endogenous drug resistance cell (MDA-MB-231) in breast cancer. Knockdown of OLA1, TGFB1, TGFB2, SMAD3, and SMAD4 were down regulated accordingly, and p-Smad3 and Smad4 were decreased as well. While in the MCF-7-PTR, in which OLA1 was highly expressed, it had converse results. That is to say, OLA1 can activate the TGF-β/Smad pathway to induce the EMT process in breast drug resistance cells. Bcl-2 has been proven to be an anti-apoptotic protein and is overexpressed in multiple malignant tumors. Bcl-2 inhibits apoptosis by binding to Bax and blocking Bax oligomerization. In our study, in either acquired drug-resistant or intrinsic resistant cell lines, knockdown of OLA1 can cause a decrease in Bcl-2 expression and increase of Bax and cleaved caspase3, indicating improvement of the chemosensitivity of breast cancer.

MCF-7 is an ER-positive breast cancer cell line that is relatively sensitive to tamoxifen in clinical treatment. However, as the process toward the treatment progresses, it is easier to produce tolerance to chemotherapeutics. MDA-MB-231 is a type of triple-negative breast cancer cell line with negative expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (Her2), and usually as endogenous resistant breast cancer cells. This type of breast cancer is prone to greatly metastasize and to endogenous resistance, which undoubtedly brings great difficulties to the treatment of breast cancer. Tamoxifen-resistant breast cancer cells highly overexpress BARD1 and BRCA1, resulting in chemoresistance to DNA-damaging therapies including cisplatin and doxorubicin, but not to paclitaxel (Zhu et al., 2018). This suggests that microtubule-targeting drugs may be given more priority to DNA-damaging agents for treating tamoxifen-resistant breast cancer patients (Zhu et al., 2018). In addition, microtubule-targeting drugs such as paclitaxel, despite their side effects, are still considered the standard therapy against triple negative breast cancer (Anderhub et al., 2019). However, it must not be ignored that some cancer cells will “seek away” slyly and cause patients to become resistant to treatment. Therefore, we want to further study the mechanism of paclitaxel resistance by constructing a paclitaxel-resistant cell line for breast cancer and accumulate therapeutic evidence in the treatment of tamoxifen-resistant breast cancer. Interestingly, in knock down OLA1 expression, the proliferation of MDA-MB-231-shOLA1 was decreased, and cell cycle G1/S marker CCND1 was reduced significantly. From the cell cycle analysis carried by flow cytometry, the MDA-MB-231-shOLA1 in the experimental group was blocked at the G1/S phase. While acquired resistance cell line MCF-7-PTR had no significant changes both in proliferation and cell cycle.

MCF-7-PTR is a drug-resistant cell line induced by paclitaxel. Paclitaxel resistance may be a key factor that causes the difference between the two phenotypes of cells. The breast and ovarian cancer-specific tumor suppressor BRCA1, along with its heterodimer partner BARD1, plays a critical role in DNA repair, drug resistance, centrosome regulation, and transcription (Matsuzawa et al., 2014). OLA1 directly interacted with BARD1, BRCA1, and γ-tubulin in centrosomal regulation (Matsuzawa et al., 2014; Yoshino et al., 2018). Further, tamoxifen-resistant breast cancer cells express observably more BARD1 and BRCA1, lending chemoresistance to DNA-damaging therapy especially in ER-positive breast cancer patients (Zhu et al., 2018). Therefore, we believe that OLA1 may be involved in paclitaxel resistance due to the interaction with γ-tubulin in breast cancer. IPA was used to clarify the underling mechanism of paclitaxel resistance regulated by OLA1. As the picture shows (Figure 7A), γ-tubulin acts as a bridge linking OLA1 to paclitaxel, which further shows that our guess is reasonable. OLA1 participates in normal spindle assembly and in the cell cycle regulation process (Xie et al., 2020). The typical centrosome is considered to be the center of microtubule organization and is necessary for spindle assembly (So et al., 2019). Centrosome-associated protein E (CENPE) accumulates in the G2 phase of the cell and is involved in microtubule depolymerization activity near the centromere region. OLA1 can directly interact with CENPE and participate in the G1/S cycle process of various cells, which fully illustrates that OLA1 does participate throughout the process of paclitaxel-mediated resistance to Anti-tubulin. Simultaneously, we tested the expression of γ-tubulin in drug-resistant cell lines by knocking down the expression of OLA1. The results showed that the expression of γ-tubulin decreased significantly with the weakening of OLA1 (Figure 7B). OLA1 deficiency attenuates tubulin formation and thus regains the sensitivity of paclitaxel in breast cancer.



Conclusions

Our study provides a novel insight into revealing the distinct role of OLA1 in tamoxifen and paclitaxel resistant breast cancer. Long-term chemotherapeutic agent exposure facilitates translocation of OLA1 to cell membranes, leading to active TGF-β/Smad signaling pathway and accelerating the EMT process. OLA1 target γ-tubulin to depolymerization microtubules and avoid cell cycle block in paclitaxel-resistant cancer cells instead of tamoxifen resistant breast cancer cells. Blockage of OLA1 may be a potential method to improve the survivability of chemoresistant breast cancer patients. However, doubtless further investigations, including in vivo animal model studies and prospective clinical observations, are needed.
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Nearly 70% of breast cancers express the estrogen receptor (ER) and are hormone-dependent for cell proliferation and survival. Anti-estrogen therapies with aromatase inhibitors (AIs), selective estrogen receptor modulators (SERMs) or selective estrogen receptor down regulators (SERDs) are the standard endocrine therapy approach for ER positive breast cancer patients. However, about 30% of patients receiving endocrine therapy will progress during the therapy or become endocrine resistance eventually. The intrinsic or acquired endocrine resistance has become a major obstacle for endocrine therapy. The mechanism of endocrine resistance is very complicated and recently emerging evidence indicates dysregulation of Notch signaling pathway contributes to endocrine resistance in breast cancer patients. The potential mechanisms include regulation of ER, promotion of cancer stem cell (CSC) phenotype and mesenchymal cell ratio, alteration of the local tumor microenvironment and cell cycle. This review will summarize the latest progress on the investigation of Notch signaling pathway in breast cancer endocrine resistance.
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Introduction

Breast cancer has become the leading common cancer and the second largest cause of death among women worldwide (Siegel et al., 2020). A majority of breast cancer shows ER expression (Yip and Rhodes, 2014) and anti-estrogen therapy is considered as the most effective treatment for them. Current anti-estrogen drugs include SERMs (i.e., tamoxifen), AIs (i.e., letrozole and anastrozole), and SERDs (i.e., Faslodex/Fulvestrant). It has been considered a revolutionized progress in endocrine therapies which significantly decreases cancer-related mortality and improves the survival rate (Tremont et al., 2017). But about 30% patients treated with endocrine therapy will develop recurrence even though initially respond well (D'Souza et al., 2018). Thus the resistance has been believed as a pivotal obstacle leading to breast cancer treatment failure.

The endocrine mechanisms in breast cancer are complex and multiple with diverse molecules and pathways involved. 1) Direct or indirect ER related signaling pathway: As ERα has been proven to be the main target in endocrine therapy, changes in ERα expression or function including ERα loss or ESR1 mutations or epigenetic modification all contribute to endocrine independence (Toy et al., 2013; Gelsomino et al., 2016; Tecalco-Cruz and Ramirez-Jarquin, 2018; Fontes-Sousa et al., 2019). 2) Non-ER related signaling pathways, such as promotion of stemness of cancer cells and EMT, dysregulation of cell cycle, crosstalk with cells tyrosine kinase growth factor signaling pathways, influence of tumor microenvironment and drug metabolism also act crucial parts in endocrine resistance (Rani et al., 2019).

Both experimental studies and clinical observations suggested that the aberrant activation of Notch signaling pathway was very common in breast cancer and it was depicted in most of regulating pathway related to endocrine resistance (Acar et al., 2016).

In this review, we will sum up the latest development aiming at the role of Notch signaling pathway and discuss the complicated evidence underlie its impact on endocrine resistance. The potential for Notch correlated cancer therapy is also highlighted.



The Notch Signaling Pathway

Notch signaling pathway is highly conserved in eukaryotes which involves two kinds of adjacent cells, signal sending and receiving cells (Wilson and Radtke, 2006; Gazave et al., 2009). In mammals, the key components of Notch signaling pathway are four Notch receptors, five Notch ligands and DNA-binding protein CSL [CBF-1/RBP-Jκ, Su(H), Lag-1]. Compared with other cell signaling pathways, Notch is relatively simple in structure and there is no second messenger involved in the activation process, so it cannot produce cascade amplification like others. The activation process of Notch signal pathway is as follows.

In the canonical Notch pathway, Notch receptors undergo two successive proteolytic cleavages (Bray, 2006; Kopan and Ilagan, 2009). After reaching the membrane and activated by the ligand on the neighboring cell, the Notch receptors can be cleaved by a disintegrin and metalloprotease (ADAM) family at Site 2 (S2) and then by γ-secretase at Site 3 (S3). Afterwards, Notch intracellular domain (NICD) was released to nucleus (Brou et al., 2000; Sprinzak et al., 2010). NICD translocates to the nucleus and forms a complex with the DNA-binding protein CSL and the coactivator Master-mind-like (MAML) family to regulate transcription of downstream target genes (Wu et al., 2000). In this way, the travelling NICD transduces the signal not only from cell to cell but also from extracellular to intracellular.

In the non-canonical Notch signaling mechanisms, the discovered interactions mainly focused on interplay between NICD and downstream effectors. For instance, NICD can directly interact with β-catenin (Jin et al., 2009), Smad proteins (Blokzijl et al., 2003), and HIF-1α (Gustafsson et al., 2005), thereby providing a crosstalk between Notch and the Wnt, TGFβ and hypoxia-dependent signaling pathways. However, it is worth mentioning that most Notch-correlated cancer phenotypes can be perturbed by the canonical rather than non-canonical Notch signaling.

Notch signaling regulates numerous cellular processes including cancer stem cell renewal, angiogenesis, proliferation, apoptosis, and EMT (Miele et al., 2006). More recently, it was reported that dysregulation of Notch signaling pathway was involved in endocrine resistance and combined Notch with estrogen signaling inhibition had showed synergistic effect in ERα positive breast cancer (Acar et al., 2016). In next section, we'll describe the potential mechanisms whereby Notch promotes endocrine resistance in depth.



Notch Signaling and Endocrine Resistance in Breast Cancer

More freshly, Notch signaling was found to be an important pathway mediating endocrine resistance in breast cancer cells (Magnani et al., 2013). As an illustration, Paola Rizzo and his colleagues reported that Notch inhibition potentiated the effects of tamoxifen in ERα positive cells, T47D:A18. When they combined γ-Secretase inhibitors (GSI) and 4-OH-tamoxifen (Tam) together, combination treatment reduced the growth significantly more than either drug alone (Rizzo et al., 2008). These data suggested that GSIs may be a promising therapeutic target to overcome resistance for antiestrogen treatment. Besides Notch1, Yun et al. revealed that Notch4 also played an essential role in endocrine resistance as measurements of DNA content verified that Notch4-ICD in T47D:A18 increased DNA synthesis in the absence of estrogen, indicating that overexpression of Notch4-ICD could stimulate proliferation through estrogen-independent and Tam-resistant mechanisms (Yun et al., 2013).

To design new therapeutic strategies based on Notch signaling, Notch regulation and the context-dependent interactions between Notch and other relevant pathways needs to be taken into well consideration.


The Regulation of ER by Notch Signaling

As we know, ERα dysregulation performs a central role in the acquisition of resistance to endocrine therapy in breast cancer. Previous studies demonstrated that Notch signaling pathway could directly or in-directly regulate ER expression or activity (Figure 1).




Figure 1 | Schematic diagram of the correlation of Notch signaling pathway and ER in breast cancer endocrine resistance. ER is at the center of endocrine resistance observed in breast cancer cells. Notch signaling modulates endocrine therapy through cooperating with ER in a complex network as mentioned in some sections of this review. P, phosphorylation; M, mutation; →, promotion; ⊥, inhibition; ↔, receptor ligand-binding.




Regulation of ER Expression and Its Downstream Genes by Notch Family Members

There was interaction between the estrogen receptor and Notch in breast cancer (Rizzo et al., 2008). Breast cancer cells expressed Notch1 and Notch4 proteins at variable steady-state levels regardless of the ER status. But when examined basal centromere binding factor (CBF-1)–dependent reporter activity, researchers found an inverse correlation between Notch activity and ERα expression in breast cancer cells. In another word, activity of Notch was higher in MDA-MB231 cell line than in MCF-7 or T47D cell line. Notch activity was inhibited by estradiol (E2) significantly (P = 0.0025) via changing the cellular distribution of Notch1 in ERα positive (ERα+) cell lines and SERMs blocked its effect. In T47D:A18 cells (ERα + cell lines), GSI with an IC50 of 0.84 μmol/L exhibited strong inhibition effect on the growth in vitro. Moreover, combination of GSI and 4-OH-Tam had significantly more growth inhibition than either drug alone, even at very low concentrations. In vivo, treatment with GSI alone or tamoxifen alone blocked the growth of T47D:A18 xenografts with similar efficacy, but combination showed stronger effect. Another research (Hao et al., 2010) reported that E2 target genes, such as pS2, vascular endothelial growth factor-α (VEGFα), cyclin-D1, CD44, and c-Myc were upregulated by overexpression Notch1-ICD in the absence of E2. They further sought to identify the molecular mechanisms whereby Notch activated ER-dependent transcription without E2 using pS2 transcriptional model. They found Jagged-1 stimulated the recruitment of Notch1, IKKα, MAML1, p300/CBP, and ERα to the pS2 promoter by Chromatin immunoprecipitation assay (CHIP). The formation of above supramolecular complex contributed to activate a subset of ERα-responsive genes transcription in the absence of E2. In general, E2 inhibits Notch activation and SERMs reactivates Notch in breast cancer cells. Meanwhile Notch activates ERα-dependent transcription, demonstrating there is a feedback mechanism regulating the Notch1-ERα crosstalk. Altogether, Notch may promote endocrine resistance by affecting ERα activity.

Beyond that, some transcriptional factors, such as Snail (Scherbakov et al., 2012), Slug (Li et al., 2015; Bai et al., 2017), Twist (Vesuna et al., 2012), ZEB1 (Zhang et al., 2017), MCAM (Liang et al., 2017), were shown to mediate endocrine resistance through directly repressing ERα expression. In breast cancer cells, Notch1 (Shao et al., 2015) or Notch4 (Zhou et al., 2020) can promote the expression of Slug by activating the Slug promoter. We recently published an article which showed Notch1 could also transcriptionally activate MCAM in breast cancer cells (Zeng et al., 2020). So Notch1-MCAM signaling pathway is possibly another method leading to endocrine resistance in breast cancer. In a word, apart from directly activation of ERα downstream gene expression, Notch1/4 may indirectly influence ERα expression contributing to endocrine resistance.

In contrast to Notch1 and 4, our previous study (Dou et al., 2017) showed that Notch3 was mainly expressed in luminal breast cancer cells but not in either basal-like or HER2 (human epidermal growth factor receptor 2)-positive breast cancer cell line. Notch3 expression displayed strong positive correlation with ERα both in protein and mRNA level. When Notch3 was silenced via siRNA, ERα was decreased. Conversely, overexpression of Notch3 resulted in upregulation of ERα. We also found that Notch3 specifically bound to the CSL binding element of the ERα promoter and transcriptionally activated ERα expression by CHIP and Electrophoretic mobility shift assay (EMSA). In addition to such direct regulation, it was also found Notch3 could indirectly increase ERα expression by GATA3. We found that protein and mRNA level of Notch3 and GATA-3 was positively correlated especially in luminal breast cancer cells. There were two putative CSL-binding sites located upstream of GATA-3 promoter (-829-834 bp and -665-670 bp). CHIP, EMSA, and dual reporter assay certificated Notch3 activated GATA-3 transcription by binding to CSL-binding elements in the GATA-3 promoter in MCF-7 and MDA-MB231 cells (Lin et al., 2018). GATA3 helped to maintain a luminal phenotype by activating ERα (Eeckhoute et al., 2007). Unlike Notch1 and Notch4, the role of Notch3 in anti-estrogen therapy need to further research, perhaps Notch3 expression can increase sensitivity to endocrine therapy.



ER Mutations, ER Modification, and Notch Signaling

A recent study confirmed that hot spot mutations in hormone binding domain (HBD) of ERα/ESR1 like Y537N, Y537S, D538G alterations, promoted transcription in an ER-dependent manner and proliferation even in the absence of estrogen, leading to endocrine resistance (Toy et al., 2013). Compared with wild-type ESR1, mutant cells displayed an increase in CD44+/CD24- ratio, mammosphere formation, migratory capabilities, and self-renewal through highly expressed Notch signaling components, like receptors, ligands and target genes (Gelsomino et al., 2018). It also demonstrated that ERα-Y537S could not enhance BCSCs once Notch signaling was inhibited, which reaffirming the importance of the correlation between ER and Notch in ERα-Y537S-mediated BCSC enrichment. Therefore, the development of Notch inhibitors will be new strategies to prevent or delaying disease progress and relapsing-onset in ER mutant positive patients.

Apart from the above mutations, modification of ERα such as phosphorylation, contributing to ligand-independent transcription of ERα-dependent genes, also promoted resistance to anti-estrogen therapy (Korobeynikov et al., 2019). HBD-ERα mutants exhibited an overexpressed S118 phosphorylation located within the AF-1 domain. When transfecting S118A-ERα (a plasmid where a serine was changed to an alanine to eliminate phosphorylation at S118) in MCF-7 cell, it was detected a lower expression of Notch4-ICD, Notch4 and HES1, and reduction in mammosphere forming efficiency (MFE) only in Y537S-ERα mutant cells. These results indicated that Notch4 activation was required for phosphorylation of S118 to increase BCSC activity in ERα mutant cells (Gelsomino et al., 2018). In addition, it was reported that receptor tyrosine kinases (RTK) and several other pathways, including the CDK2 complex and CDK7/TFIIH complex enhanced the phosphorylation of ERα (Rani et al., 2019). RTK includes epidermal growth factor receptors (EGFR), vascular endothelial growth factor receptor (VEGFR), insulin-like growth factor-I receptor, et al. RTKs promoted ER phosphorylation through at least two pathways: RAS–RAF–ERK and PI3K-AKT pathway (Ali and Coombes, 2002), which enabled ERα positive breast cancer cells to escape from anti-estrogen therapies. Furthermore, a meaningful crosstalk existed between Notch and the RTK. When overexpressing active Notch1, EGFR expression was increased. On the other hand, Notch1 overexpression could reverse EGFR inhibitor-induced cell toxicity, suggesting mutual positive regulation existed between Notch1 and EGFR (Dai et al., 2009). In addition, a study which analyzed the statistical data of histological and immunophenotypic parameters from 98 invasive breast cancer patients found that Notch2 and HER2, also known as human epidermal growth factor receptor 2, had positive correlation (Florena et al., 2007). In this way, Notch may indirectly promote endocrine resistance by ER phosphorylation through RTK pathways.

In brief, HBD-ESR1 mutations and ERα phosphorylation result in endocrine resistance and subsequent progression or relapse by means of increased BCSC activity induced by activating Notch signaling. Though the early detection of ER mutations is an immense difficulty for breast cancer, developing approaches targeting Notch pathway to prevent disease development and metastatic will be a valuable clinical decision.




The Crosstalk of Notch and Other Signaling Pathway Which Involves in Endocrine Resistance

In addition to the direct regulation of ER expression, Notch could cooperate with other pathways and cause endocrine resistance.

There is an abundance of evidence that the number of breast cancer stem cells (BCSCs) rose during antiestrogen treatment for ERα positive tumors (Creighton et al., 2009; O'Brien et al., 2011). Notch1 and Notch4 have been validated to regulate breast cancer stem cells by recent studies (Harrison et al., 2010; Gonzalez et al., 2014). Harrison H and his colleagues demonstrated that in stem cell-enriched cell populations, Notch4 signaling activity was elevated to 8-fold than differentiated cells; however, Notch1 signaling was only 4-fold higher. Their finding verified that Notch4 may produce more robust effect in maintaining breast cancer stemness (Harrison et al., 2010). Simões BM declared that short-term treatment with antiestrogens agents impaired cell proliferation yet improved breast CSCs activity through Jagged-1/Notch4 receptor activation in tumor tissue derived from breast cancer patients and xenograft (PDX) tumors (Simoes et al., 2015). Another study also showed that in ER positive breast cancer treatment with FKBPL-based therapeutics inhibited endocrine therapy resistant stem cells via downregulating DLL4 and Notch4 (McClements et al., 2019). In breast cancer, from non-CSCs to CSCs, CSC activity could be stimulated following exposure to estrogen via paracrine signaling. In vitro and in vivo, Gefitinib (EGFR inhibitor) and GSI were proven to barricade CSC activity induced by estrogen and GSIs showed more effective than Gefitinib (Harrison et al., 2013). In sum, these evidences demonstrated that detected Notch-sensitive CSCs might predict endocrine sensitivity and using Notch blockade may be an effective therapeutics for breast cancer.

It has been claimed that Notch signaling plays critical roles in acceleration of EMT in breast cancer cells which are drug-resistant. Results from Bui QT and his colleagues revealed that mesenchymal marker proteins in Tam-resistant human breast cancer (TamR-MCF-7) cells were highly expressed compared to MCF-7 cells. They proved Notch4 was instrumental in regulating EMT signaling in TamR-MCF-7 cells, but not Notch1. These results might hit upon a potential strategy to prevent metastasis in TAM-resistant breast cancer (Bui et al., 2017). Lombardo Y also found that endocrine therapies resistant cells overexpressed Nicastrin and Notch4 with mesenchymal phenotype (Lombardo et al., 2014). In another paper, it was declared that DMXL2 was increased in some endocrine therapy resistant breast cancer cells where DMXL2 promoted EMT via activating Notch signaling through V-type ATPase dependent acidification (Faronato et al., 2015).

Recent evidence displayed that Notch signaling pathway was engaged in the differentiation of tumor-associated macrophages (TAMs) in breast cancer (Palaga et al., 2018). Liu H detected that increased upregulation levels of Jagged-1 led to macrophage differentiation toward M2-TAMs (Liu et al., 2017). TAM secreted CC-chemokine ligand 2 (CCL2), which resulted in breast cancer endocrine resistance by activation of the PI3K/Akt/mTOR pathway (Li et al., 2020). Adipocytes and breast cancer cells could secrete Interleukin (IL) 6. IL-6 was found to trigger a potential Notch3/Jagged-1 loop in autocrine/paracrine mode to boost BSCS self-renewal in the mammary gland (Sansone et al., 2007). Sansone P revealed that the inhibition of IL6R/IL6-Notch3 pathways combined with hormone therapy restored ERα expression and switched CD133hi self-renewal from IL6/Notch3-dependent to an ER-dependent one (Sansone et al., 2016).

Moreover, Rizzo and his colleagues demonstrated that no matter in MDA-MB231 or T47D cell, Notch1 knockdown or GSI treatments led to cyclins A and B1 downregulation, thus G2 arrest. In T47D cells, Notch inhibition strengthened the effects of tamoxifen. And in vivo, GSI, and tamoxifen treatment caused regression of T47D tumors (Rizzo et al., 2008). To this extent, Notch is capable of promoting endocrine resistance by regulate cell cycle.




Conclusions

Hormone receptor positive breast cancer accounts for 70% of all breast cancer patients. For this type of patients, despite advances in therapy, antiestrogen drugs to block ERα function is still the most meaningful approach. Unfortunately, a considerable proportion of tumors eventually develop resistance during the course of the treatment. Therefore, there is an urgent requirement to study the underlying resistance mechanism and identify novel targets in hormone receptor positive breast cancers for therapeutic intervention. Lately, increasing preclinical and clinical evidence had shown that Notch signaling pathway led to antiestrogen resistance which was related with the regulation of ER expression/activity, maintenance of CSCs and mesenchymal phenotype, crosstalk with other tyrosine kinase growth factor signaling pathways and impact on tumor microenvironment. Takebe et al. demonstrated that in Phase II clinical trials, therapy of GSI MK-0752 combined with docetaxel effectively improved the health of patients who had advanced breast cancer, indicating that chemotherapy resistance might be reversed by targeted inhibition of Notch pathway (Takebe et al., 2014). But no clinical results are launched about combination of GSI with antiestrogen. Treatment targeting both ER and Notch may hold a promising future in overcoming endocrine resistance.
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Novel therapeutic strategies for breast cancer are urgently needed due to the sustained development of drug resistance and tumor recurrence. Trivalent arsenic derivative (arsenite, AsIII) has been reported to induce cytotoxicity in breast cancer cells. We recently demonstrated that AsIII plus tetrandrine (Tetra), a Chinese plant-derived alkaloid, exerted potent antitumor activity against human breast cancer cells, however, the underlying mechanisms for their action have not been well defined. In order to provide fundamental insights for understanding the action of AsIII plus Tetra, the effects of the combined regimen on two breast cancer cell lines T47D and MDA-MB-231 were evaluated. Compared to T47D cells, MDA-MB-231 cells were much more susceptible to the synergistic cytotoxic effects of AsIII and Tetra. Besides the induction of apoptotic/necrotic cell death, S-phase arrest and autophagic cell death were also observed in MDA-MB-231 cells. Exposure of MDA-MB-231 cells to AsIII and Tetra caused the activation of MAPKs. Cytotoxicity of the combined regimen in MDA-MB-231 cell was significantly abrogated by SP600125, a potent c-Jun N-terminal kinase (JNK) inhibitor. However, similar abrogation was not caused by p38 and ERK inhibitors. The addition of either autophagy inhibitors (3-methyladenine or wortmannin) or SP600125 corrected the combined regimen-triggered S-phase arrest, whereas had little effect on the apoptosis/necrosis induction in the cells. Surprisingly, SP600125NC, a negative control for SP600125, significantly strengthened S-phase arrest and the cytotoxicity induced by the combined regimen. The addition of SP600125 did not alter autophagy induction. In conclusion, the cytotoxicity of AsIII combined with Tetra was attributed to the induction of S-phase arrest, apoptotic/necrotic and autophagic cell death. The enhanced cytotoxicity of the two drugs by SP600125NC might be explained by its capability to strengthen S-phase arrest. Our results suggested that JNK and autophagy independently contributed to the cytotoxicity via modulating cell cycle progression. The study further provides fundamental insights for the development of AsIII in combination with Tetra for patients with different types of breast cancer.
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Introduction

In spite of recent progress in early detection, diagnosis, and targeted treatment options, breast cancer is still the most frequently diagnosed cancer among women worldwide and one of the leading causes of cancer-related deaths for women (Taylor et al., 2015; Fitzmaurice et al., 2017). Novel therapeutic strategies are urgently needed due to the sustained development of drug resistance, tumor recurrence, and metastasis (Taylor et al., 2015; Fitzmaurice et al., 2017).

It has been demonstrated that arsenic trioxide (As2O3, a trivalent arsenic derivative) exhibits high therapeutic efficacy against relapsed and refractory acute promyelocytic leukemia patients. The great therapeutic achievements thus encouraged more researchers to explore its potential future application for other malignant neoplasms (Dilda and Hogg, 2007; Yuan et al., 2010). We have demonstrated that arsenic compounds such as arsenic disulfide (As2S2) exhibits inhibitory effects against various types of cancer cells including breast cancer cell lines (Hu et al., 2014a; Hu et al., 2014b; Zhao et al., 2018a; Zhao et al., 2018b; Zhao et al., 2019). We also demonstrated the differentiation-inducing activity of clinically achievable concentrations of arsenite (AsIII, a trivalent arsenic compound) combined with tetrandrine (Tetra), a traditional Chinese herbal medicine, in breast cancer cell lines (Yu et al., 2019). We thus suggested that the combined regimen of AsIII and Tetra should be valuable in the development of differentiated therapeutic approach to combat breast cancer. In addition, we demonstrated cytocidal effect of AsIII against estrogen receptor (ER)-positive MCF-7 breast cancer cell line, and indicated that Tetra synergistically strengthened the cytotoxicity of AsIII (Yao et al., 2017). Our recent in vitro and in vivo study also demonstrated antitumor activity of AsIII combined with Tetra against human triple-negative breast cancer (TNBC) cell line MDA−MB−231 (Yuan et al., 2018).

Anti-cancer therapy involves many novel therapeutic interventions, such as modification of tumor microenvironment, innate immune gene response, the induction of apoptotic and/or autophagic cell death in premalignant and malignant cells (Yao et al., 2017; Yoshino et al., 2018; Khare et al., 2019). Additionally, the role of necrotic cell death in chemotherapeutic treatment has been increasing appreciated since tumor cells evolve diverse strategies to evade apoptosis during tumor development (Cui et al., 2011; Xu et al., 2014). In this regard, we have demonstrated that autophagic and necrotic cell death contributed to the cytocidal effects of AsIII in combination with Tetra in breast cancer cells (Yuan et al., 2018). In addition, S-phase arrest associated with the alterations of cell cycle regulators such as p21, p27 and cyclin D1 was also observed (Yuan et al., 2018). Despite this, the correlation between S-phase arrest and autophagic/necrotic cell death has not yet been clarified.

Mitogen-activated protein kinases (MAPKs) are known to be involved in a variety of cellular responses including cell division, proliferation, differentiation and cell death. The MAPKs include c-Jun NH2-terminal protein kinase (JNK), p38 kinase and extracellular signal-regulated kinase (ERK) (Cargnello and Roux, 2011). ERK usually serves as a survival mediator implicated in cytoprotection (Kikuchi et al., 2013; Kawiak et al., 2019). On the other hand, JNK and p38 MAPK are generally considered to be involved in cell death induction by diverse stimuli (Hu et al., 2014b; Kikuchi et al., 2014; Deng et al., 2018; Qiao et al., 2019). Of note, recent emerging evidence has demonstrated a strong association between the activation of JNK and antitumor agent-mediated cytotoxicity such as cell cycle arrest as well as autophagic cell death in breast cancer cells (Wang et al., 2016; Xie et al., 2017; Kong et al., 2020). Our previous report has demonstrated the contribution of S-phase arrest, autophagic and necrotic cell death to the cytotoxicity of AsIII combined with Tetra in breast cancer cell line MDA-MB-231 (Yuan et al., 2018). However, whether the activation of MAPKs occurs and links to the combined regimen-triggered cellular responses have not yet been investigated.

A previous study (Yu et al., 2017) has demonstrated a clear difference between MCF-7 and T47D cells in the response to progesterone, although both MCF-7 and T47D are ER-positive breast cancer cell lines and share the similarities in phenotypic and molecular characteristics (Aka and Lin, 2012). In this study, in order to provide fundamental insights for understanding the action of AsIII combined with Tetra in breast cancer cells, the cytotoxicity of the combined regimen was first evaluated in both T47D and MDA-MB-231 cells. The relation between autophagic cell death and apoptotic/necrotic cell death as well as cell cycle arrest was also explored in MDA-MB-231 cells, which showed a relatively high susceptibility to the combined regimen. Given critical roles of MAPKs in a variety of cellular responses, the relation between its activation and the combined regimen-mediated cytotoxicity was also evaluated. The association of activation of JNK, which was found to be closely related to the cytotoxicity, with various cellular responses such as cell cycle progression and autophagic cell death was further clarified. Tamoxifen (TAM) is known as a selective ER modulator and has been widely used in chemotherapy of breast cancer. Since previous reports have demonstrated that TAM induced cytotoxicity including apoptosis in different types of breast cancer cells regardless of ER status (Liu et al., 2014; Yeh et al., 2014), TAM was used as a positive control in the current study.



Materials and Methods


Materials

Sodium arsenite (NaAsO2, AsIII) (>99% purity) and tetrandrine (99.2% purity) were purchased from Tri Chemical Laboratories (Yamanashi, Japan) and National Institutes for Food and Drug Control (Beijing, China), respectively. Fetal bovine serum (FBS) was purchased from Nichirei Biosciences (Tokyo, Japan). Dulbecco’s modified Eagle’s medium (DMEM), RPMI-1640 medium, phenazine methosulfate (PMS), and dimethyl sulfoxide (DMSO) were obtained from Wako Pure Chemical Industries (Osaka, Japan). Propidium iodide (PI),　proteinase K, ribonuclease A (RNaseA), 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)3.2-5-[(phenylamino)carbony]-2H-tetrazolium hydroxide (XTT), and tamoxifen were purchased from Sigma-Aldrich (St. Louis, MO, USA). MAPK inhibitors and their negative controls (JNK inhibitor SP600125 and its negative control SP600125NC; p38 MAPK inhibitor SB203580 and its negative control SB202474; ERK inhibitor PD98059) were purchased from Calbiochem (La Jolla, CA, USA). Autophagy inhibitors, 3-methyladenine (3-MA) and wortmannin, were purchased from Wako Pure Chemical Industries and Calbiochem, respectively. Can Get Signal® Immunoreaction Enhancer Solution was purchased from Toyobo Co., Ltd. (Osaka, Japan).



Cell Culture and Treatment

Breast cancer cell lines, MDA-MB-231 and T47D, were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and the Health Science Research Resources Bank (HSRRB, Osaka, Japan), respectively. MDA-MB-231 cells were cultured in DMEM medium, and T47D cells were cultured in RPMI-1640 medium, both of which were supplemented with 10% heat-inactivated FBS and 100 U/ml of penicillin and 100 µg/ml of streptomycin, in a humidified 5% CO2 atmosphere at 37°C. Based on our recent work (Yuan et al., 2018), both cancer cells were treated with various concentrations of AsIII (5, 10, and 15 μM) and Tetra (5.6, 6.4, and 7.2 μM), alone or in combination, for 48 h. Tetra was dissolved in DMSO, and no cytotoxicity of the final concentrations of DMSO was observed in the current experimental system.



Cell Viability Assay

The cell viability was measured by XTT dye-reduction assay as described previously (Yoshino et al., 2018; Yuan et al., 2019). Relative cell viability was expressed as the ratio of the absorbance of each treatment group against that of the corresponding untreated control group. Data are shown as mean ± standard deviation (SD) from more than three independent experiments. In order to evaluate whether the two drugs, AsIII and Tetra, generated synergistic, antagonistic, or additive effects, a combination index (CI) was determined as reported previously, using the computer software ComboSyn (Combosyn Inc. NJ, USA) for drug combinations and for general dose–effect analysis, which was developed by Chou (2006; 2010). The effect of the combination treatment was defined as a synergistic effect if CI < 1, an additive effect if CI = 1 or an antagonistic effect if CI > 1 (Chen et al., 2014; Yao et al., 2017). In order to evaluate whether the activation of JNK, p38 and ERK is implicated in the cytotoxicity of AsIII and Tetra against MDA-MB-231 cells, which possessed a relatively high susceptibility to the combinational treatment in the current study, the cells were treated with respective potent inhibitor at the indicated concentrations for 30 min prior to treatment with 10 μM AsIII+6.4 μM Tetra in the presence or absence of each inhibitor for an additional 48 h, followed by the XTT assay as described above.



Annexin V/PI Analysis

The TACS™ Annexin V-FITC apoptosis detection Kits (Trevigen, MD, USA) was used for the detection of apoptotic and necrotic cells according to the method described previously (Yuan et al., 2015; Yoshino et al., 2018). Briefly, after treatment for 48 h with various concentrations of AsIII (5, 10, and 15 μM) and Tetra (5.6, 6.4, and 7.2 μM), alone or in combination, cells were washed with PBS. Cells were then incubated for 15 min in 100 μl of reaction buffer, which containing annexin V-FITC and PI, followed by addition of 400 μl of binding buffer. Fluorescence intensities of FITC and PI were measured by a FACSCanto flow cytometer (Becton Dickinson, San Jose, CA, USA). A total of 30,000 events were acquired and data were analyzed by Diva software. Annexin V(−)PI(−), annexin V(+)PI(−), annexin V(+)PI(+), and annexin V(−)PI(+) cells were defined as viable, early apoptotic, late apoptotic, and necrotic cells, respectively. In order to clarify whether autophagy induction or the activation of JNK is associated with the induction of apoptosis and necrosis, MDA-MB-231 cells were treated with either autophagy inhibitors (3-MA or wortmannin) or JNK inhibitor (SP600125), at the indicated concentrations for 30 min prior to treatment with 10 μM AsIII+6.4 μM Tetra in the presence or absence of each inhibitor for an additional 48 h, followed by the annexin V/PI as described above.



Cell Cycle Analysis

After treatment with 10 μM AsIII+6.4 μM Tetra for 48 h, cell cycle analysis was performed using a FACSCanto flow cytometer (Becton–Dickinson) according to a method reported previously (Kikuchi et al., 2013; Yao et al., 2017). Briefly, cells were washed twice with PBS, fixed with 1% paraformaldehyde/PBS for 30 min, washed twice again with PBS, permeabilized in 70% (v/v) cold ethanol and kept at −20°C for at least 4 h. Cell pellets were then washed twice with PBS after centrifugation and incubated with 0.25% Triton-X 100 for 5 min on ice. After centrifugation and washing with PBS, cells were resuspended in 500 μl of PI/RNase A/PBS (5 μg/ml of PI and 0.1% RNase A in PBS) and incubated for 30 min in the dark at room temperature. A total of 10,000 events were acquired and Diva software and Mod-Fit LT™ Ver.3.0 (Verity Software House, ME, USA) were used to calculate the number of cells at each G0/G1, S and G2/M phase fraction. In order to explore whether JNK or autophagy contributes to the cytotoxicity of the combined regimen by modulating cell cycle progression, MDA-MB-231 cells were treated with JNK inhibitor or autophagy inhibitors at the indicated concentrations for 30 min prior to treatment with 10 μM AsIII+6.4 μM Tetra in the presence or absence of each inhibitor for an additional 48 h, followed by the cell cycle analysis as described above.



Western Blot Analysis

For protein samples preparation, cell pellets (approximately 1-2×106 cells per 110 μl Laemmli buffer) were suspended in lysis buffer (Laemmli buffer containing 100 mM DTT, 2 μg/ml leupeptin, 2 μg/ml aprotinin, 1 μg/ml pepestain, 1 mM PMSF). The suspensions of cells were sonicated using a sonicator (Qsonica, LLC, CT, USA) with 10 short bursts of 2 s followed by intervals of 2 s for cooling. The suspensions were kept at all times in an ice bath. Sonicated cells were heated in 95°C for 5 min, and then centrifuged at 13,000 g for 15 min at 4°C. Protein concentrations of the supernatant were determined according to Bradford’s method using the protein assay dye reagent (Bio-Rad, CA, USA) according to the manufacturer’s instructions, and using BSA as the standard. Western blot analysis was carried out according to the methods previously described (Yuan et al., 2009). Briefly, after separation of proteins on a sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis, followed by transferring to a polyvinylidene difluoride (PVDF) membrane (Millipore Corp, MA, USA), protein bands were detected using the following primary antibodies and dilution ratios: mouse anti-human β-actin (1:5,000 dilution; cat. no. A-5441; Sigma–Aldrich, MO, USA), rabbit anti-human LC3 (1:1,000 dilution; cat. no. 12741), rabbit anti-human phospho-SAPK/JNK (Thr183/Tyr185, 1:1,000 dilution; cat. no. 9251) and SAPK/JNK (1:1,000 dilution; cat. no. 9252), rabbit anti-human phospho-p38 (Thr180/Tyr182, 1:1,000 dilution; cat. no. 9211) and p38 (1:1,000 dilution; cat. no. 9212), rabbit anti-human phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (1:2000 dilution; cat. no. 4370) and p44/42 MAPK (Erk1/2) (137F5) (1:1,000 dilution; cat. no. 4695) (Cell Signaling Technology, MA, USA). Blotted protein bands were detected with respective horseradish peroxidase-conjugated secondary antibody and an enhanced chemiluminescence (ECL) Western blot analysis system (Amersham Pharmacia Biotech, Buckinghamshire, UK). Relative amounts of the immunoreactive proteins were calculated from the density of the gray level on a digitized image using a program, NIH Image 1.60.



Statistical Analysis

Experiments were independently repeated three times, and the results are presented as the means ± SD of the three assays. Statistical analysis was conducted using one-way ANOVA followed by Dunnett’s post-test. A probability level of p<0.05 was considered to indicate a statistically significant difference.




Results


Synergistic Cytotoxicity of AsIII Combined With Tetra in Human Breast Cancer Cell Lines

Cell viability of MDA-MB-231 and T47D cells was determined by XTT assay following treatment for 48 h with AsIII and Tetra, alone or in combination, at the indicated concentrations. As shown in Figure 1, treatment with AsIII alone (5, 10, and 15 μM) resulted in a similar growth inhibition in both cancer cells. Tetra alone (5.6, 6.4, and 7.2 μM) induced a clear dose-dependent decrease in cell viability of MDA-MB-231, but not in T47D, indicating that MDA-MB-231 cells were more sensitive to Tetra compared to T47D. Intriguingly, synergistic cytocidal effect of the two drugs was observed in MDA-MB-231 cells when treated with a combination of a relatively low concentration of AsIII and Tetra (CI values were 0.9951 and 0.9967 for the treatment of 5 μM AsIII+5.6 μM Tetra and 10 μM AsIII+6.4 μM Tetra, respectively). However, similar synergistic effect was only observed in T47D cells following the treatment with a combination of a relatively high concentration of the two drugs (CI value was 0.6921 for the treatment of 15 μM AsIII+7.2 μM Tetra). These results thus indicated that the sensitivity of MDA-MB-231 to the combinatorial treatment was substantially higher than that of T47D.




Figure 1 | Synergistic cytotoxicity of AsIII combined with Tetra in human breast cancer cell lines. Following treatment with various concentrations of AsIII alone (5, 10, and 15 µM), Tetra alone (5.6, 6.4, and 7.2 μM), or their combination for 48 h, the cell viability of MDA-MB-231 (A) and T47D (B) was determined by XTT assay. Relative cell viability was calculated as the ratio of the absorbance at 450 nm of each treatment group against those of the corresponding untreated control group. Data are shown as the means and SD from more than three independent experiments. *p<0.05 vs. control; #p<0.001 vs. each alone. As, AsIII; Tetra, tetrandrine.





Contribution of Apoptosis and Necrosis to the Cytotoxicity of AsIII Combined With Tetra in Breast Cancer Cells

After exposure of both breast cancer cells for 48 h to the indicated concentrations of AsIII and Tetra, alone or in combination, annexin V/PI analysis was conducted to explore whether apoptosis and/or necrosis contribute to the cytotoxicity of AsIII combined with Tetra. TAM, a widely used in chemotherapy of breast cancer, has been shown to induce apoptosis of breast cancer cells including MDA-MB-231 and T47D (Liu et al., 2014; Yeh et al., 2014). In line with these previous reports, both cancer cells treated with 20 μM TAM underwent early and late stage apoptosis in comparison with control group, as evidenced by an increase in the number of annexin V(+)PI(-) and annexin V(+)PI(+) cells (Figures 2A, B and 3A, B). A higher percentage of annexin V(-)PI(+) cells was further detected in MDA-MB-231 compared to T47D cells, indicating the induction of necrotic cell death in both cells by TAM (Figures 2A, C and 3A, C).




Figure 2 | Induction of apoptotic and necrotic cell death in MDA-MB-231 cells by AsIII combined with Tetra. (A) After treatment with indicated concentrations of AsIII and Tetra, alone or in combination, for 48 h, cells were stained with annexin V-FITC and PI, and analyzed by flow cytometry. Annexin V(−)PI(−) cells, annexin V(+)PI(−) cells, annexin V(+)PI(+) cells, and annexin V(−)PI(+) cell represent viable cells, early apoptotic cells, late apoptotic/necrotic cells, and necrotic cells, respectively. (A) Representative dot plots from three independent experiments are shown. Quantifications in the percentages of apoptotic cells (B) and necrotic cells (C) are shown, respectively. *p<0.05 vs. control; #p<0.05 vs. each alone; $p<0.01 vs. TAM. TAM (20 µM) used as an inducer (positive control) for the induction of apoptosis and necrosis. As, AsIII; Tetra, tetrandrine; TAM, tamoxifen.






Figure 3 | Induction of apoptotic and necrotic cell death in T47D cells by AsIII combined with Tetra. (A) After treatment with indicated concentrations of AsIII and Tetra, alone or in combination, for 48 h, cells were stained with annexin V-FITC and PI, and analyzed by flow cytometry. Annexin V(−)PI(−) cells, annexin V(+)PI(−) cells, annexin V(+)PI(+) cells, and annexin V(−)PI(+) cell represent viable cells, early apoptotic cells, late apoptotic/necrotic cells, and necrotic cells, respectively. (A) Representative dot plots from three independent experiments are shown. Quantifications in the percentages of apoptotic cells (B) and necrotic cells (C) are shown, respectively. *p<0.05 vs. control; $p<0.05 vs. TAM. TAM (20 µM) used as an inducer (positive control) for the induction of apoptosis and necrosis. As, AsIII; Tetra, tetrandrine; TAM, tamoxifen.



In comparison to TAM, treatment with either AsIII or Tetra alone hardly induced apoptosis, except that the highest concentrations of 15 μM AsIII slightly but significantly induced apoptosis in both cells (Figures 2A, B and 3A, B). Intriguingly, synergistic apoptosis-inducing activities of AsIII combined with Tetra, regardless of their concentrations, were observed in MDA-MB-231 cells (CI values were 0.3873, 0.3245, and 0.1204 for the treatment of 5 μM AsIII+5.6 μM Tetra, 10 μM AsIII+6.4 μM Tetra, and 15 μM AsIII+7.2 μM Tetra, respectively) (Figures 2A, B). Of note, the combined regimen of 15 μM AsIII+7.2 μM Tetra, and TAM exhibited very similar apoptosis-inducing activity in the cells (Figures 2A, B). On the other hand, treatment with the combination of AsIII and Tetra showed only a modest but significant increase in the apoptosis-inducing activity in T47D cells in comparison with control group (Figures 3A, B). Besides apoptosis-inducing activity, necrosis-inducing activity of 15 μM AsIII was also observed in MDA-MB-231 cells, and further enhanced by the addition of 7.2 μM Tetra (Figure 2C). In addition, 10 μM AsIII combined with 6.4 μM Tetra also exhibited necrosis-inducing activity in the cells (Figure 2C). Despite this, no necrosis-inducing activity of the two drugs, either alone or in combination, was recognized in T47D cells (Figure 3C). Since a relatively high susceptibility of MDA-MB-231 cells to AsIII combined with Tetra was observed, a detailed analysis of the cytotoxicity of the combined regimen was carried out using the cells in the following study.



Autophagy Contributed to the Cytotoxicity of AsIII Combined With Tetra in MDA-MB-231 Cells by Modulating Cell Cycle Progression

We have recently reported the involvement of activation of autophagic cell death in the combined regimen-mediated cytotoxicity of breast cancer cells (Yao et al., 2017; Yuan et al., 2018). We also demonstrated that AsIII in combination with Tetra induced S-phase arrest in MDA-MB-231 cells (Yuan et al., 2018). Herein, both the induction of autophagy and S-phase arrest were first confirmed in MDA-MB-231 cells following the exposure to the combined regimen of 10 μM AsIII+6.4 μM Tetra for 48 h (Supplementary Figures 1 and 2). Previous studies have demonstrated a close association between autophagy and apoptosis as well as cell cycle arrest induction in different types of cancer cells including MDA-MB-231 (Cheng et al., 2015; Gao et al., 2015; Lee et al., 2016; Lin et al., 2016; Chen et al., 2019). In order to clarify whether there was a link between autophagy and apoptosis/necrosis as well as S-phase arrest, two autophagy inhibitors, 3-MA and wortmannin, were used in the current study. After treatment for 48 h with 10 μM AsIII+6.4 μM Tetra in the presence or absence of 3-MA (0.25 and 1.0 mM) or wortmannin (0.25 and 1.0 μM), the effects of inhibitors on the alteration of apoptosis/necrosis induction and cell cycle profiling in MDA-MB-231 cells were investigated. As shown in Figure 4, in comparison to the combined regimen-treatment group, the addition of 3-MA or wortmannin, regardless of the concentrations of each respective inhibitor, had little effect on the apoptosis/necrosis induction, indicating almost no association between autophagy and apoptosis/necrosis induction. It is worthy of note that the combined regimen-triggered S-phase arrest was successfully corrected by the addition of a relatively high concentration of 3-MA (1 mM) and wortmannin (1 μM), respectively (Figures 5A, C). Interestingly, a clear increase in the cell populations in the G2/M phase was concomitantly observed (Figures 5A, B, D).




Figure 4 | Effects of autophagy inhibitors on the induction of apoptosis and necrosis in MDA-MB-231 cells treated with the combination of AsIII and Tetra. After treatment with 10 μM AsIII+6.4 μM Tetra in the presence or absence of 3-MA (0.25, 1.0 mM) or wortmannin (0.25, 1.0 μM) for 48 h, cells were stained with annexin V-FITC and PI, and analyzed by flow cytometry. The percentages of apoptotic cells (A) and necrotic cells (B) were quantified by the same manner as described in the legend of Figures 2 and 3. *p<0.0001 vs. control. As, AsIII; Tetra, tetrandrine; Wort, wortmannin.






Figure 5 | Contribution of autophagy to the cytotoxicity of AsIII combined with Tetra in MDA-MB-231 cells by modulating cell cycle progression. (A–D) After treatment with 10 μM AsIII+6.4 μM Tetra in the presence or absence of 3-MA (0.25, 1.0 mM) or wortmannin (0.25, 1.0 μM) for 48 h, cell cycle profiling was performed by FACSCanto flow cytometer. Analyzed data and profiles for each G0/G1 and G2/M phase using Diva software and ModFit LT™ ver.3.0. are shown in the gray area. Cells at S phase are shown as shaded area. A representative FACS histogram from three separate experiments is shown (A). *p<0.05, vs. control; §p<0.05, †p<0.01, vs. 10 μM AsIII +Tetra 6.4 μM. As, AsIII; Tetra, tetrandrine; Wort, wortmannin.





Involvement of JNK Activation in the Cytotoxicity of AsIII Combined With Tetra in MDA-MB-231 Cells

To explore whether MAPK signaling pathways are involved in the cytocidal effect of AsIII combined with Tetra, the activation of JNK, p38 and ERK was determined in MDA-MB-231 cells following the treatment with the indicated concentrations of AsIII and Tetra, alone or in combination, for 48 h. In comparison to control groups, exposure to AsIII or Tetra exhibited little effect on the ratio of phospho-JNK/JNK, except for the highest concentrations of AsIII (15 μM) with the capability to increase the ratio (Figures 6A, B). Of note, a substantial increase in the ratio of phospho-JNK/JNK was detected following the treatment with 10 μM AsIII combined with 6.4 μM Tetra (Figures 6A, B). Similar alterations in the ratio of phospho-ERK/ERK were also detected (Figures 6A, C). As shown in Figures 6A, D, a significant increase in the ratio of phospho-p38/p38 was detected following the exposure to various concentrations of Tetra alone (5.6, 6.4, and 7.2 μM), and the increase was not influenced by the addition of AsIII. In addition, only a modest increase in the ratio of phospho-p38/p38 was observed following the exposure of AsIII alone (5, 10, and 15 μM). These results indicated the activation of each MAPK in the cells treated with the combined regimen, although the degree of their activation was different to some extent.




Figure 6 | MAPK activation in MDA-MB-231 cells treated with AsIII and Tetra, alone or in combination. (A–D) Following treatment for 48 h with the indicated concentrations of AsIII and Tetra, alone or in combination, the expression profiles of both phosphorylated and total forms of JNK, ERK, and p38 were analyzed using western blotting. Representative images of the expression profile of each protein are shown from three independent experiments. The relative expression levels were expressed as the ratios between the phosphorylated active form and total form of each target protein expression levels, and compared with those of untreated control group, respectively. Results are shown as the means ± SD from three independent experiments. p-JNK, p-ERK, and p-p38 represent phospho-JNK, phospho-ERK, and phospho-p38, the respective phosphorylated active form of each MAPK. *p<0.05, †p<0.01, vs. control. As, AsIII; Tetra, tetrandrine. Since enough cells cannot be collected in the group treated with 15 μM AsIII in combination with 7.2 μM Tetra due to its strong cytotoxicity, western blot analyses were not conducted.



Next, in order to clarify whether the respective activation of JNK, p38 and ERK is implicated in the cytotoxicity, cell viability of MDA-MB-231 cells was investigated following the exposure for 48 h to 10 μM AsIII and 6.4 μM Tetra, alone or in combination, in the presence or absence of potent inhibitors of JNK, p38, and ERK, respectively. Consistent with the results in Figure 1, a significant decrease in cell viability was induced by 10 μM AsIII and 6.4 μM Tetra, each alone, and further strengthened by their combination (Figure 7). Notably, the combined regimen-triggered cytotoxicity was partially but significantly abrogated by the addition of 10 μM SP600125, an inhibitor for JNK, but not SP600125NC, a negative control for SP600125 (Figure 7A). Conversely, the addition of SP600125NC intensified the cytotoxicity of AsIII and Tetra, each alone (Figure 7A). As shown in Figure 7B, the cytotoxicity of the combined regimen was hardly altered by 1 μM of PD98059, an inhibitor for ERK, however, was significantly augmented by 10 μM of PD98059. In addition, no alteration in the cytotoxicity of the combined regimen was observed regardless of the presence of 10 μM of SB203580, a specific inhibitor of p38 MAPK, indicating almost no involvement of p38 MAPK in the cytotoxicity (Figure 7C). The addition of 10 μM of SB202474, a negative control for SB203580, interestingly enhanced the cytotoxicity of 6.4 μM Tetra alone as well as the combined regimen, although there was no obvious plausible explanation for the enhancement right now (Figure 7C). All of MAPK inhibitors and their respective negative control itself had no effect on the cell viability of MDA-MB-231 (Figure 7).




Figure 7 | Abrogation of the cytotoxicity of AsIII combined with Tetra by JNK inhibition in MDA-MB-231 cells. Following the treatment for 48 h with 10 μM AsIII and 6.4 μM Tetra, alone or in combination, in the presence or absence of MAPK inhibitors and their negative controls [JNK inhibitor SP600125 and its negative control SP600125NC (A); ERK inhibitor PD98059 (B); p38 MAPK inhibitor SB203580 and its negative control SB202474 (C)], the cell viability of MDA-MB-231 was determined by XTT assay. Relative cell viability was calculated as the ratio of the absorbance at 450 nm of each treatment group against those of the corresponding untreated control group. Data are shown as the means and SD from more than three independent experiments. *p<0.01 vs. the combination; §p<0.01, vs. 10 μM AsIII alone; #p<0.01, vs. 6.4 μM Tetra alone. As, AsIII; Tetra, tetrandrine; SP600, SP600125; SP600 NC, SP600125NC; SB203, SB203580; SB202, SB202474.





Implication of JNK Activation in the Cytotoxicity of MDA-MB-231 Cells Treated With AsIII in Combination With Tetra Through Modulating Cell Cycle Progression

In order to provide detailed evidence for the implication of JNK activation in the combined regimen-triggered cytotoxicity, alterations of the induction of apoptosis and necrosis were first investigated following the exposure of MDA-MB-231 cells to 10 μM AsIII combined with 6.4 μM Tetra in the presence or absence of SP600125 or its negative control for 48 h. As shown in Figures 8A, B, a significant increase in the number of apoptotic cells was not altered by the addition of SP600125, whereas the increase was slightly but significantly enhanced by the addition of SP600125NC. The combined regimen-triggered necrosis was also not affected by both SP600125 and its negative control, SP600125NC (Figures 8A, C), indicating little involvement of JNK activation in the induction of apoptosis and necrosis. In addition, substantial upregulation of the expression of LC3 was not affected by either SP600125 or SP600125NC (Figure 9), indicating that JNK activation and the induction of autophagy independently occurred in the cells.




Figure 8 | Effect of SP600125 on the induction of apoptosis and necrosis in MDA-MB-231 cells treated with AsIII combined with Tetra. After treatment with 10 μM AsIII+6.4 μM Tetra in the presence or absence of 10 μM of SP600125 and its negative control SP600125NC for 48 h, cells were stained with annexin V-FITC and PI, and analyzed by flow cytometry. (A) Representative dot plots from three independent experiments are shown. The percentages of apoptotic cells (B) and necrotic cells (C) were quantified by the same manner as described in the legend of Figures 2 and 3. *p<0.0001 vs. control, †p<0.0001, vs. 10 μM AsIII+6.4 μM Tetra. As, AsIII; Tetra, tetrandrine; SP600, SP600125; SP600 NC, SP600125NC.






Figure 9 | Effect of SP600125 on the induction of autophagy in MDA-MB-231 cells treated with AsIII combined with Tetra. After treatment with 10 μM AsIII+6.4 μM Tetra in the presence or absence of 10 μM of SP600125 and its negative control SP600125NC for 48 h, the expression of LC3 protein was analyzed using western blot. (A) Representative images of the expression profile of LC3 are shown from three independent experiments. (B) The relative expression level was expressed as the ratio between LC3 protein and β-actin protein expression levels, and compared with those of untreated control group. Results are shown as the means ± SD from three independent experiments. *p<0.05 vs. control. As, AsIII; Tetra, tetrandrine; SP600, SP600125; SP600 NC, SP600125NC.



Next, the effect of SP600125 on the alteration of cell cycle profiling was further investigated. Consistent with results in Figure 5 and Supplementary Figure 2, S-phase arrest along with a significant decrease in the cell populations in the G0/G1 phase was confirmed in MDA-MB-231 cells after treatment with 10 μM AsIII combined with 6.4 μM Tetra for 48 h (Figures 10A–C). In comparison, S-phase arrest was modestly but significantly reversed by the addition of 10 μM SP600125 (Figures 10A, C). Of note, a remarkable increase in the cell populations in the G2/M phase along with a further decrease in the cell populations in the G0/G1 phase was concomitantly observed (Figures 10A, B, D). On the other hand, S-phase arrest was further enhanced by the addition of 10 μM SP600125NC (Figures 10A, C). Intriguingly, no alteration in the cell populations in the G2/M phase was observed when combining 10 μM SP600125NC to the combinatorial treatment, although a further decrease in the cell populations in the G0/G1 phase was recognized (Figures 10A, B, D). The addition of SP600125NC itself, but not SP600125, slightly but significantly induced S-phase arrest of the cells, although both of them induced measurable decrease and increase in the cell populations in the G0/G1 and G2/M phase, respectively (Figures 10A, B, D).




Figure 10 | Association of JNK activation with cell cycle progression of MDA-MB-231 cells treated with AsIII in combination with Tetra. (A–D) After treatment with 10 μM AsIII+6.4 μM Tetra in the presence or absence of 10 μM of SP600125 or its negative control SP600125NC for 48 h, cell cycle profiling was performed by FACSCanto flow cytometer. Analyzed data and profiles for each G0/G1 and G2/M phase using Diva software and ModFit LT™ ver.3.0. are shown in the gray area. Cells at S phase are shown as shaded area. A representative FACS histogram from three separate experiments is shown (A). *p<0.05, vs. control; #p<0.05, vs. 10 μM AsIII+Tetra 6.4 μM. As, AsIII; Tetra, tetrandrine; SP600, SP600125; SP600 NC, SP600125NC.






Discussion

In this study, we demonstrated that the combined regimen of AsIII and Tetra exerted a synergistic cytotoxic effect against T47D (Figure 1), which was in good agreement with our previous study on MCF-7 cells (Yao et al., 2017). In line with our recent work (Yuan et al., 2018), we also confirmed the synergistic cytocidal effect of the two drugs in MDA-MB-231 cells, and further indicated that MDA-MB-231 cells were markedly more susceptible to the combinatorial treatment than T47D cells (Figure 1). Collectively, AsIII and Tetra, which have been used as medicinal agents, should be valuable in the development of novel therapeutic approaches to combat different types of breast cancers in spite of their estrogen dependency.

Despite the fact that the aim of anticancer therapy has been commonly focused on the induction of apoptosis in premalignant and malignant cells, the role of necrotic cell death in chemotherapeutic treatment has been increasing appreciated since tumor cells evolve diverse strategies to evade apoptosis during tumor development (Cui et al., 2011; Xu et al., 2014). In this regard, the combined regimen of a relatively low concentration of each drug (10 μM AsIII+6.4 μM Tetra) induced both apoptosis and necrosis in MDA-MB-231 cells (Figure 2). Intriguingly, the combined regimen of 15 μM AsIII+7.2 μM Tetra and TMA exhibited very similar apoptosis-inducing activity in MDA-MB-231 cells, providing very meaningful in vitro experimental data for breast cancer drug development, although more detailed analyses including in vivo experiments are obviously needed.

In addition to the induction of apoptotic/necrotic cell death, our results also demonstrated that autophagic cell death and S-phase arrest (Supplementary Figures 1 and 2) contributed to the cytocidal effects of the combined regimen of 10 μM AsIII+6.4 μM Tetra in MDA-MB-231 cells. Although autophagy has been linked to apoptotic/necrotic cell death in many cases (Nikoletopoulou et al., 2013; Yoshida, 2017; Chen et al., 2019), our experimental results demonstrated that the addition of either 3-MA or wortmannin, two autophagy inhibitors, successfully corrected the combined regimen-triggered S-phase arrest, however, had little effect on the apoptosis/necrosis induction (Figures 4 and 5). Autophagy has been demonstrated to act either as a cytoprotective process or a pro-death factor in different cellular contexts (White and DiPaola, 2009; Mathiassen et al., 2017). A recent review article has demonstrated that in response to different exogenous cellular stress stimuli, adequate autophagy can be activated to induce degradation of cell cycle arrest-related proteins such as p27, consequently contributes to tumorigenesis and/or drug resistance (Zheng et al., 2019). On the other hand, anticancer agents cause overactivated autophagy to breakdown cell cycle regulators including cyclin-dependent kinases or cyclin to induce permanent cell cycle arrest and autophagy-related cell death (Maes et al., 2013; Zheng et al., 2019). While the correlative induction of cell-cycle arrest and autophagy has been discussed, the molecular mechanisms linking them together remain poorly characterized (Maes et al., 2013; Mathiassen et al., 2017; Zheng et al., 2019). Based on the previous observations and our findings, we suggest that the abrogation of the overactivated autophagy might promote cell cycle progression, and consequently inhibit the cytotoxic effects of AsIII combined with Tetra in MDA-MB-231 cells, although more detailed mechanisms underlying the crosstalk between cell cycle progression and autophagy are obviously needed to clarify.

We also demonstrated that the cytocidal effect of AsIII combined with Tetra was significantly abolished by SP600125, a potent inhibitor of JNK, but not by SB203580, a specific inhibitor for p38, suggesting the contribution of JNK, instead of p38, to the cytotoxicity (Figure 7). In line with previous reports showing that ERK usually served as a survival mediator implicated in cytoprotection (Yao et al., 2012; Kikuchi et al., 2013), the combined regimen-triggered cytotoxicity was clearly augmented by PD98059, an inhibitor of ERK, suggesting that activation of ERK might compensate for the cytocidal stimuli. Although the activation of JNK has been deeply implicated in apoptosis/necrosis induction in different types of cancer cells (Deng et al., 2018; Qiao et al., 2019), inhibition of JNK by SP600125 did not alter the induction of apoptosis/necrosis (Figure 8), suggesting little involvement of JNK activation. Similarly, substantial upregulation of the expression of LC3 was not affected by SP600125 (Figure 9), suggesting that JNK activation and autophagy independently contributed to the cytotoxicity of AsIII combined with Tetra in MDA-MB-231 cells.

In comparison, SP600125 modestly but significantly corrected S-phase arrest, which was accompanied by a significant increase and decrease in the cell populations in the G2/M and G0/G1 phase, respectively (Figure 10). These results thus suggested that the combined regimen-triggered cytotoxicity was attributed to JNK activation-associated with S-phase arrest. In agreement with this opinion, we interestingly observed that SP600125NC, a negative control for SP600125, significantly enhanced the cytotoxicity of AsIII and Tetra, alone or in combination (Figures 7 and 8), which might be explained by the capability of SP600125NC to strengthen S-phase arrest (Figure 10) although the mechanisms underlying the strengthening remain to be clarified. Recently, Xie et al. demonstrated that Pu-erh tea water extract induced growth inhibition of MDA-MB-231 cells through S-phase arrest associated with upregulation of p21 and downregulation of cyclin D1, cyclin E, all of which was mediated via JNK activation (Xie et al., 2017). They further showed that co-treatment with SP600125 restored the water extract-induced alterations of p21, cyclin D1, and cyclin E, suggesting that S-phase arrest occurred through the activation of JNK-related cell death pathway (Xie et al., 2017). Most recently, Kong et al. have demonstrated that cardamonin, a naturally occurring chalcone isolated from large black cardamom, induces G2/M arrest and apoptosis in breast cancer cells including MDA-MB-231 (Kong et al., 2020). They further clarified that SP600125 blocked FOXO3a expression and nuclear translocation, and significantly diminished the expression of FOXO3a and the upregulation of p21 and p27, two target genes of FOXO3a (Kong et al., 2020). Similar to these previous reports, we recently also demonstrated that S-phase arrest associated with the upregulation of FOXO3a, p21, p27 along with decreased cyclin D1 expression contributed to the anticancer activity of AsIII and Tetra against MDA-MB-231 cells (Yuan et al., 2018). Collectively, we suggest that the activation of JNK-FOXO3a pathway probably plays a critical role in the combined regimen-triggered cytotoxicity in MDA-MB-231 cells, although more detailed analyses are needed to clarify this opinion.



Conclusion

Our results demonstrated that besides apoptosis/necrosis, autophagic cell death and cell cycle arrest were also involved in the cytotoxicity of AsIII combined with Tetra in breast cancer cells, and that MDA-MB-231 cells were markedly more susceptible to the combinatorial treatment than T47D cells. Therefore, we suggest that the combined regimen could be a broadly applicable approach to combat different types of breast cancer cells. We further demonstrated that the activation of JNK and autophagy independently contributed to the cytotoxicity of AsIII combined with Tetra via modulating cell cycle progression in MDA-MB-231 cells. TNBC has been characterized by highly aggressive metastatic behavior and represents one of the most difficult subtypes of breast cancer (Carey et al., 2010). In view of this, the combination of AsIII and Tetra, both of which have been used in the clinic, should be valuable in developing a novel therapeutic strategy to cease the uncontrolled proliferation of cancer cells in patients with TNBC. Our findings provide valuable insights into the development of the novel therapeutic for different types of breast cancer, especially TNBC.
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Background

We explored the therapeutic and prognostic effect of YAP/TAZ intensityinHER2-positive breast cancer patients. We also investigated the relationship between YAP/TAZ expression and Trastuzumab-resistance.



Methods

We collected clinicopathological information from 397 cases. We evaluated therapeutic and prognostic effect of YAP/TAZ and other variables. We also cultivated Trastuzumab-resistance cell lines and explored relationship between YAP/TAZ and Trastuzumab-resistance.



Results

Over-expression of YAP/TAZ was remarkable in Trastuzumab-resistant cells, and so did HER3 and HER2/HER3 heterodimer. Inhibition of YAP/TAZ expression reversed Trastuzumab-resistance.YAP/TAZ deficiency contributed to favorable therapeutic response, and so did hormone receptor insufficiency and chemotherapy dosage inferiority. Deficient YAP/TAZ intensity and abundant hormone receptor intensity contributed to better survival. Over-expression of YAP/TAZ was obvious in recurrent cases in comparison with their matching primary lesions. Prognostic superiority of insufficient YAP/TAZ intensity was more outstanding in hormone receptor negative cases. Over-expression of YAP/TAZ and HER3 was generally synchronous. Absence of HER3 expression in residual lesions might correlate with better breast cancer-free survival.



Conclusions

Over-expression of YAP/TAZ as well as HER-3 and HER2/HER3 heterodimer was synchronously remarkable in Trastuzumab-resistant cell lines. Inhibition of YAP/TAZ expression reversed Trastuzumab resistance. Deficient YAP/TAZ intensity as well as insufficient hormone receptor intensity and high chemotherapy dosage contributed to favorable therapeutic response. Deficient YAP/TAZ intensity and abundant hormone receptor intensity contributed to better survival, and so did absence of HER3expression in residual lesions. Prognostic superiority of YAP/TAZ expression depended on hormone receptor status. Cases with synchronous over-expression of YAP/TAZ and HER3 suffered poor survival, which revealed the potential effect of YAP/TAZ-HER2/HER3 crosstalk in prognosis of HER2-positive patients.





Keywords: Trastuzumab-based neoadjuvant therapy, YAP/TAZ, HER2/HER3 heterodimer, breast cancer-free interval, SKBR-3 cell lines



Introduction

Gene amplification resulted in over-expression of the human epidermal growth factor receptor 2 (HER2), which induced shorter disease-free survival and decreased overall survival. Fortunately, routine use of Trastuzumab altered the natural history of HER2 positive breast cancer (Mittendorf et al., 2009). Trastuzumab was a monoclonal antibody that targeted the extracellular domain of HER2 protein and interfered with HER2-mediated signaling cascade, preventing proliferation and eventually leading to cell death (Hudis, 2007). Adjuvant use of Trastuzumab reduced relapse in HER2 positive cases (Perez et al., 2011). Neoadjuvant use of Trastuzumab improved pathological complete response rates (Gianni et al., 2010).

Despite these successes, we noticed that some cases did not respond well to Trastuzumab. For HER2 positive breast cancer patients, disease relapse might occur even after standard anti-HER2 therapy (He et al., 2011; Zhou et al., 2014; Yuan et al., 2015; Zhu et al., 2017; Zhu et al., 2018). Previous literatures indicated that Hippo pathway was an evolutionarily conserved regulator for tissue development (Harvey et al., 2013). Mutations of pathway components caused uncontrolled tissue overgrowth (Tapon et al., 2002), revealing some kind of tumorigenicity (Camargo et al., 2007). Crosstalk of Hippo signaling with other perturbed molecular networks might result in the happening of tumor invasion (Johnson and Halder, 2014). The central role of Hippo pathway focused on degrading of two homologous oncoproteins: the transcriptional co-activator with PDZ-binding motif (TAZ) and Yes-associated protein (YAP). Preliminary clinical studies from a consecutive series of breast cancer patients found that YAP/TAZ over-expression related to shorter disease-free survival, and a statistically obvious correlation between YAP/TAZ and HER2 positivity had also been proved (Bartucci et al., 2015).

In this study, we explored the therapeutic and prognostic effect of YAP/TAZ expression. We also investigated relationship between YAP/TAZ expression and Trastuzumab resistance. We hypothesized that YAP/TAZ-HER2/HER3 crosstalk affected the prognosis of HER2-positive cases. We estimated prognostic effect of YAP/TAZ and HER2/HER3 heterodimer according to our preclinical and clinical findings.



Materials and Methods


Study Population

This study enrolled 397 pathology confirmed HER2 positive breast cancer patients from the Breast Cancer Center, Xiangya Hospital, Central South University, between 2012.3 and 2018.3. We excluded patients who suffered inflammatory breast cancer, distant metastasis disease, or bilateral breast tumors. The median follow-up time was 48 months (22–69 months). Xiangya Hospital Ethics Committee reviewed and approved all involved cases. The patients provided their written informed consent to engage in this study.



Study Design and Procedures

In this retrospective study, we gained pathological diagnose via core needle biopsy. Cytotoxic therapy was anthacycline and taxane intravenously every 21 days for 8 cycles. Trastuzumab treatment was 8 mg/kg as a loading dose, and then 6mg/kg every 3 weeks for 1 year. All involved cases underwent the above neoadjuvant therapy (NAT). All patients received proper surgical procedure (breast-conserving surgery or modified radical mastectomy) within 1 month after NAT finished. Considering the false negative results of sentinel lymph nodes biopsy after NAT, all patients underwent axillary lymph nodes dissection. Local advanced cases and breast-conserving cases received radiation therapy. Hormone receptor (HR) positive cases underwent proper adjuvant endocrine therapy (Table 1).


Table 1 | Demographic information of subjects in this study.



Formalin-fixed and paraffin-embedded specimens were finally manufactured into 4μm-thick slices and then stained by Hematoxylin and eosin (H&E). All pathological data was available, such as estrogen receptor (ER), progesterone receptor (PR), HER2, and Ki-67 indication. We evaluated signals in both core needle biopsy specimens and residual tumors. The positive status of HR was immunohistochemistry (IHC) staining ER≥1% and/or PR≥1%.The positive status ofHER2 was IHC staining HER2 3+ or FISH +.The positive status of FISH was single-probe average HER2 copy number ≥6.0 signals/cell; or dual-probe HER2/CEP17 ratio of ≥2.0with an average HER2 copy number ≥4.0 signals/cell; or dual-probe HER2/CEP17 ratio of <2.0 with an average HER2 copy number ≥6.0 signals/cell (Wolff et al., 2018).

Our group employed anti-YAP/TAZ to evaluate YAP/TAZ status in diagnostic biopsy specimens (primary lesions and recurrent lesions). We confirmed the positive status of YAP/TAZ when more than 10% tumor cells were nuclear and/or cytoplasmic staining. We graded the IHC staining intensity of YAP/TAZ as 0 (negative), 1+ (weak), 2+ (moderate), and 3+ (strong). The calculation method of YAP/TAZ score was multiplying IHC intensity by 1.5 in nuclear stained cases and by0.5 in cytoplasmic stained cases (summing them together in both nuclear and cytoplasmic stained cases). Median score ≤0.5 was YAP/TAZ low expression, whereas median score >0.5 was YAP/TAZ high expression. Two investigators assessed the pathological data independently (Vici et al., 2014).

This study defined pathological complete response (pCR) as no residual invasive breast or lymph node lesions after NAT. We employed ultrasound and MRI every 21 days to assess the residual tumor size. We evaluated the clinical response according to the criteria described in solid tumor (RECIST) guideline version 1.1. We calculated objective response rate (ORR) by comparing complete response (CR) and partial response (PR) cases to the total number of involved cases.



Calculation of Dose Intensity

Relative total dose intensity (RTDI): ratio of actual total dose intensity (ATDI) and planned total dose intensity (PTDI) (Loibl et al., 2011).

	

Planned total dose intensity (PTDI): the planned total dose and the planned treatment duration, average across the chemotherapy agents used.

	

Actual total dose intensity (ATDI): the ratio of actual total dose and the real treatment duration.

	

After calculated separately for each component of the regimen, an average was taken to obtain the final RTDI of the combination.

	

In this study, we employed SKBR-3 cell line to cultivate Trastuzumab-resistance cell model. We calculated the growth rate of cells via colorimetric method. We employed YAP/TAZ inhibitor-1 (Medchemexpress LLC, New Jersy, USA) to evaluate the relationship of YAP/TAZ expression and Trastuzumab resistance. We assessed YAP/TAZ expression according to their localization by western blot analysis. We also used immunodetection assay to estimate the expression of HER3 and HER2/HER3 heterodimer.



Statistical Analysis

We used one-way analysis of variance to clarify relationship between variables and clinical response. We employed logistical regression to explore the impact of variables on pathological remission rate. Univariate analysis and Pearson χ2 test were both qualified to evaluate the effect of relevant variables on clinical and pathological response in different subgroups. Breast cancer-free interval (BCFI) was proper for the survival analyses, which was the time between surgery and first invasive relapse (local or distant).Cox proportional hazards model was useful to evaluate the prognostic effect of variables, and the results were expressed as hazard ratios (HRs) and 95% confidence intervals (CIs). We employed Kaplan-Meier survival analysis to estimate the relationship between variables and prognosis. We also performed sub-population treatment effect pattern plot (STEPP) methodology and standard method for competing risk analysis to evaluate the disease-specific cumulative incidence and composite recurrence risk. All statistical tests were two-sides and p values less than 0.05 were considered statistically significant. We carried out STEPP analysis using the R software package (R Foundation for Statistical Computing, Vienna, Austria; https://sites.google.com/site/stepprpackage). We carried out other statistical analysis by SPSS version 19.0 for Windows (SPSS Inc, Chicago, USA). Xiangya Clinical Institutional Review Board approved this study. We obtained approvals from the institutional review board before the study procedures began.




Results


Cell Culture and Pharmacological Treatment

Our group noted down cell proliferation at different time intervals. Trastuzumab for present research was residual part from the clinical practice. The dosage ascended every 7 days (1 to 10 μg/ml). Prior studies indicated that 10 μg/ml was the saturation dose (SD) for SKBR-3 cells (Mittendorf et al., 2006). The cells keeping alive for 7 days during the dosage ascending were cultured and submitted to the subsequent treatment with SD. As the growth rate became synchronous with the parental wild type (WT-SKBR-3) cells, we finally obtained the Trastuzumab-resistant cells (TR-SKBR-3).



Relationship Between YAP/TAZ Expression and Trastuzumab Resistance

As shown in Figure 1A, cell vitality of WT-SKBR-3 and TR-SKBR-3 was exactly similar at the starting dose. Subsequently the gap of survival rate became obvious as dose ascending. Furthermore, we synchronously employed YAP/TAZ inhibitor-1 in WT-SKBR-3 and TR-SKBR-3 cells while SD of Trastuzumab was performed. As shown in Figure 1B, we observed outstanding difference of vitality between TR cells and WT cells. YAP/TAZ inhibitor reversed Trastuzumab resistance in TR cells, thereby inducing obvious inhibition of their growth rate. By contrast, TR cells always retained outstanding advantage in vitality when YAP/TAZ inhibitor was not performed. These results indicated that over-expression of YAP/TAZ contributed to the resistance of tumor cells to Trastuzumab.




Figure 1 | Dose-dependent response was evaluated at different concentrations of Trastuzumab (1 to 10 μg/ml), ascending every 7 days. Cells keeping alive for 7 days during the dosage ascending were collected and cultured with 10μg/ml Trastuzumab. As the growth rate became synchronous with the parental wild type (WT-SKBR-3) cells, the Trastuzumab-resistant cells (TR-SKBR-3) were obtained. Cell vitality of WT-SKBR-3 and TR-SKBR-3 was exactly similar at the starting dose. Subsequently the gap of survival rate became obvious as dose ascending (A). Furthermore, YAP/TAZ inhibitor-1 (Medchemexpress LLC, New Jersy, USA) was synchronously employed in WT-SKBR-3 and TR-SKBR-3 cells while SD of Trastuzumab was performed, in order to evaluate the relationship of YAP/TAZ expression and therapeutic efficacy of Trastuzumab.YAP/TAZ inhibitor reversed the drug resistance, thereby inducing inhibition of vitality in TR cells. By contrast, TR cells without YAP/TAZ inhibitor always retained the outstanding advantage in vitality (B).



To explore the relationship between YAP/TAZ expression and Trastuzumab resistance, we further estimated YAP/TAZ expression as well as HER3 and HER2/HER3 heterodimer in TR-SKBR-3 cells and WT-SKBR-3 cells. As shown in Figures 2A, B, YAP/TAZ expression was generally remarkable in TR-SKBR-3 cells, and nuclear expression of YAP was more outstanding than in cytoplasm. These results correlated over-expression of YAP/TAZ with Trastuzumab resistance and indicated potential localization-dependent expression of YAP/TAZ in TR-SKBR-3 cells. Correspondingly, we also observed remarkable expression of YAP/TAZ in recurrence cases in comparison with their matching primary lesions, which supported the above preclinical findings (Figures 2C, D).




Figure 2 | Results of western blot was shown according to the localization of YAP and TAZ. As the weight of reference protein noted, we affixed relative grey level under each band. Nuclear expression of YAP was more outstanding than in cytoplasm (A). Expression of YAP and TAZ were both remarkable in TR-SKBR-3 cells (A, B). Staining intensity of YAP/TAZ in recurrent lesions after first-line Trastuzumab treatment was also significantly stronger than their primary lesions (C, D).



To estimate the relationship between HER2/HER3 heterodimer and Trastuzumab resistance, immunodetection assay was performed in the protein obtained from TR cells and WT cells. As shown in Figures 3 and 4, over-expression of HER-3 and HER2/HER3 heterodimer was obvious in TR cells in comparison with WT cells. Our findings revealed that HER-3 and HER2/HER3 heterodimer intensity was outstanding in Trastuzumab resistance cells, which were also the YAP/TAZ dominant cells. The synchronous over-expression of YAP/TAZ and HER2/HER3 heterodimer in TR cells correlated the YAP/TAZ- HER2/HER3 crosstalk with Trastuzumab resistance.




Figure 3 | Outstanding increase of HER-3 expression was revealed in TR cells in comparison with WT cells.






Figure 4 | Outstanding increase of HER2/HER3 heterodimer intensity was revealed in TR cells in comparison with WT cells.





Therapeutic Significance of YAP/TAZ Expression

We evaluated the therapeutic effect of variables (e.g., age, menopause status, cTNM stage, histological grade, Ki67, axillary lymph nodes status, RTDI, HR status, and YAP/TAZ status) and showed the results in Table 2. Tumor remission was outstanding in YAP/TAZ deficiency cases (p=0.035 for clinical remission and p=0.024 for pathological remission), suggesting that deficient YAP/TAZ expression contributed to better therapeutic response. Insufficient HR intensity and high chemotherapy dosage also contributed to favorable tumor remission (Table 2). The therapeutic effect of YAP/TAZ inferiority and HR insufficiency was outstanding when RTDI>85% (Table 3). Therapeutic superiority of YAP/TAZ deficiency was also amplified in HR negative patients (Table 4). These results indicated that contribution of YAP/TAZ expression to therapeutic response depended on chemotherapy dosage and HR status.


Table 2 | Association between variables and therapeutic response.




Table 3 | Dose dependent therapeutic response of YAP/TAZ and hormone receptor (HR) status.




Table 4 | Dose dependent therapeutic efficacy of YAP/TAZ in different hormone receptor (HR) status.





Prognostic Significance of YAP/TAZ Expression

As shown in Figure 5, inferior YAP/TAZ intensity (p=0.028, OR=0.261, 95%CI 0.081–0.927) and superior HR intensity (p=0.036, OR=0.751, 95%CI 0.279–0.938) correlated with lower recurrence risk. As shown in results of Kaplan-Meier survival analysis, superior HR intensity (p=0.031, Figure 6A) and inferior YAP/TAZ intensity (p=0.019, Figure 6B) both contributed to improvement of breast cancer-free survival. Compared with HR abundant cases (p=0.057, Figure 6C), deficient YAP/TAZ intensity tended to play a more important role in improving the prognosis of HR insufficient patients (p=0.007, Figure 6D). These results suggested mutual and interactive prognostic effect of HR intensity and YAP/TAZ expression.




Figure 5 | YAP/TAZ insufficiency (p=0.028, OR=0.261, 95%CI 0.081–0.927) and positive HR status (p=0.036, OR=0.751, 95%CI 0.279–0.938) contributed to reduce relapse risk of breast cancer.






Figure 6 | Positive hormone receptor (HR) status [(p=0.031, (A)] and inferior YAP/TAZ intensity [(p=0.019, (B)] both improved breast cancer free survival. Compared with HR positive cases [(p=0.057, (C)], YAP/TAZ insufficiency was more likely to improve outcomes of HR negative patients [(p=0.007, (D)].





Prognostic Significance of HER3 in Residual Tumors After NAT

According to preclinical study and preliminary clinical research, expression of YAP/TAZ correlated Trastuzumab-resistance and obviously influenced prognostic outcome. In addition, we also noted significant difference of HER3 expression between TR cells and WT cells. Considering the synchronous over-expression of YAP/TAZ and HER2/HER3 heterodimer in TR cells, we hypothesized a potential relationship between HER3 expression and survival in YAP/TAZ sufficient subpopulation. We further evaluated the continuous and composite measure of recurrence risk via Cox model including HR, HER2, HER3, and YAP/TAZ in residual tumors, to assess their prognosis effect. Subpopulations with sufficient YAP/TAZ expression generally suffered high composite risk.

Overall, breast cancer-free survival was 90.4% (265/293), ranging from 93.6% in lowest composite risk quartile to 38.9% in highest composite risk quartile. The continuum of composite risk was also illustrated, ranging from 0.12 in lowest composite risk subpopulation to 3.24 in highest composite risk subpopulation.

As shown in Figure 7, prognostic benefit of residual HER3 negative populations was consistently significant when composite risk>1. The discrepancy of survival between subpopulations absolutely rose synchronously with the continuous increasing of composite risk. As shown in Figure 8, survival benefit of subpopulations was similar when composite risk was low. In contrast, prognostic superiority of residual HER3 negative subpopulation was outstanding when composite risk rise, as their relapse free survival (>60%) was 40% more than HER3 positive cases (nearly 20%) when composite risk reached the highest point of 3.24(p=0.03). These findings revealed that cases with synchronous over-expression of YAP/TAZ and HER3 tended to suffer poor survival, which generally accorded with the results of the above in vitro experiments.




Figure 7 | Prognostic benefit of residual HER3 negative populations was consistently significant when composite risk>1. Thereafter, the discrepancy of survival between subpopulations was absolutely raised synchronously with the continuous increasing of composite risk (p=0.03).






Figure 8 | Survival of subpopulations was extremely similar when composite risk was low. In contrast, prognostic superiority of residual HER3 negative subpopulation was outstanding when composite risk rise, as their relapse free survival (>60%) was 40% more than HER3 positive cases (nearly 20%) when composite risk reached the highest point of 3.24.






Discussion

YAP and TAZ were transcriptional co-activators ubiquitously related with tissue development, and involved in the invasion of breast cancer (Bartucci et al., 2015). They obtained phosphorylation through the Hippo pathway and gained activation via cellular density (Zhao et al., 2007; Ota and Sasaki, 2008; Kim et al., 2011). TAZ played important role in the occurrence of breast cancer drug resistance (Cordenonsi et al., 2011). In this study, we revealed the synchronous over-expression of YAP/TAZ as well as HER-3 and HER2/HER3 heterodimer in Trastuzumab-resistant cell lines. We found that inhibition of YAP/TAZ expression reversed Trastuzumab resistance. We clarified the outstanding effect of YAP/TAZ expression in therapeutic response and survival of HER2 positive patients. We also revealed that synchronous over-expression of YAP/TAZ and HER3 contributed to poor survival, which supported the potential prognostic effect of YAP/TAZ-HER2/HER3 crosstalk.


Relationship Between YAP/TAZ and Multiple Cancer-Associated Features

YAP/TAZ expression widely involved in migration and invasion of breast cancer cells (Mi et al., 2015). Knockdown of YAP/TAZ reduced the above migration and invasion (Chan et al., 2008). TAZ promoted a luminal to basal lineage switch, which was confirmed by its depletion in basal and epithelial cells promoted luminal differentiation (Skibinski et al., 2014). Prior studies also reported the similar transforming potential of YAP. Over-expression of YAP caused inhibition of apoptosis and anchorage-independent growth, which induced tumorigenic transformation (Overholtzer et al., 2006). Inhibition of YAP suppressed tumor development and tumor metastasis in a mouse model of breast cancer, suggested that cooperating genetic events were necessary for generating a neoplastic phenotype (Chen et al., 2014). At the preclinical research level, prior literatures prompted that YAP/TAZ played an important role in resistance to anti-cancer drugs and other cancer-associated features such as tumor cell migration and metastasis. At clinical study level, YAP/TAZ expression also related to tumor metastasis and prognostic outcomes.



Role of YAP/TAZ in Breast Cancer Outcomes

Hippo pathway was essential in various pathological processes of breast cancer development. Disturbance Hippo pathway promoted breast cancer metastasis through multiple mechanisms. As the crucial component of Hippo pathway, YAP/TAZ expression played a critical role in tumor cell migration and colonization in tissues (Bos et al., 2009). Prior studies evaluated relationship between YAP/TAZ expression and survival of breast cancer patients, and explored the potential function of YAP/TAZ as a predictive clinical biomarker.

Prior studies had proved that over-expression of YAP related to tumorigenicity (Wang et al., 2012). YAP dysfunction relieved lung metastasis in a genetically engineered mouse model of breast cancer. Phosphorylated HER3 caused activation of YAP/TAZ in tumor cells, which finally induced bone metastasis (Li et al., 2017). Nuclear expression of TAZ in bone metastasis lesion was significantly higher than its expression in primary tumors (Bartucci et al., 2015).

Mutation in the Hippo signaling pathway also contributed to chemo-resistance of cancer cells, while the absence of TAZ obviously defused the chemo-resistance (Bartucci et al., 2015). Prior studies indicated that over-expression of TAZ promoted chemo-resistance in MCF10 breast cell line and depressed the chemo-sensitivity of MDA-MB-231 breast cell line (Lai et al., 2011). Cultured MCF-10A cell line was competent for YAP activation in invasive breast cancer (Lee et al., 2019). The MDA-MB-231 breast cancer cell line and MCF-7 cell lines were both qualified in research of YAP related breast cancer progression (Hua et al., 2015). Prior study based on MDA-MB-468 and human breast cancer cell line ZR-75-30 had also indicated that YAP/TAZ promoted breast cancer metastasis (Wang et al., 2018).

Patients with superior TAZ expression suffered high risk of tumor relapse and poor outcomes. Over-expression of TAZ caused obvious decline of recurrence-free survival (51.7% in over-expression group versus 78% in negative group; p=0.014) (Bartucci et al., 2015). Activation of TAZ during the metastatic procedure was also observed by comparing primary and metastases lesions (Matteucci et al., 2013). Staining intensity and cellular localization of TAZ brought out a TAZ-based score, which predicted the pathological response of NAT-treated HER2 positive breast cancer (Vici et al., 2014). Over-expression of TAZ might induce residues of HER2-positive tumors after NAT, and high nuclear intensity of TAZ induced poor clinical outcomes (Di Benedetto et al., 2017).

As shown in this study, tumor remission was significant in patients with inferior YAP/TAZ intensity, suggesting that YAP/TAZ expression might relate to the therapeutic efficacy of NAT. Tumor remission of YAP/TAZ insufficient cases was outstanding when RTDI>85%, suggested that therapeutic superiority of insufficient YAP/TAZ was dose-depended (Tables 2–4). Inferior YAP/TAZ intensity also contributed to reduce the risk of relapse and induce encouraging survival (Figures 5 and 6), and these results were similar with the previous findings. According to the results of in vitro experiments, over-expression of YAP/TAZ was obvious in Trastuzumab-resistance cells (Figure 2), suggested that superior intensity of YAP/TAZ might contribute to the occurrence of drug resistance. Inhibition of YAP/TAZ reversed the above resistance, thereby resuming the therapeutic efficacy of Trastuzumab (Figure 1). According to the clinical study of this program, insufficient expression of YAP/TAZ contributed to better survival, while over-expression of YAP/TAZ raised the relapse risk. Correspondingly, we indeed observed remarkable expression of YAP/TAZ in recurrence lesions. These encouraging preclinical and clinical findings provided ideas in the treatment of Trastuzumab resistant cases. Moreover, with the further research of Trastuzumab resistance, doctors should pay attention to individualized treatment. We needed adjusted therapy according to drug sensitivity, without monotony or repetitious tasks. Early intervention might reduce disease relapse in potential drug resistance cases.



Different Trait of YAP/TAZ According to Distinct Subtypes

Prior studies clarified that YAP/TAZ affected the biological behavior of tumor cells according to molecular subtypes of breast cancer (Diaz-Martin et al., 2015). Analysis of TAZ expression in 640 distinct phenotypes of breast cancer patients suggested that over-expression of TAZ was obviously associated with negative HR status, while other literatures reported over-expression of TAZ in HR positive breast cancer (Bartucci et al., 2015; Wang et al., 2016).

Over-expression of YAP/TAZ appeared to be a shared trait according to the intrinsic subtypes, which was associated with prognostic outcomes (Vici et al., 2014; Skibinski et al., 2014; Kim et al., 2014; Bartucci et al., 2015). Superior expression of TAZ was confirmed in basal-like cases in comparison with HR positive patients (Skibinski et al., 2014). Over-expression of TAZ also caused the descent of survival in basal-like cases (Skibinski et al., 2014), and tended to appear synchronously with the existence of HER2 positive subtype (Bartucci et al., 2015). Preclinical studies also claimed that over-expression TAZ was present in HER2-driven mammary tumors (Serrano et al., 2013).

As shown in this study, negative status of HR contributed to tumor remission, and therapeutic superiority of inferior YAP/TAZ intensity was upward in HR negative patients (Tables 2–4). Although inferior intensity of YAP/TAZ and positive HR status contributed to reduce the risk of relapse and improve survival, superiority of YAP/TAZ insufficiency was more likely to be amplified in HR negative cases (Figures 5 and 6). These results suggested that contributions of YAP/TAZ expression to therapeutic efficacy and prognostic outcomes obviously depended on HR status. According to our findings, therapeutic and prognostic effect of HR and YAP/TAZ was mutual and interactive. Inferior HR intensity amplified the therapeutic and prognostic advantage of YAP/TAZ insufficient cases.



Crosstalk Between Hippo Pathway and Other Signaling Pathways

Wide crosstalk between Hippo pathway and other signaling pathways formed complex cellular signaling networks, which obviously affected the development and metastasis of tumors. The activation of AKT increased the probability of YAP to boost the proliferation of MCF10A cells (Overholtzer et al., 2006). Knockdown of YAP inhibited a series of cytokines and vascular invasion of breast cancer cells (Sharif et al., 2015). These prior studies suggested that breast cancer cells might regulate vascular invasiveness via YAP and Hippo pathway.

YAP directly activated Pik3cb expression, while YAP required Pik3cb to promote cells proliferation and activate the AKT pathway (Lin et al., 2015). Pik3cb served as a crucial association between Hippo-YAP and PI3K-AKT pathways (Lin et al., 2015). Mutually stimulatory cross-talk between YAP and PI3K established a feed forward regulatory circuit. YAP increased expression of the PI3K subunit Pik3cb, and PI3K stimulated YAP activity, thereby promoting tumor cells proliferation and survival (Lin et al., 2015). Prior studies also reported that YAP regulated cell metabolism, which was the well-described function of PI3K-AKT signaling (Lin et al., 2015).

ERβ obviously influenced the activation of HER2/HER3/Akt pathways, while the activated HER2/HER3 heterodimer indicated notable activation of PI3K/Akt pathway (Lindberg et al., 2011). Existing of ERβ obviously inhibited the phosphorylated procedure of HER2/HER3 (Lindberg et al., 2011). Previous literatures also observed the up-regulation of HER2 and down-regulation of HER3 in ERβ over-expression cells (Lindberg et al., 2011).

Based on these findings, we attempted to explore the relationship between YAP/TAZ expression and Trastuzumab resistance. As we observed in our preclinical study, HER-3 and HER2/HER3 heterodimer intensity was outstanding in Trastuzumab resistance cells (Figures 3 and 4), which was also the YAP/TAZ dominant cells. The synchronous over-expression of YAP/TAZ and HER2/HER3 heterodimer suggested the crosstalk between Hippo-YAP and PI3K-AKT signaling pathways. According to the activation effect of ERβ to HER2/HER3 and Akt pathways, the above crosstalk was more obvious in ER insufficiency cases. Correspondingly, we observed outstanding prognostic inferiority in cases who suffered synchronous over-expression of YAP/TAZ and HER3 (Figures 7 and 8). Considering the similar synchronous over-expression in Trastuzumab resistance cells, we believed that YAP/TAZ- HER2/HER3 crosstalk played crucial role in prognosis of HER2 positive patients.

As a single center retrospective study, we were aware the following limitations of our results. Considering the potential localization-dependent expression, we should focus on the nuclear intensity of YAP/TAZ in our future work. Further study should pay more attention to the comparison of primary and residual lesions, which might carry out more meaningful ideas to research about Trastuzumab resistance. Both the primary and recurrence expression of YAP/TAZ should be considered in calculation of composite risk. Besides the assessment of YAP/TAZ in the tumor cells, further studies should also focus on the stromal tissues, thereby identifying the appropriate micro-environment for YAP/TAZ activation. As the above improvement carried out, YAP/TAZ-based biomarker would be more effective for the therapeutic and prognostic evaluation.




Conclusions

Over-expression of YAP/TAZ as well as HER-3 and HER2/HER3 heterodimer was synchronously remarkable in Trastuzumab-resistant cell lines. Inhibition of YAP/TAZ expression reversed Trastuzumab resistance. Deficient YAP/TAZ intensity as well as insufficient hormone receptor intensity and high chemotherapy dosage contributed to favorable therapeutic response. Deficient YAP/TAZ intensity and abundant hormone receptor intensity contributed to better survival, and so did absence of HER3 expression in residual lesions. Prognostic superiority of YAP/TAZ expression depended on hormone receptor status. Cases with synchronous over-expression of YAP/TAZ and HER3 suffered poor survival, which revealed the potential effect of YAP/TAZ-HER2/HER3 crosstalk in prognosis of HER2-positive patients.
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Lapatinib, targeting the human epidermal growth factor receptor family members HER1 and HER2, has been approved by the US Food and Drug Administration for use in metastatic HER2-positive breast cancer. However, resistance to lapatinib remains a common challenge to HER2-positive metastatic breast cancer. Until now, the molecular mechanisms of acquired resistance to lapatinib (ALR) have remained unclear. With no definite biomarkers currently known, we aimed to screen for key biomarkers in ALR. In this research, we identified 55 differentially expressed genes (DEGs, 20 upregulated, 35 downregulated) through bioinformatic analysis using microarray datasets GSE16179, GSE38376, and GSE51889 from the Gene Expression Omnibus (GEO) database. The related gene function was explored using the Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. The protein-protein interaction (PPI) network was constructed with the Search Tool for the Retrieval of Interacting Genes (STRING) and Cytoscape. The functional enrichment of the DEGs was analyzed, including negative regulation of the B cell apoptotic process, DNA replication, solute:proton symporter activity, synthesis, and degradation of ketone bodies, and metal sequestration by antimicrobial proteins. Analysis of seven hub genes revealed their concentration mainly in DNA replication and cell cycle. Survival analysis revealed that MCM10 and SPC24 may be related with poor prognosis in patients with ALR. Meanwhile, the prediction model of lapatinib sensitivity was constructed, and emerging role of the model was further analyzed using several webtools. In conclusion, hub genes are involved in the complex mechanisms underlying ALR in breast cancer and provide favorable support for treatment of ALR in future.




Keywords: HER2-positive breast cancer, acquired lapatinib resistance, biological markers, hub genes, prognostic analysis



Introduction

Based on molecular markers, breast cancer is divided into four subgroups: luminal A, luminal B, basal-like, and human epidermal growth factor receptor 2 (HER2)-enriched (Perou et al., 2000). Receptor tyrosine-protein kinase HER2, also known as erbB-2, is included in the epidermal growth factor receptor (EGFR) family of receptor tyrosine kinases (Oh and Bang, 2020). HER2 is overexpressed in 20%–25% of breast cancer patients. HER2 over-expression is known as an aggressive tumor phenotype and is associated with worse survival (Parakh et al., 2017). Lapatinib, a reversible tyrosine kinase inhibitor with specificity for both EGFR and HER2, is approved for treating HER2-positive metastatic breast cancer after disease progression with trastuzumab therapy (Gradishar, 2013; Moasser and Krop, 2015). Compared with capecitabine monotherapy, lapatinib in combination with capecitabine improved objective response rate and progression-free survival (Geyer et al., 2006). Despite the effectiveness of lapatinib in HER2-positive breast cancer, acquired resistance remains a major clinical obstacle. D’Amato et al. have pointed out multiple mechanisms of ALR in breast cancers, including activation of compensatory pathways, mutation of the HER2 kinase domain, and gene amplification (D’Amato et al., 2015). Critically, there are currently no definite biomarkers to predict patients’ responses to lapatinib.

With the development of gene sequencing and bioinformatics, increasing number of genetic studies have revealed the mechanism of tumorigenesis and drug resistance. By introducing microarray data and bioinformatic analysis that have been widely applied to investigate whole expression of genes in cancer, researchers have deepened their understanding of the differentially expressed genes (DEGs) and functional enrichment analysis among the complex diseases (Zhu et al., 2017). Although there are some bioinformatic studies corresponding to resistance to anti-HER2 therapies, scarce data and different laboratory conditions make it difficult to acquire reliable results. To overcome the limitation of insufficient data, we identified DEGs through bioinformatic analysis with three Gene Expression Omnibus (GEO) microarray datasets. Additionally, the related gene function was explored with Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis, and the protein-protein interaction (PPI) network was determined to express functions to establish a solid theoretical framework for potential molecular mechanisms. In the present study, we aimed to screen for biomarkers in ALR and found that there were 55 DEGs and 7 hub genes, which may be potential biological markers and provide a theoretical support for further treatment of ALR. The specific prediction model was established to evaluate the relationship between clinicopathologic characteristics of breast cancer patients and sensitivity of lapatinib.



Materials and Methods


Selection of Microarray Datasets

The GEO (http://www.ncbi.nlm.nih.gov/geo) provides a public platform to obtain different datasets from high-throughput gene expression and genomic hybridization experiments, including platforms, samples, and series (Edgar et al., 2002). We chose the key words “lapatinib resistant” and the organism ‘Homo sapiens’ (Figure 1). Three gene expression datasets [GSE16179 (Liu et al., 2009), GSE38376 (Komurov et al., 2012), GSE51889 (Chen et al., 2013)] were selected from GEO. GSE16179 contained 3 lapatinib-sensitive cell samples and 3 lapatinib-resistant cell samples. GSE38376 contained 3 lapatinib-sensitive cell samples and 3 lapatinib-resistant cell samples. GSE51889 contained 2 lapatinib-sensitive cell samples and 2 lapatinib-resistant cell samples. To establish lapatinib-resistant cells, BT474 and SKBR3 were treated with 1 μM of lapatinib (Table 1). The series matrix file and platform were downloaded to convert the probes into the corresponding gene symbol, using Practical Extraction and Report Language (Perl) (https://www.perl.org/) scripts.




Figure 1 | Flow chart.




Table 1 | Characteristics of individual studies selected from GEO.





Definition of DEGs

Three datasets were merged using Perl scripts to obtain more genes fully. To reduce deviation in data processing, we normalized batch effect using “sva” package in R software and screened the DEGs between lapatinib-sensitive cell samples and lapatinib-resistant cell samples using the “limma” package in R software (http://www.r-project.org/) (Davis and Meltzer, 2007). The difference was considered significant when |logFC| (fold change) was ≥ 1 and P value was < 0.05.



Enrichment Analysis of DEGs

The web-based Gene SeTAnaLysis Toolkit (WebGestalt) (http://www.webgestalt.org/) is one of the most widely used online databases that helps researchers extract biological information from genes of interest (Liao et al., 2019). The goal of GO is to provide a vocabulary that can be applied to the shared genes and proteins, annotating genes, and analyzing biological process (Ashburner et al., 2000). KEGG is a database that sheds light on higher-order functional behaviors from molecular information generated by genome sequencing and other high-throughput experimental techniques (Kanehisa, 2002). Reactome functions as an extended version of a classic metabolic map (Jassal et al., 2020). To confirm characteristic biological functions of DEGs, analyses were performed using WebGestalt. The difference was considered significant when P value was < 0.05 and top 10 would be selected.



Construction of PPI Network

The PPI network was utilized to reveal many functional relationships and interactions among predicted target proteins using the Search Tool for the Retrieval of Interacting Genes (STRING) (version 11.0) database (http://string-db.org) (Szklarczyk et al., 2015). An interaction score > 0.4 was considered statistically significant, and disconnected nodes in the network were hidden. Cytoscape (version 3.7.2) is a bioinformatics software platform for visualizing modules of the PPI network (Smoot et al., 2011). The cytoHubba of Cytoscape is an application for exploring important hubs and clustering an interactome network with topological algorithms (Chin et al., 2014). For each module, the GO, KEGG, and reactome analysis were performed using WebGestalt.



Selection of Hub Genes

The hub genes were selected with the Maximal Clique Centrality algorithm (MCC). A network of their co-expressed genes was appraised by GeneMANIA (http://genemania.org/), which can provide gene function and extend the list with similar genes (Warde-Farley et al., 2010). Efficient hierarchical cluster analysis of hub genes was performed using UCSC Cancer Genomics Browser (http://xena.ucsc.edu/) (Kent et al., 2002). To perform survival analysis in a larger number of patients, gene expression data and clinicopathologic data of breast cancer patients were downloaded from The Cancer Genome Atlas (TCGA) at the UCSC Cancer Genomics Browser (http://xena.ucsc.edu/). The survival analysis of hub genes was constructed by the R packages “survival” and “survminer”. The difference was considered significant when P value was < 0.05.



Prediction of Drug Sensitivity

Based on the data from TCGA of patients diagnosed with breast cancer, and drug sensitivity data from the Cancer Genome Project (CGP), the prediction model was performed using R package “pRRophetic” (Garnett et al., 2012; Geeleher et al., 2014a). The half-maximal inhibitory concentration (IC50) of lapatinib in each treated patient was obtained by ridge regression, and the prediction accuracy was measured through 10-fold cross-validation. The default parameters were chosen, including “combat” for removing the batch effect, “allSolidTumors” for tissue type, and mean value for identifying the duplicate gene expression (Geeleher et al., 2014b). The median IC50 was selected for risk stratification to develop a specific model: lower IC50 was more sensitive to lapatinib. GraphPad Prism 7.0 was used to analyze data, and categorical data was compared by chi-square test. The difference was considered significant when P value was < 0.05.




Results


Definition of DEGs in ALR

After normalization of the microarray data, 14,653 genes were merged among three datasets. Fifty-five DEGs are shown in the volcano plot (Figure 2A), consisting of 20 upregulated genes and 35 downregulated genes between lapatinib-sensitive cells and lapatinib-resistant cells.




Figure 2 | Volcano plot, protein-protein interaction (PPI) network and the most significant module of differentially expressed genes (DEGs). (A) DEGs were selected with |logFC|(fold change) ≥ 1 and P value < 0.05 among GSE16179, GSE38376, GSE51889. Upregulated genes are marked in red; downregulated genes are marked in green. (B) The PPI network of DEGs was constructed using Cytoscape. Map Node Size to degree, low values to small sizes; upregulated genes are marked in red and downregulated genes are marked in blue. Map Edge Size (Color) to combined score, low values to small sizes (bright colors). (C) The most significant module was obtained from PPI network with 7 nodes and 14 edges. Top 7 nodes are ranked by Maximal Clique Centrality algorithm (MCC).





Enrichment Analysis of DEGs

To obtain a comprehensive understanding of the biological effect of 55 DEGs, WebGestalt was applied to describe functional enrichment (Supplementary Table 1). GO analysis indicated that negative regulation of B cell apoptotic process, glomerular mesangium development, sequestering of metal ion, DNA-dependent DNA replication, and protein autoubiquitination were the top 5 relevant biological process (Figure 3A). For the cellular component, replication terms were mainly enriched (Figure 3A). Molecular functions were concentrated mainly on solute:proton symporter activity, chromatin binding, and carbohydrate:proton symporter activity (Figure 3A). KEGG pathway analysis revealed that synthesis and degradation of ketone bodies, terpenoid backbone biosynthesis, and butanoate metabolism were three of the most enriched pathways (Figure 3B). Reactome pathway analysis demonstrated that DEGs were mainly enriched in metal sequestration by antimicrobial proteins, DNA replication, and cellular hexose transport (Figure 3B).




Figure 3 | Bubble plot. (A) The significantly enriched gene ontology (GO) terms of differentially expressed genes (DEGs), with P value < 0.05. (B) Gene networks identified through Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome analysis of DEGs, with P value < 0.05. (C) The significantly enriched GO terms of hub genes, with P value < 0.05. (D) Gene networks identified through KEGG and Reactome analysis of hub genes, with P value < 0.05.





Construction of PPI Network

To understand the biological activity at the protein level, an integrated PPI network of these DEGs was performed (Figure 2B), and the most important module was constructed using Cytoscape (Figure 2C, Supplementary Table 2). Genes in the module were concentrated mainly on cell cycle and DNA replication (Figures 3C, D, Supplementary Table 3).



Selection of Hub Genes

The hub genes were calculated by Matthews Correlation Coefficient (MCC), and the top seven genes were selected. A network of their co-expressed genes was interpreted by GeneMANIA (Figure 4). The hub genes could distinguish breast cancer samples from normal tissue samples through hierarchical clustering (Figures 5A–C). When the hub genes were expressed highly, an increasing number of samples presented estrogen receptor status (Figure 5D). The survival analysis of hub genes from TCGA was verified in 185 patients diagnosed with HER2-positive breast cancer. Patients with high MCM10 and SPC24 expression showed worse overall survival (Figure 6).




Figure 4 | Interaction network. A network of the hub genes and their co-expressed genes was analyzed using GeneMANIA.






Figure 5 | Biological process analysis of the hub genes. (A) The Cancer Genome Atlas (TCGA) samples. (B) Upregulation of genes is marked in red; downregulation of genes is marked in blue. (C) Hierarchical clustering of hub genes was constructed using UCSC. The samples under the red bar are normal solid tissues and the samples under the blue bar are primary tissues. (D) Positive metastatic breast cancinoma estrogen receptor are marked in purple; negative in red.






Figure 6 | Survival analysis of the hub genes. P < 0.05 was considered statistically signifificant. (A) Overall survival by low and high MCM10 expression. (B) Overall survival by low and high SPC24 expression.





Prediction of Drug Sensitivity

The specific prediction model could evaluate the relationship between breast cancer patients and sensitivity of lapatinib (Figure 7, Table 2). A cohort involving 664 breast cancer patients with clinicopathologic data from TCGA was analyzed. The distributions of patients’ age and gender were not significantly different between the low-IC50 and high-IC50 groups. The high-IC50 group tended to include more non-white patients (chi-square test, P = 0.03) and more patients with stage II cancer (chi-square test, P = 0.0003). More patients with infiltrating lobular carcinoma and mixed histology were included in low-IC50 group (chi-square test, P = 0.0004). Interestingly, there were more patients with both HER2-positive and hormone receptor-positive and luminal subtype in low-IC50 group (chi-square test, P < 0.0001) indicating that the status of hormone receptor could influence lapatinib sensitivity.




Figure 7 | The prediction model was performed by R package “pRRophetic”. P < 0.05 was considered statistically significant.




Table 2 | Clinicopathologic characteristics of patients in different risk groups in TCGA BRCA cohort.






Discussion

Although lapatinib has been approved for treating HER2-positive metastatic breast cancer after trastuzumab failure, acquired resistance to lapatinib (ALR) remains a major clinical challenge. However, the molecular mechanisms of ALR remain unclear. Thus, in-depth study of the mechanism of ALR and discovery of biomarkers with high sensitivity and specificity are of great value to improve the prognosis of patients with HER2-positive breast cancer. Microarray data and bioinformatic analysis have enabled us to explore the whole expression of genes in ALR and improved our understanding of DEGs and functional pathways in complex diseases.

In the current study, DEGs were analyzed using three mRNA microarray datasets between lapatinib-sensitive cell samples and lapatinib-resistant cell samples. Fifty-five DEGs were analyzed, consisting of 20 upregulated genes and 35 downregulated genes. Functional enrichment analysis of GO and KEGG revealed that the majority of DEGs were associated with the following cellular processes: cell cycle, development, apoptosis, and signal transduction. In particular, several terms, including GO terms “negative regulation of B cell apoptotic process”, “replication fork”, “solute:proton symporter activity”, KEGG terms “synthesis and degradation of ketone bodies”, “terpenoid backbone biosynthesis”, and reactome terms “metal sequestration by antimicrobial proteins”, “DNA replication”, were closely related with classic mechanisms of ALR in breast cancers. The hub genes were calculated by MCC, and the top seven genes including AURKB, GINS2, MCM10, UHRF1, POLE2, SPC24, and E2F2 were presumed to be associated with drug resistance. Seven hub genes were later corroborated with TCGA data from 185 HER2-positive breast cancer patients. Survival analysis showed that MCM10 and SPC24 may be related with poor prognosis in patients with acquired lapatinib resistance. Furthermore, the specific prediction model revealed that the distributions of patients’ races, pathologic tumor stages, histological types, and molecular subtypes were significantly different between low-IC50 and high-IC50 groups.

MCM10, a highly conservative mini-chromosome maintenance protein, is involved in the initiation of eukaryotic genome replication. In a recent study, MCM10 induced migration and invasion of breast cancer via the Wnt/β-catenin pathway (Yang and Wang, 2019). SPC24, a component in the kinetochore microtubule interface, is associated with tumorigenic transformation (Zhu et al., 2015). Additionally, SPC24—which monitors the PI3K/AKT kinase pathway—is overexpressed in breast cancer, implying its importance in clinical treatment (Zhou et al., 2018). Although E2F2 was not found to be of significance in survival analysis, it could be a gene of interest. E2F2, a member of the E2F family, is typically repressed by the retinoblastoma protein pRB. E2F transcription factors exist in the CDK4/6-RB1 pathway, and this pathway is often dysregulated in hormone receptor-positive breast cancer (Spring et al., 2020). Many researches have reported that E2F1-3 transcripts are highly expressed in HER2-positive tumors (Andrechek, 2015; Wu et al., 2015). Nikolai et al. found that the potential for combined targeting of HER2 and CDK signaling pathways may be a prospective strategy (Nikolai et al., 2016). Therefore, CDK4/6 inhibitors may overcome resistance to lapatinib.

Overall, seven hub genes were analyzed, and results showed that these genes were concentrated mainly on DNA replication and cell cycle. Most interestingly, after analyzing the hub genes, we found that several signaling pathways may be related with ALR. Thus, many targeted drugs could be expected to reverse ALR.



Conclusion

In conclusion, the overexpression of AURKB, GINS2, MCM10, UHRF1, POLE2, SPC24, and E2F2 in HER2-positive breast cancer patients with ALR showed that these hub genes could be potential prognostic biomarkers in such patients. Survival analysis revealed that high MCM10 and SPC24 expression were negative prognostic factors in patients with acquired lapatinib resistance. Future preclinical and translational studies should be directed at defining mechanisms involved in ALR and a combination of targeted agents.
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The M2 isoform of pyruvate kinase (PKM2), as a key glycolytic enzyme, plays important roles in tumorigenesis and chemotherapeutic drug resistance. However, the intricate mechanism of PKM2 as a protein kinase regulating breast cancer progression and tamoxifen resistance needs to be further clarified. Here, we reported that PKM2 controls the expression of survivin by phosphorylating c-Myc at Ser-62. Functionally, PKM2 knockdown suppressed breast cancer cell proliferation and migration, which could be rescued by overexpression of survivin. Interestingly, we found that the level of PKM2 expression was upregulated in the tamoxifen resistant breast cancer cells MCF-7/TAMR, and knockdown of PKM2 sensitized the cells to 4-hydroxytamoxifen (4OH-T). In addition, the elevated level of PKM2 correlates with poor relapse-free survival in breast cancer patients treated with tamoxifen. Overall, our findings demonstrated that PKM2–c-Myc–survivin cascade regulated the proliferation, migration and tamoxifen resistance of breast cancer cells, suggesting that PKM2 represents a novel prognostic marker and an attractive target for breast cancer therapeutics, and that PKM2 inhibitor combined with tamoxifen may be a promising strategy to reverse tamoxifen resistance in breast cancer patients.




Keywords: breast cancer cells, M2 isoform of pyruvate kinase, tamoxifen resistance, c-Myc, survivin



Introduction

Pyruvate kinase isoform M2 (PKM2), one of the isoenzymes of pyruvate kinase (PK) (Yang and Lu, 2013), is a key glycolytic enzyme overexpressed in cancer cells (Luo and Semenza, 2012), which controls the terminal rate-limiting step of glycolysis by catalyzing the transform of a phosphate group from phosphoenolpyruvate (PEP) to adenosine diphosphate (ADP) (Hamanaka and Chandel, 2011). Previous reports suggested that PKM2 affects cell proliferation, migration, invasion, apoptosis, and cell cycle progression of tumors, including breast cancer, prostate cancer, myeloma, liver cancer, lung cancer, and pancreatic cancer (Stetak et al., 2007; Christofk et al., 2008; Yang et al., 2012; Jiang et al., 2014; Christensen et al., 2015; Azoitei et al., 2016; Matsuda et al., 2016; Shen et al., 2016; Guo et al., 2017). Over the years, there have been increasing evidence pointing to the non-glycolytic function of PKM2 in tumor cells. For instance, PKM2 binds to and transactivates Y333-phosphorylated β-catenin to promote tumor cell proliferation (Yang et al., 2011); PKM2 promotes tumorigenesis by directly phosphorylating histone H3 at threonine 11 under EGFR activation (Yang et al., 2012); A recent study has demonstrated that nuclear PKM2 activates transcription of MEK5 by phosphorylating STAT3 at tyrosine 705 in colon cancer cells (Gao et al., 2012). However, the role of PKM2 as a protein kinase in the regulation of tumor progression in breast cancer remains to be further identified. In addition, studies have shown that PKM2 is highly correlated with drug resistance. For example, down-regulation of PKM2 by shikonin, an inhibitor of PKM2, re-sensitized the drug resistant bladder cancer cells to cisplatin (Wang et al., 2018); PKM2 expressions were positively associated with gefitinib resistance in colorectal cancer cells, and PKM2 knockdown increased gefitinib efficacy (Li et al., 2015). It has been demonstrated recently that NAMPT promotes tamoxifen resistance via regulation of the PKM2 translocation (Ge et al., 2019). However, the specific mechanism and role of PKM2 in regulating breast cancer tamoxifen resistance remains unknown.

c-Myc is one of the most activated oncogenes and is associated with the initiation and progression of human cancer (Dang, 1999; Nesbit et al., 1999). c-Myc was defined as an oncoprotein associated with DNA replication, transcription or RNA splicing. It has been demonstrated that c-Myc can regulate the transcription of survivin (encoded by the gene BIRC5), an essential member of the inhibitor of apoptosis protein (IAP) family, playing an important role in tumorigenesis (Cosgrave et al., 2006; Fang et al., 2009; Papanikolaou et al., 2011; Chen et al., 2016; Garg et al., 2016; Haque et al., 2017). Studies have shown that survivin is dramatically overexpressed in various of tumors, such as breast cancer, colon cancer, and lung cancer, and promotes the proliferation and metastasis of tumor cells (Kawasaki et al., 1998; Monzo et al., 1999; Suzuki et al., 2000; Tanaka et al., 2000; Marioni et al., 2006; McKenzie et al., 2010; Kedinger et al., 2013; Ma et al., 2016; Yang et al., 2016; Liu et al., 2019). Furthermore, the elevated survivin expression in cancer patients reveals a poor prognosis and high mortality rate (Ma et al., 2016). Survivin is usually expressed in tumor tissue, but infrequently measured in normal differentiated adult tissues. Therefore, survivin is a prospective target for the diagnosis and therapy of cancer.

In this study, we investigated the action of PKM2 as a protein kinase in the regulation of proliferation and migration of breast cancer cells. We demonstrated for the first time that PKM2 regulated the expression of survivin by interacting with c-Myc and phosphorylating c-Myc at Ser-62. In addition, we found that PKM2 was upregulated in tamoxifen resistant breast cancer cells, and PKM2 downregulation enhanced cell sensitivity to tamoxifen in both of MCF-7 and MCF-7/TAMR cells. Therefore, targeting PKM2–c-Myc–survivin pathway may provide a new strategy for inhibiting breast cancer cell proliferation and migration and for reversing tamoxifen resistance.



Materials and Methods


Cell Lines and Culture

The human breast cancer cell lines MCF-7 and MDA-MB-231 were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/High glucose medium supplemented with 10% fetal bovine serum (Gibco). The tamoxifen resistant cell line MCF-7/TAMR was purchased from China Medical University. The MCF-7/TAMR cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 0.4 μM 4OH-Tamoxifen. The cells were maintained at 37°C in a humidified atmosphere with 5% CO2.



Reagents and Antibodies

4-hydroxytamoxifen (4OH-T) was purchased from Sigma. MG132 and CHX were purchased from Selleck. Rabbit monoclonal antibodies against PKM2, c-Myc, and survivin were purchased from Cell Signaling Technologies. Anti-phospho-c-Myc (Ser62) was purchased from Abcam. Anti-β-actin, GST, and Flag antibodies were purchased from Proteintech.



Transfection

The siRNA duplexes targeting PKM2 and c-Myc were purchased from Ribobio. Non-targeting siRNA was used as a control. Transfection of siRNA was accomplished according to the manufacturer’s protocol. In brief, cells in the exponential phase of growth were plated in 6-well plates at 1 × 105 cells per well, grown for 24 h, then transfected with siRNA using Lipofectamine 2000 (Invitrogen) and OPTI-MEM reduced serum medium. For plasmid transfection, cells were transfected with a mixture of GST–PKM2 or His-c-Myc plasmid and Lipofectamine 2000 (Invitrogen) in OPTI-MEM reduced serum medium.



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from MCF-7 and MDA-MB-231 cells using Trizol reagent (Biotech) according to the manufacturer’s instructions. The quality, quantity, and integrity of RNA were measured by Nanodrop2000 spectrophotometer. The TaqMan high-capacity cDNA Kit (Takara) was used for the reverse transcription of mRNA. GAPDH acted as an internal control relative to survivin. Primers were designed and synthesized by Sangon Biotech.



Western Blot and Immunoprecipitation

Cells were washed with PBS and lysed by RIPA buffer (Beyotime, Haimen, China) supplemented with a phosphatase inhibitor cocktail and a protease inhibitor cocktail (Selleck). The concentrations of protein were quantified with a BCA protein assay kit (Beyotime, Haimen, China). The proteins were isolated by 10% SDS-PAGE and transferred to a PVDF membrane. The PVDF membranes were incubated with primary antibody in 5% skim milk with Tween 20 for 1 h at room temperature. Membranes were then incubated with anti-rabbit or anti-mouse secondary antibody at room temperature for 1 h. Detection was completed by chemiluminescence using an ECL reagent. For immunoprecipitation under denaturing conditions, proteins were extracted using regular immunoprecipitation. The beads were washed, and then resolved by 10% SDS-PAGE. The proteins were visualized by Western Blot.



Protein Half-Life Assay

To examine c-Myc protein stability, siRNA targeting PKM2 was transfected into MCF-7 and MDA-MB-231cells. The cells were treated with cycloheximide (CHX; 20 μg/ml; Amresco) and were harvested at the indicated time points for immunoblotting.



Cell Viability Assay

Cell viability was measured by the Cell Counting Kit-8 (CCK-8) assay according to the manufacturer’s protocol. Briefly, cells were cultured in 96-well plates at 5 × 103 cells per well. After treatment, cells were incubated with 10 μl CCK-8 reagent for 2 h at 37°C with 5% CO2. The results were measured at 450 nm wave length.



EdU Assay

Proliferating cells were stained using the Cell Light EdU DNA Cell Proliferation Kit (Ribobio). Cells were exposed with 50 μmol/L of EdU for 2 h at 37°C. After fixing with 4% paraformaldehyde for 15 min, cells were treated with 0.5% Triton X-100 for 30 min and washed with PBS three times. Then, cells were exposed to 100 μl 1× Apollo® reaction cocktail for 30 min and incubated with 5 μg/ml of Hoechst 33342 to stain the cell nucleus for 30 min. Images were visualized under a fluorescent microscope.



Wound Healing Assay

After siRNA and plasmid were transfected into MCF-7 and MDA-MB-231 cells, the cells were seeded in 6-well plates at 2 × 105 cells per well and grown overnight. A wound was then made in the cell culture by scratching on the cell layer with a sharp tip, then incubation for a further 48 h in serum-free medium. The gap created by the wound was then detected under a microscope to offer an indication of the wound-healing capability of the cells.



Migration and Invasion Assays

Migration and invasion were evaluated using 24-well chemotaxis chambers (Costar, #3422, 8 μm pore size). The cells were washed twice with phosphate-buffered saline, resuspended in 100 μl serum-free medium and added into the upper chambers. The lower chambers were ﬁlled with 600 μl medium containing 10% fetal bovine serum. For the migration assay, after incubation for 24 h, the cells that had migrated through the membrane were stained and counted. For the invasion assay, the cells were incubated for 48 h in the upper chamber coated with a mixture of serum-free medium and Matrigel (3:1; BD Biosciences).



Cell Apoptosis Assays

MCF-7 cells transfected with siRNA were cultured for 72 h and harvested by centrifugation. Cell apoptosis assay was performed by Annexin V-FITC/PI Staining Kit (Mbchem) according to the manufacturer’s instructions.



Soft Agar Colony Formation Assay

MCF-7/TAMR cells transfected with si-PKM2 or si-NT were seeded on top of 1.2% agar in the RPMI-1640 medium containing 10% FBS with 0.7% agar (Bioweste) in 24-well plate. After 10 days, the clones were observed with a microscope and photographed. Three independent experiments were quantified using Image J. The silencing effects were detected by Western Blot.



Kaplan–Meier Survival Analysis

The relapse-free survival of patients with tamoxifen-exposed ER+ breast cancer stratiﬁed by PKM2 expression levels (low and high) were evaluated using Kaplan–Meier analysis from a large publicly available clinical breast cancer microarray online database and web tool (http://kmplot.com/analysis/).



Data Analysis

Data were analyzed by unpaired two-tailed Student’s t-test. All experiments were performed at least three times. Differences between groups were considered statistically significant at p <0.05. Graphpad Prism software (version 6.0) was used for analysis.




Results


PKM2 Promotes Cell Proliferation and Migration, and Its High Expression Is Correlated With Poor Prognosis in Human Breast Cancer

Firstly, we compared the expressions of PKM2 between normal and breast cancer tissues using a large publicly available online database-GEPIA (http://gepia.cancer-pku.cn/). As shown in Figure 1A, PKM2 was significantly up-regulated in breast cancer tissues compared to normal tissues. We further analyzed the expressions of PKM2 in different types of breast cancer and found that PKM2 was significantly up-regulated in Basal-like, ER+, HER2+ breast cancer tissues compared to normal tissues (Figure 1B). Then, we further analyzed the expressions of PKM2 in ER+ and triple negative breast cancer by TCGA and found that there was no significant difference in the levels of PKM2 between ER+ and triple negative breast cancer tissues (Supplemental Figure 1A). We also measured the protein expressions of PKM2 in breast cancer cell lines. Consistently, PKM2 has similar expression in ER+ and ER− breast cancer cells (Supplemental Figure 1B). Next, we analyzed the survival rate using GEPIA. The overall survival was lower in patients with high PKM2 expression, suggesting that PKM2 overexpression indicates a high risk of recurrence in breast cancer patients (Figure 1C). To further investigate the potential oncogenic role of PKM2 in breast cancer, we knocked down PKM2 and measured the cell viability and proliferation ability in MCF-7 and MDA-MB-231 cells. Figures 1D, E show that PKM2 knockdown markedly reduced the viability and proliferation of breast cancer cells. To explore the roles of PKM2 in breast cancer metastasis, we detected the effect of PKM2 on cell migration by wound healing assay. As shown in Figure 1F, knockdown of PKM2 markedly reduced the migration of breast cancer cell lines MCF-7 and MDA-MB-231 (Figure 1F). In addition, PKM2 knockdown also significantly reduced the migration and invasion of MDA-MB-231 cells using transwell assays (Figure 1G). We further examined the potential role of PKM2 in regulating cellular apoptosis. There was increased cellular apoptosis in PKM2 knockdown cells as compared with siRNA control cells (Figure 1H). These data suggest that PKM2 is necessary for cell proliferation and migration, and PKM2 may be an important prognostic factor in breast cancer patients.




Figure 1 | PKM2 promotes cell proliferation and migration, and its high expression is correlated with poor prognosis in human breast cancer. (A) GEPIA analysis showed the expression levels of PKM2 between breast cancer and normal tissues. (B) GEPIA analysis showed the expression levels of PKM2 in breast cancer subtype tissues compared to normal tissues. (C) Survival analysis with auto select best cutoff values of PKM2 expression for breast cancer from TCGA datasets. The MCF-7 or MDA-MB-231 cells were transfected with siPKM2 or non-targeting siRNA. (D) Cell viability was measured by CCK-8 reagent. (E) Cell proliferation ability was measured by EdU. Magnification, ×200. (F) Migration ability was detected by wound healing assay, the black line indicates the edge of migrating cells at a given time point. Data were shown as the mean ± SD of three independent experiments (*p < 0.05, **p < 0.01). (G) MDA-MB-231 cells were transfected with non-targeting siRNA or PKM2 siRNA. The migration (left) and invasion (right) ability of cells were measured by transwell assays. Migration cells were incubated for 24 h, invasion cells were incubated for 48 h in the upper chambers coated with Matrigel (*p < 0.05, **p < 0.01). (H) MCF-7 cells were transfected with non-targeting siRNA or PKM2 siRNA. Indicated cells were stained with Annexin V/PI, and the percentage of apoptotic cells was assessed by flow cytometry (*p < 0.05, **p < 0.01).





PKM2 Promotes Breast Cancer Progression Through Increasing Survivin mRNA and Protein Expressions

Next, we are interested in the molecular mechanism by which PKM2 promotes cell proliferation. PKM2 was predicted to be positively associated with survivin in mRNA level using a publicly online database-GEPIA (Figure 2A). Survivin is well known as a member of the inhibitor of apoptosis protein family, which is crucial for the proliferation and migration of breast cancer cells (Tanaka et al., 2000). We found that knockdown of PKM2 led to a significant decrease in survivin expressions at both protein and mRNA (Figures 2B, D). Conversely, ectopic overexpression of PKM2 remarkably increased survivin expressions at both protein and mRNA (Figures 2C, E). Collectively, our results suggest that PKM2 promotes the expression of survivin by regulating transcription. Next, we further investigated whether survivin mediated the regulatory effect of PKM2 on breast cancer progression. MCF-7 or MDA-MB-231 cells were transfected with PKM2 siRNA, followed by transfection with GFP-survivin plasmid, then the cell viability, proliferation ability, and migration capacity were tested. We found that the inhibition of cell viability, proliferation and migration by PKM2 knockdown was rescued by survivin overexpression in MCF-7 and MDA-MB-231 cells (Figures 3A–C). Together, these experiments suggest that PKM2 promotes breast cancer cell proliferation and migration through increasing survivin transcription.




Figure 2 | PKM2 regulates survivin expression. (A) The correlation between PKM2 and survivin predicted by GEPIA. (B) MCF-7 or MDA-MB-231 cells were transfected with either the non-targeting siRNA or PKM2 siRNA. PKM2 and survivin protein levels were measured by immunoblotting. β-actin served as a loading control. (C) MCF-7 or MDA-MB-231 cells were transfected with either the empty vector plasmid or GST-PKM2 plasmid. GST and survivin protein levels were measured by immunoblotting. β-actin served as a loading control. (D) MCF-7 or MDA-MB-231 cells were transfected with either the non-targeting siRNA or PKM2 siRNA. PKM2 and survivin mRNA levels were detected by qRT-PCR. GAPDH served as a loading control. (E) MCF-7 or MDA-MB-231 cells transfected with either the empty vector plasmid or GST-PKM2 plasmid, PKM2 and survivin mRNA levels were detected by qRT-PCR. GAPDH served as a loading control. Data were shown as the mean ± SD of three independent experiments (*p < 0.05, **p < 0.01).






Figure 3 | PKM2 promotes breast cancer progression through survivin. MCF-7 or MDA-MB-231 cells were transfected with either the non-targeting siRNA or PKM2 siRNA, followed by transfection with either the empty vector plasmid or GFP-survivin plasmid. (A) Cell viability was measured by CCK-8 reagent. (B) Cell proliferation ability was measured by EdU. Magnification, ×200. (C) Migration ability was detected by wound healing assay, the black line indicates the edge of migrating cells at a given time point. Data were shown as the mean ± SD of three independent experiments (*p < 0.05, **p < 0.01).





PKM2 Activates Transcription of Survivin Through c-Myc

We next sought to understand how PKM2 regulates survivin expression. Sequence analyses did not show any known DNA binding domain/motifs in PKM2 (Gao et al., 2012). One of the possibilities is that PKM2 may regulate the activation of a particular transcription factor (Harris et al., 2012). c-Myc is a known transcription factor of survivin (Cosgrave et al., 2006; Fang et al., 2009). Consistent with the previous reports, we verified the regulatory effect of c-Myc on survivin. As shown in Figures 4A, C, c-Myc knockdown led to reduced protein and mRNA levels of survivin in MCF-7 and MDA-MB-231 cells. Overexpression of c-Myc increased survivin expression at both mRNA and protein levels (Figures 4B, D). We next tested whether PKM2 activated the transcription of survivin through c-Myc. MCF-7 and MDA-MB-231 cells were transfected with PKM2 siRNA, and then transfected with His-c-Myc plasmid. The decrease of survivin at protein and mRNA levels caused by knockdown of PKM2 could be rescued by exogenous c-Myc (Figures 4E, F). These results show that PKM2 promotes the transcription of survivin through c-Myc.




Figure 4 | c-Myc regulates PKM2-mediated survivin expression. (A) MCF-7 or MDA-MB-231 cells were transfected with either the non-targeting siRNA or c-Myc siRNA. c-Myc and survivin protein levels were measured by immunoblotting. β-actin served as a loading control. (B) MCF-7 or MDA-MB-231 cells were transfected with either the empty vector plasmid or His-c-Myc plasmid. c-Myc and survivin protein levels were measured by immunoblotting. β-actin served as a loading control. (C) MCF-7 or MDA-MB-231 cells were transfected with either the non-targeting siRNA or c-Myc siRNA. Survivin mRNA level was detected by qRT-PCR. GAPDH served as a loading control. (D) MCF-7 or MDA-MB-231 cells were transfected with either the empty vector plasmid or His-c-Myc plasmid. Survivin mRNA level was detected by qRT-PCR. GAPDH served as a loading control. (E, F) MCF-7 or MDA-MB-231 cells were respectively transfected with either the non-targeting siRNA or PKM2 siRNA, and then transfected with either the empty vector plasmid or His-c-Myc plasmid. (E) Survivin protein level was detected by immunoblotting. β-actin served as a loading control. (F) Survivin mRNA level was detected by qRT-PCR. GAPDH served as a loading control. Data were shown as the mean ± SD of three independent experiments (*p < 0.05, **p < 0.01).





PKM2 Interacts With c-Myc and Stabilizes c-Myc by Phosphorylating It at Ser62

We next examined the relationship between PKM2 and c-Myc. After transfected with PKM2 siRNA, a significant decrease of c-Myc protein expression can be observed in MCF-7 and MDA-MB-231 cells (Figure 5A), and the increase of c-Myc protein level can be observed after transfected with exogenous PKM2 (Figure 5B). Moreover, we found that the expression of p-c-Myc (Ser-62) was decreased or increased when transfected with PKM2 siRNA or GST-PKM2 plasmid in MCF-7 and MDA-MB-231 cells. It has been previously demonstrated that the phosphorylation of c-Myc on Ser-62 results in its stabilization (Seo et al., 2008). Thus, we wanted to know whether the regulation of PKM2 on c-Myc phosphorylation will stabilize c-Myc protein. We next examined the degradation rate of the c-Myc protein by CHX assay in MCF-7 and MDA-MB-231 cells. As shown in Figure 5C, PKM2 knockdown significantly shortened the half-life of c-Myc both in MCF-7 and MDA-MB-231 cells. In line with the results in Figure 5C, we found that MG132, a proteasome inhibitor, could rescue the down-regulation of c-Myc in the cells with knockdown of PKM2 expression (Figure 5D). Next, we further examined the physical interaction between PKM2 and c-Myc proteins. 293T cells transfected with Flag-PKM2 plasmid and His-c-Myc plasmid were subjected to immunoprecipitation with an anti-His antibody, and Flag-PKM2 was detected. Similarly, His-c-Myc could be detected in immunoprecipitation complexes when the anti-flag antibody was used for immunoprecipitation (Figure 5E). Additionally, MCF-7 and MDA-MB-231 cells were transfected with GST-vector or GST-PKM2, then were subjected to immunoprecipitation with an anti-GST antibody, and c-Myc was presented in anti-GST co-IPs from cells transfected with GST-PKM2, but not in the cells transfected with GST-vector (Figure 5F). Similarly, MCF-7 and MDA-MB-231 cells were transfected with His-vector or His-c-Myc, then were subjected to immunoprecipitation with an anti-His antibody, and PKM2 was presented in anti-His co-IPs from cells transfected with His-c-Myc (Figure 5G), suggesting the interaction between PKM2 and c-Myc. These results for the first time brought our attention that phosphorylation of c-Myc at Ser-62 by PKM2 promoted the stability of c-Myc.




Figure 5 | PKM2 enhances c-Myc stability by inducing the phosphorylation of c-Myc. (A) MCF-7 or MDA-MB-231 cells were transfected with either the non-targeting siRNA or PKM2 siRNA. PKM2, c-Myc and p-c-Myc (Ser62) protein levels were measured by immunoblotting. β-actin served as a loading control. (B) MCF-7 or MDA-MB-231 cells were transfected with either the empty vector plasmid or GST-PKM2 plasmid. PKM2, c-Myc and p-c-Myc (Ser62) protein levels were measured by immunoblotting. β-actin served as a loading control. Data were shown as the mean ± SD of three independent experiments (*p < 0.05, **p < 0.01). (C) sMCF-7 or MDA-MB-231 cells were transfected with either the non-targeting siRNA or PKM2 siRNA, and were treated with CHX (10 μg/ml) for the indicated time, and immunoblotting analysis was applied to detect the expression levels of c-Myc. β-actin served as a loading control. (D) MCF-7 and MDA-MB-231 cells were transfected with either the non-targeting siRNA or PKM2 siRNA, and were treated with MG132 (20 μM) before extracting proteins. Western blotting was used to analyze PKM2 and c-Myc proteins in MCF-7 and MDA-MB-231 cells. β-Actin was used as a loading control. (E) 293T cells were transfected with Flag-PKM2 plasmid and His-c-Myc plasmid, and then subjected to immunoprecipitation with anti-His and anti-flag antibody. The lysates and immunoprecipitation were then analyzed. (F) MCF-7 or MDA-MB-231 cells were transfected with either the empty vector plasmid or GST-PKM2 plasmid, and then subjected to immunoprecipitation with an anti-GST antibody. The lysates and immunoprecipitation were analyzed. (G) MCF-7 or MDA-MB-231 cells were transfected with either the empty vector plasmid or His-c-Myc plasmid, and then subjected to immunoprecipitation with an anti-His antibody. The lysates and immunoprecipitation were analyzed.





Suppression of PKM2 Enhanced Tamoxifen Sensitivity in MCF-7 and MCF-7/TAMR Cells

We further investigated whether PKM2 could be related to the regulation of tamoxifen sensitivity in MCF-7 cells. As shown in Figures 6A, B, PKM2 knockdown decreased the cell viability and proliferation in MCF-7 cells with 4OH-Tamoxifen treatment. Furthermore, we found that the expressions of PKM2, c-Myc and survivin were upregulated in MCF-7/TAMR cells as compared to MCF-7 cells (Figure 6C). Silencing of PKM2 resulted in a prominent decrease in the levels of c-Myc, p-c-Myc (Ser62) and survivin in MCF-7/TAMR cells (Figure 6D). To further investigate the role of PKM2 in MCF-7/TAMR cell proliferation, the effect of PKM2 on the anchorage-independent cell growth was measured by soft agar colony formation assay. As shown in Figure 6E, the size and number of clones were significantly decreased after PKM2 was silenced. We next asked whether silencing the expression of PKM2 could re-sensitize tamoxifen resistant breast cancer cells to tamoxifen treatment. Figures 6F, G showed that the cells became more sensitive to tamoxifen after knocking down PKM2. This result indicates that PKM2-c-Myc-survivin pathway participated in the regulation of tamoxifen resistance (Figure 6H), and knockdown of PKM2 enhanced cell sensitivity to tamoxifen in MCF-7 and MCF-7/TAMR cells.




Figure 6 | PKM2 downregulation enhanced cell sensitivity to tamoxifen in MCF-7 and MCF-7/TAMR cells. The MCF-7 cells were transfected with siPKM2 or non-targeting siRNA. Then the cells were treated with 4-OHT for 72 h at the indicated concentration periods (0–5 μM). (A) Cell viability was measured by CCK-8 reagent. (B) Cell proliferation ability was measured by EdU. Magnification, ×200. (C) Western blotting was used to analyze PKM2, c-Myc and survivin proteins in tamoxifen resistant and their parental cells. β-Actin was used as a loading control. (D) PKM2 siRNA-treated and control siRNA-treated MCF-7/TAMR cells were treated for 48 h. Western blot was performed with indicated antibodies. (E) The anchor-independent cell growth ability of MCF-7/TAMR cells transfected with PKM2 siRNA was detected by soft agar clone formation assay. MCF-7/TAMR cells were cultured for 10 days. The clone size greater than 50 μm is considered a clone formation. The MCF-7/TAMR cells (F, G) were transfected with siPKM2 or non-targeting siRNA. Then the cells were treated with 4-OHT for 72 h at the indicated concentration periods (0–5 μM). (F) Cell viability was measured by CCK-8 reagent. (G) Cell proliferation ability was measured by EdU. Magnification, ×200. (H) A schematic model of PKM2–c-Myc–survivin axis leading to proliferation, migration and tamoxifen resistance. The results are reported as the mean ± SD of triplicate measurements; *P < 0.05, **P < 0.01, t-test, siNT vs. siPKM2.





Elevated Levels of PKM2, Survivin, and c-Myc Correlate With Poor Relapse-Free Survival in Patients With ER+ Breast Cancer Undergoing Tamoxifen Therapy

To examine the clinical relevance of our result, we investigated three publicly available microarray datasets, which include the relapse free survival of patients in ER+ positive breast cancer patients treated with tamoxifen. In these datasets, we analyzed the survival rates applying the Kaplan–Meier method by a log-rank test, which indicate that PKM2, survivin and c-Myc overexpression confer a high risk of relapse in breast cancer patients treated with tamoxifen (Figures 7A–C). These data suggest that the PKM2, survivin and c-Myc expression levels may be important prognostic factors for tamoxifen treatment in breast cancer patients.




Figure 7 | Elevated levels of PKM2, survivin and c-Myc correlate with poor relapse-free survival in patients with ER+ breast cancer undergoing tamoxifen therapy. (A) Kaplan–Meier analysis with auto select best cutoff values of PKM2 expression for ER+ breast cancer patients treated with tamoxifen from GEO datasets. (B) Kaplan–Meier analysis with auto select best cutoff values of survivin expression for ER+ breast cancer patients treated with tamoxifen from GEO datasets. (C) Kaplan–Meier analysis with auto select best cutoff values of c-Myc expression for ER+ breast cancer patients treated with tamoxifen from GEO datasets. P-values were calculated by the log–rank test.






Discussion

Breast cancer is the most common malignancy and the second leading cause of cancer-related mortality among women (Urun et al., 2015). Tamoxifen, a selective ER modulator, competitively restraints the binding of estradiol to ER, as a result inhibiting the ER-mediated transcription of kinds target genes to repress the proliferation of cancer cells. Although it is effective in adjuvant and first-line treatment of advanced ESR-positive breast cancer, development of resistance to tamoxifen remains a serious clinical problem (Nass and Kalinski, 2015). Therefore, it is imperative to find novel targets in breast cancer progression and improve breast cancer response to tamoxifen therapy. In this study, we reported for the first time that PKM2-c-Myc-survivin signaling cascade promoted breast cancer cell proliferation, migration, tamoxifen resistance (Figure 6H), and inhibition of PKM2 not only blocked cancer progression, but also enhanced tamoxifen efficacy in MCF-7 and MCF-7 resistant cells.

Accumulating evidence has demonstrated the important role of PKM2 in promoting cancer progression (Zheng et al., 2018; Liu et al., 2019). Consistently, we presented evidence that PKM2 promoted breast cancer cell proliferation and migration, and PKM2 overexpression predicted poor prognosis in breast cancer patients. These results revealed that PKM2 is a potential target for the treatment of breast cancer. It has been previously shown that glycolytic enzyme PKM2 which PKM2/NF-κB/miR-148a/152 feedback circuit can regulate breast cancer cells growth and angiogenesis (Yan et al., 2017), but the regulatory mechanism of PKM2 as a protein kinase on breast cancer cell proliferation and migration remains to be further explored. It was reported that the PKM2–β-catenin interaction leaded to increased binding of β-catenin to the promoter region of c-Myc (Yang et al., 2011). Our study provided new insight in the mechanistic regulation of PKM2 in c-Myc, that PKM2 interacted with c-Myc and regulated c-Myc phosphorylation, providing the first evidence that c-Myc may be a novel substrate of PKM2. We found that inhibition of PKM2 decreased c-Myc phosphorylation, resulting in down-regulating c-Myc protein expression by promoting its degradation. As an oncoprotein, c-Myc promotes cancer progression by increasing the transcription of substrate genes involved in the control of cell proliferation or growth. It has been reported that c-Myc can promote PKM2 mRNA expression by upregulation of heterogeneous nuclear ribonucleoprotein (hnRNP) transcription (David et al., 2010). Consistent with the report, we found that overexpression of c-Myc increased the expression of PKM2 compared with PKM2 knockdown cells, indicating that there is a positive feedback loop between PKM2 and c-Myc. Database analyzation and experimental results revealed the positive regulation of PKM2 on survivin transcription. As a transcription factor, c-Myc regulates survivin transcription. We verified that overexpression of c-Myc abrogated the decrease of mRNA and protein levels of survivin induced by PKM2 inhibition. Taken together, we concluded that PKM2 regulated survivin through c-Myc. Our results revealed that PKM2–c-Myc–survivin cascade promotes the proliferation and migration of breast cancer cells, serving as a potential therapeutic strategy in breast cancer.

Accumulating evidence indicates that PKM2 is highly correlated with drug resistance (Li et al., 2015; Wang et al., 2018). However, no clear evidence reveals the role of PKM2 in the development of tamoxifen resistance. Our findings showed that PKM2 was upregulated in the tamoxifen resistant breast cancer cells compared to sensitive cells. Inhibition of PKM2 significantly decreased c-Myc and survivin expressions. As previously reported, c-Myc and survivin were related with the development of tamoxifen resistance. It was reported that aspirin can down-regulate c-Myc protein expression to overcome tamoxifen resistance (Cheng et al., 2017). Wen-Tsung Huang demonstrated that survivin was overexpressed in MCF-7/TAMR cells as compared to MCF-7 cells, and down-regulation of survivin restored the sensitivity of MCF-7/TAMR cells to tamoxifen. Our data showed that down-regulation of PKM2 not only rendered MCF-7 cells more sensitivity to tamoxifen, but also significantly overcame tamoxifen resistance in MCF-7/TAMR cells. The implication of PKM2 in enhancing tamoxifen sensitivity was further verified in breast cancer patients that the high expression of PKM2 confers a high risk of recurrence or relapse in patients treated with tamoxifen. Collectively, PKM2 may serve as a unique therapeutic target for overcoming tamoxifen resistance in breast cancers. This also provides a hint that PKM2 inhibitors combined with endocrine drugs may be a new strategy for the treatment of tamoxifen resistance in breast cancer patients.

Taken together, the present study demonstrated for the first time that PKM2-dependent c-Myc-Ser-62 phosphorylation stabilized c-Myc, thereby increasing survivin expression, which is required for breast cancer cell proliferation and migration. Inhibition of PKM2 blocked breast cancer progression and sensitized breast cancer cells to tamoxifen, indicating that PKM2 inhibitor may be an effective combination treatment in breast cancer patients treated with tamoxifen. Altogether, PKM2 represents a strong predictor for poor prognosis and drug resistance in breast cancer and targeting PKM2–c-Myc–survivin cascade could be a novel therapeutic strategy for breast cancer treatment, even tamoxifen resistant breast cancer.
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Despite the success of immune checkpoint blockade in cancer, the number of patients that benefit from this revolutionary treatment option remains low. Therefore, efforts are being undertaken to sensitize tumors for immune checkpoint blockade, which includes combining immune checkpoint blocking agents such as anti-PD-1 antibodies with standard of care treatments. Here we report that a combination of chemotherapy (doxorubicin) and immune checkpoint blockade (anti-PD-1 antibodies) induces superior tumor control compared to chemotherapy and immune checkpoint blockade alone in the murine autochthonous polyoma middle T oncogene-driven (PyMT) mammary tumor model. Using whole transcriptome analysis, we identified a set of genes that were upregulated specifically upon chemoimmunotherapy. This gene signature and, more specifically, a condensed four-gene signature predicted favorable survival of human mammary carcinoma patients in the METABRIC cohort. Moreover, PyMT tumors treated with chemoimmunotherapy contained higher levels of cytotoxic lymphocytes, particularly natural killer cells (NK cells). Gene set enrichment analysis and bead-based ELISA measurements revealed increased IL-27 production and signaling in PyMT tumors upon chemoimmunotherapy. Moreover, IL-27 signaling improved NK cell cytotoxicity against PyMT cells in vitro. Taken together, our data support recent clinical observations indicating a benefit of chemoimmunotherapy compared to monotherapy in breast cancer and suggest potential underlying mechanisms.

Keywords: cancer, immunotherapy, chemotherapy, immune checkpoint, cytotoxic lymphocytes


INTRODUCTION

The idea to engage the immune system in the fight against cancer was already proposed in the early twentieth century but was then mainly disregarded (1). Over a century later, the discovery of immune checkpoints as brakes of the immune system and the possibility to unleash those brakes to fight cancer was rewarded with the Nobel Prize in Physiology in 2018 as a new principle for cancer immunotherapy (Press release: The Nobel Prize in Physiology or Medicine 2018). Allison, Honjo and their coworkers discovered and elucidated the function of the negative costimulatory molecules cytotoxic T lymphocyte–associated protein 4 (CTLA-4) and programmed death 1 (PD-1), respectively (2, 3). The blockade of those inhibitory checkpoint receptors by neutralizing monoclonal antibodies is now well-known as immune checkpoint blockade and is already broadly used in the clinic. Since the first clinical trial using immune checkpoint inhibitors in 2000, there have been numerous clinical trials with either anti-CTLA-4 or anti-PD-1 as single agent drugs. To date there have been at least 500 clinical studies with PD-1 blockers conducted on at least 20 cancer types (4). Anti-PD-1 drugs are now approved for a variety of highly immunogenic cancer types, including non-small cell lung cancer, renal cell carcinoma, hodgkin's lymphoma, and metastatic melanoma. Remarkably, PD-1 blockade has shown positive results in all mentioned malignancies, measured by the overall response rate (5). However, a significant proportion of patients does not respond to immunotherapy (6). Indeed, in patients with metastatic breast cancer, single-drug anti-PD-1 therapy has shown little efficacy, due to a lower mutational load and a lower abundance of tumor-infiltrating lymphocytes (TILs) (7). Therefore, new strategies are needed to enhance the efficacy of anti-PD-1 treatment in breast cancer. In the last few years, approaches to combine PD-1 blockade with conventional treatments such as chemotherapy have shown promising results even as first-line treatment in triple-negative metastatic breast cancer [(8), NCT02425891]. It is important to note, that chemotherapy still represents the preferred standard of systemic treatment for metastatic breast cancer and remains one of the most efficient ways to improve patient outcome by decreasing tumor burden and metastasis (9). However, major limitations of chemotherapy remain, foremost non-specific toxicity, and tumor chemoresistance (10, 11). Interestingly, a recent study suggested an involvement of PD-1 signaling in the acquisition of chemoresistance and therefore emphasized the rationale for a combinatorial chemoimmunotherapy in the clinical setting (12). In addition, chemotherapy was also shown to increase the immune infiltrate and inhibit immunosuppressive components in the tumor microenvironment, which in turn can improve immune checkpoint blockade. Taken together, these findings substantiate combinatorial chemoimmunotherapy as a reasonable approach to fight breast cancer. In this study, we therefore analyzed the impact of combinatorial chemotherapy and immune checkpoint blockade in the PyMT mammary carcinoma mouse model (13), since previous studies using this model failed to show effectiveness of anti-PD-1 monotherapy (14, 15).



MATERIALS AND METHODS


Animal Experiments

Female mice expressing the polyoma virus middle T oncoprotein (PyMT) under the Mouse Mammary Tumor Virus (MMTV) promoter in a C57BL/6 background were used. In the PyMT model, mice spontaneously develop tumors in each mammary gland starting from 8 weeks after birth. Mice were divided into four groups according to treatment (anti-PD-1, IgG1, doxorubicin (DOX) + anti-PD-1, and DOX + IgG1). For animals receiving immune checkpoint blockade only, treatment was initiated (day 0) once the first tumor reached a size of 0.6 cm in diameter. Antibodies were administrated i.p. at a concentration of 20 mg/kg (on day 0) and 10 mg/kg (on day 6, 12, 18). All mice received either anti-mouse PD-1 antibody (4H2, Ono Pharmaceutical, Osaka, Japan) or anti-mouse IgG1 (BioXcell/Hölzel Diagnostik, Cologne, Germany) diluted in sterile 0.9% NaCl. In the model with the combination of chemotherapy and immune checkpoint blockade treatment started once the first mammary tumor reached a size of 1 cm in diameter. Doxorubicin (Cell Pharm, Bad-Vilbel, Germany) diluted in sterile 0.9% NaCl was administrated i.p. (5 mg/kg) once a week for 5 weeks. One day after doxorubicin administration, mice were treated with 10 mg/kg of either anti-mouse PD-1 antibody (4H2, Ono Pharmaceutical) or anti-mouse IgG1 (BioXCell). Mice were monitored three times a week for up to 5 weeks after initial treatment. Tumor size was determined by tumor palpating. The tumor volume was calculated using the formula: V = length × width2 × π/6. For all animal experiments the guidelines of the Hessian animal care and use committee were followed (approval numbers: FU1127, FU1191).



Flow Cytometry

Tumor single cell suspensions were generated using the Tumor Dissociation Kit and the gentleMACS™ Dissociator (both from Miltenyi Biotec, Bergisch Gladbach, Germany) using standard protocols. The following anti-mouse antibodies were used for staining of single cell suspensions: anti-CD3-PE-CF594, anti-CD4-BV711, anti-CD8-BV650, anti-CD11c-BV711, anti-CD19-APC-Cy7, anti-CD45-AlexaFluor700, anti-CD49f-PE-CF594, anti-CD146-AlexaFluor488, anti-CD326-BV711, anti-Ly6C-PerCP-Cy5.5, anti-NK1.1-BV510 (all from BD Biosciences, Heidelberg, Germany), anti-CD31-PE-Cy7, anti-CD117-APC-eFluor780 (both from eBioscience, San Diego, USA), anti-CD90.2-PE, anti-MHC-II-APC (both from Miltenyi Biotec), anti-CD11b-BV605, anti-CD324-AlexaFluor647, anti-F4/80-PE-Cy7, anti-GITR-FITC, anti-Ly6G-APC-Cy7, anti-SiglecH-FITC, and anti-γδTCR-APC (all from Biolegend, San Diego, USA). NK/PyMT cell co-culture samples were stained with the following antibodies. anti-CD25-PE-Cy7, anti-CD69-BV605, anti-CD107a-PE and anti-NK1.1-APC (all from Biolegend). Samples were acquired with a LSR II/Fortessa™ flow cytometer (BD Biosciences) and analyzed using FlowJo software V10 (BD Biosciences). All antibodies and secondary reagents were titrated to determine optimal concentrations. CompBeads (BD Bioscience) were used for single-color compensation to create multi-color compensation matrices. For gating, fluorescence minus one (FMO) controls were used. The instrument calibration was controlled daily using Cytometer Setup and Tracking (CS&T) beads (BD Bioscience).



RNA Sequencing

Total RNA was isolated from snap frozen PyMT tumors using the peqGOLD Total RNA Kit (VWR International, Darmstadt, Germany). RNA samples were analyzed on a 2100 Bioanalyzer using Agilent RNA 6000 Nano chip (both from Agilent Technologies, Santa Clara, USA). Library preparation was performed using the SMARTer® Stranded Total RNA Sample Prep Kit–HI (Takara Bio Europe, Saint-Germain-en-Laye, France). Quantity and quality of the cDNA libraries were determined by Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific, Dreieich, Germany) and Agilent High Sensitivity DNA chip (Agilent Technologies). Libraries were sequenced on a NextSeq 500 sequencer (single end, 75 cycles) using V2 chemistry (Illumina, San Diego, USA). Sequencing data were analyzed using the SeqBox software (16). In brief, after adapter trimming with skewer (17), the software used STAR (18) to map the reads to the mouse reference genome (mm10) and RSEM (19) for gene and isoform-level quantification, which allows the differential expression analysis by DESeq2 (20).



Analysis of Publicly Available Human Mammary Carcinoma Datasets

The METABRIC data set (21) was used to determine patient survival according to the gene signatures obtained from the PyMT mouse model upon combinatorial chemoimmunotherapy.



Phenoptics™ Immunofluorescence Analysis

Tumors were zinc-fixed, paraffin-embedded, and subsequently stained in a fluorescent multiplex immunohistochemistry staining using the OpalTM 7-Color Fluorescent Immunohistochemistry (IHC) Kits (Akoya, Marlborough, USA). The following anti-mouse antibodies were used: anti-αSMA (Sigma-Aldrich, Schnelldorf, Germany F3777), anti-DIO2 (Elabscience, Houston, USA, E-A-13198), anti-GSN (Biozol, Eching, Germany, BOB-PA2109), anti-MMP3 (Santa Cruz, Heidelberg, Germany, sc-21732), anti-Pan-Cytokeratin (Abcam, ab27988), anti-PD-L1 (Cell signaling, D5V38), and anti-PDK4 (Antibodies-online, Aachen, Germany, ABIN3028963) in an automated staining using the BOND RX Automated IHC Research Stainer (Leica Biosystems, Nussloch, Germany). Stained tumor sections were scanned using Vectra® 3 automated quantitative pathology imaging system and analyzed using inForm® software V2.3 (both Akoya). Marker expression in the cytoplasm was quantified with the inForm® software using a positivity or 4-bin (0–3+) scoring algorithm (22). For the latter spectrally unmixed fluorescence signals in the cytoplasm of epithelial or stromal cells were grouped into four bins based on signal distribution (0 = lowest signal, 3 = highest signal), indicating differences in protein expression.



Gene Set Enrichment Analysis

Using gene expression values (expression >0.1 log2 TPM values after DESeq2) between individual treatment groups as an input, enriched biological processes were identified using Gene Set Enrichment Analysis (GSEA) version 4.0.0 (23).



Protein Quantification

Tumor interstitial fluids were obtained by manual cryopulverization and subsequent incubation with 1:2 tumor weight/volume of 2 × PBS for 3 h at 4°C under rotation. The LEGENDplex™ mouse inflammation panel (Biolegend) was used to determine cytokines levels in the tumor supernatants. To quantify protein levels in NK/PyMT cell co-culture supernatants, ELISA kit for PRF1 (Abbexa, Cambridge, UK, abx258736) as well as the mouse IFN-γ Flex Set (BD Bioscience, 558296) were utilized according to the manufacturer's instructions. Bead-based array samples were acquired by flow cytometry and analyzed using FlowJo V10.



Cytotoxicity Assay

NK cells were isolated from spleens of either wildtype (WT) or IL-27 receptor α (IL-27Rα) KO mice using the EasySep™ Mouse NK Cell Isolation Kit (STEMCELL™ Technologies, Vancouver, Canada). NK cells used as effector cells were co-cultured for 4 h at 37°C with PyMT target cells at different effector cell-target cell ratios, as indicated. Both NK cells and PyMT cells were labeled with different fluorescent dyes (PKH67 & PKH26, Sigma-Aldrich) and dead PyMT cells were identified using 7-AAD staining (Miltenyi Biotec). Living (7-AAD-negative) PyMT cells were subsequently determined via flow cytometry.



Quantitative PCR

RNA was isolated as described above followed by cDNA transcription using the Sensiscript® cDNA synthesis kit (Qiagen, Hilden, Germany). The following murine primers were used: Cd25, sense: 5′-CAAGAACGGCACCATCCTAAA-3′, anti-sense: 5′-TCCTAAGCAACGCATATAGACCA-3′; Cd69, sense: 5′-AAGCGATATTCTGGTG AACTGG-3′, anti-sense: 5′-ATTTGCCCATTTCCATGTCTGA-3′; Prf1, sense: 5′-CTG CCACTCGGTCAGAATG-3′, anti-sense: 5′-CGGAGGGTAGTCACATCCAT-3′. Rps27a served as internal control. Data were analyzed using QuantStudio™ (Thermo Fisher Scientific).



Statistics

Data are presented as means ± SEM. Statistical comparisons between two groups were performed using either two-way ANOVA, Mann-Whitney test or unpaired two-tailed Student's t-test as indicated. For the latter two data were pre-analyzed to determine normal distribution and equal variance with D'Agostino–Pearson omnibus normality test. Differences in patient survival were analyzed using Log-rank (Mantel–Cox) test. Statistical analysis was performed with GraphPad Prism V8. Differences were considered significant at p < 0.05. Asterisks indicate significant differences between experimental groups (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).




RESULTS


Doxorubicin Chemotherapy Improves the Response to PD-1 Blockade

We and others previously observed that anti-PD1 therapy was poorly effective in the PyMT mouse model of mammary carcinoma (14, 15). Sensitizing non-responsive tumors for immune checkpoint blockade is a major goal in current immunotherapy. Therefore, we asked whether a combinatorial approach consisting of doxorubicin (DOX) chemotherapy and anti-PD-1 antibody administration has an enhanced efficacy in reducing tumor growth compared to anti-PD-1 monotherapy. Tumors in the PyMT mouse model arise spontaneously starting 8 weeks after birth. A therapeutic setting was employed, where treatment was initiated once a tumor diameter of 0.6 cm (anti-PD-1 alone) or 1 cm (DOX/anti-PD-1) had been reached. The smaller initial size in case of anti-PD-1 monotherapy was chosen to allow monitoring tumor growth over 4 weeks without reaching ethical endpoints of tumor size. Mice received intraperitoneal (i.p.) injections with either a PD-1-blocking antibody (10–20 mg/kg) or an IgG1 isotype control antibody (10–20 mg/kg) alone or with preceding DOX administration i.p. (5 mg/kg) (Figures 1A,B). Although anti-PD-1 monotherapy significantly slowed progression of primary tumors compared to the IgG1 control, this effect was modest, and we did not observe tumor regression (Figures 1C–E). In contrast, combinatorial therapy with DOX and anti-PD-1 antibody not only markedly suppressed tumor progression but also significantly reduced tumor volumes from day 21 onwards when compared to the DOX/IgG1 control (Figures 1F–H). Although tumor reduction was also observed upon DOX/IgG1 administration at least in some tumors, the majority of DOX/IgG1 treated tumors either responded poorly or relapsed toward the end of the study (Figure 1G). Notably, only two DOX/anti-PD-1 mice showed tumor progression (Figure 1H). In conclusion, these results show that, in the PyMT tumor model, the efficacy of anti-PD-1 treatment is enhanced by DOX chemotherapy as indicated by a partial tumor remission upon combinatorial chemoimmunotherapy.
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FIGURE 1. Combination of chemotherapy and PD-1 blockade improves tumor control in the PyMT model. Treatment regimens for anti-PD-1 monotherapy and doxorubicin (DOX) plus anti-PD-1 combinatorial therapy. (A) Treatment regimen of monotherapy. PyMT tumors were treated with either anti-PD-1 or isotype control (IgG1) antibody (i.p.) every 6 days for 18 days (day 0 = 20 mg/kg; day 6, 12, 18 = 10 mg/kg) once the first tumor reached a size of 0.6 cm in diameter. (B) Treatment regimen of combinatorial therapy. PyMT tumors were treated with 5 mg/kg doxorubicin (DOX) (i.p.) and with 10 mg/kg of either anti-PD-1 or isotype control (IgG1) antibody (i.p.) once weekly for 5 weeks once the first tumor reached a size of 1 cm in diameter. (C,F) Cumulative tumor volume (length × width2 × π/6) of primary tumors upon (C) monotherapy (n = 17 each) and (F) combinatorial therapy (DOX/IgG1: n = 11, DOX/anti-PD-1: n = 10) over time are shown, as well as the individual tumor volumes for (D,E) monotherapy and (G,H) chemoimmunotherapy. Data are means ± SEM, p-values were calculated using unpaired t-test; *p < 0.05.




Increased NK Cell Infiltrate Upon Combinatorial Chemotherapy and PD-1 Blockade

We wondered whether the increased susceptibility to chemoimmunotherapy was associated with increases in PD-L1 expression in tumors upon chemotherapy. Therefore, PyMT tumor sections of all four treatment groups were stained for PD-L1 and DAPI (nuclei) using Phenoptics™ multiplex IHC staining (Figure 2A). Interestingly, PD-L1 expression scoring with the inForm® software using a 4-bin scoring algorithm revealed no alteration in PD-L1 expression in tumors of the different treatment regimens (Figure 2B). Thus, alterations in PD-L1 expression did not account for improved tumor control due to chemoimmunotherapy. Next, multicolor flow cytometry analysis of tumor single-cell suspensions of all four treatment groups was performed at the experimental endpoint to investigate cellular alterations potentially increasing efficacy of the combinatorial therapy (Supplementary Figure 1). Flow cytometry revealed no differences in CD45+ immune cell abundance between the different treatments (Figure 2C). Administration of the neutralizing anti-PD-1 antibody induced an efficient depletion of PD-1 on CD4+ and CD8+ T cells as compared to the corresponding IgG1 control, while chemotherapy per se did not alter the abundance of PD-1-expressing T cells within the total immune cell population (Figure 2D). Within the CD45+ immune cell population, dendritic cell (DC) levels were unchanged, whereas monocyte and resident macrophage abundance was reduced upon chemotherapy. For monocytes, this reduction was even accentuated when the anti-PD1 antibody was applied (fold change monocytes: IgG1:DOX/IgG1 = 0.32, anti-PD-1:DOX/anti-PD-1 = 0.012; resident macrophages: IgG1:DOX/IgG1 = 0.55, anti-PD-1:DOX/anti-PD-1 = 0.47) (Figure 2E). Furthermore, neutrophil and tumor-associated macrophage (TAM) frequencies decreased after DOX/anti-PD-1 administration compared to anti-PD-1 monotherapy (fold change neutrophils: 0.49; TAMs: 0.65). Although B cell and NKT cell numbers in the lymphoid cell lineage were unaltered, overall T cell levels including CD4+ T cell and Treg frequencies increased after chemotherapy (fold change T cells: IgG1:DOX/IgG1 = 1.79, anti-PD-1:DOX/anti-PD-1 = 2.77; CD4+: IgG1:DOX/IgG1 = 3.62, anti-PD-1:DOX/anti-PD-1 = 3.43; Tregs: IgG1:DOX/IgG1 = 5.24, anti-PD-1:DOX/anti-PD-1 = 2.35) (Figure 2F). Moreover, chemotherapy in combination with anti-PD-1 administration enhanced CD8+ T abundance compared to anti-PD-1 monotherapy by 2.2-fold. Most interestingly, γδ T cell and NK cell levels were elevated upon combinatorial DOX/anti-PD-1 therapy as compared to monotherapy or DOX/IgG1 administration (fold change γδ T cells: anti-PD-1:DOX/anti-PD-1 = 3.22, DOX/IgG1:DOX/anti-PD-1 = 2.4; NK cells: anti-PD-1:DOX/anti-PD-1 = 4.54, DOX/IgG1:DOX/anti-PD-1 = 2.24). Taken together, flow cytometry data did not provide a clear explanation on the cellular mechanisms responsible for the increased efficacy of chemoimmunotherapy. However, increased cytotoxic lymphocyte levels, including NK cells, upon combinatorial DOX/anti-PD-1 therapy emerged as a promising lead.
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FIGURE 2. Altered immune cell composition in PyMT tumors upon chemoimmunotherapy. PyMT tumor-bearing animals were treated with either anti-PD-1 or doxorubicin (DOX) plus anti-PD-1 and the corresponding IgG1 antibody control. PyMT tumor sections (n ≥ 4) were stained for PD-L1 as well as for DAPI (nuclei) and analyzed using Phenoptics™. (A) Representative image shows PD-L1 expression for a doxorubicin (DOX) plus anti-PD-1 section. Scale bar: 100 μm. (B) Quantification of PD-L1 percentage positivity using the inForm® software with a 4-bin scoring algorithm (0, lowest expression; 3, highest expression). The relative frequencies of (C) CD45+ immune cells within total single cells and (D) CD4+/PD-1+ and CD8+/PD-1+ T cells (E) myeloid cell subsets as well as (F) lymphoid cell subsets relative to total CD45+ immune cells are displayed (IgG1: n = 17, anti-PD-1: n = 16, DOX/IgG1: n = 10, DOX/anti-PD-1: n = 9). Data are means ± SEM, p-values were calculated using unpaired t-test or Mann–Whitney test according to D'Agostino & Pearson omnibus normality test; *p < 0.05, **p < 0.01, ***p < 0.001.




Gene Signatures Predict Survival of Human Mammary Carcinoma Patients

To gain explanations for increased NK cell frequencies upon chemoimmunotherapy and to gain further insights into potential other mechanisms explaining the success of DOX/anti-PD-1 combinatorial therapy vs. monotherapy, whole transcriptome RNA-Seq was performed. For this purpose, mRNA was isolated from whole PyMT tumors, sequenced using NextSeq 500 and data were analyzed using DESeq2 (differentially regulated genes: adjusted p < 0.1; log2 fold change in expression >1). Only 4 genes were found to be significantly altered between the IgG1 control and the anti-PD-1 monotherapy group, and 19 genes were altered when comparing the DOX/IgG1 with the DOX/anti-PD-1 group, while 93 genes were differently regulated between the DOX/IgG1 and the IgG1 group (Supplementary Table 1, Supplementary Figure 2). 43 genes were found to be differentially expressed, comparing anti-PD-1 treatment to the combination of DOX and anti-PD-1 (Figure 3A). There was no meaningful overlap between the different gene signatures (Supplementary Figure 3), indicating that each treatment group was characterized by a unique response pattern. Out of the 43 genes altered when comparing anti-PD-1 to chemoimmunotherapy, 21 were upregulated upon DOX/anti-PD-1 administration relative to anti-PD-1 monotherapy, whereas 22 were downregulated. To test the validity of these gene signatures, we analyzed if they would hold predictive value in human mammary carcinoma. Therefore, mean expression values of genes either up- or downregulated in our model were obtained from the METABRIC data set (21). These mean expression values were then compared with clinical data in the same dataset (Figures 3B–H). Patients were grouped into quartiles based on the unranked mean expression of the different gene signatures and survival rates of patients with low expression (<25% percentile) were compared to those with high expression (>75% percentile). Strikingly, analyzing the METABRIC dataset revealed that patients expressing low levels of genes downregulated in PyMT tumors treated with chemoimmunotherapy showed improved survival (Figure 3B). This was even more pronounced for patients expressing high levels of genes that were upregulated in PyMT tumors treated with combinatorial therapy (Figure 3C). Hence, patient prognosis improved if they showed high expression of genes that were upregulated upon DOX/anti-PD-1 treatment and inversely also improved if they showed low expression levels of genes that were downregulated upon DOX/anti-PD-1 treatment in the PyMT model. Since the difference in patient survival was more notable when using the upregulated gene signature, all upregulated genes were further analyzed on their individual impact on patient survival in the METABRIC dataset. Amongst all upregulated genes, four genes were found to be individually associated with improved patient survival, namely type II iodothyronine deiodinase (DIO2), gelsolin (GSN), matrix metalloproteinase 3 (MMP3) and pyruvate dehydrogenase kinase 4 (PDK4) (Figures 3D–G). Accordingly, a gene signature consisting of these four genes more accurately discriminated patients with improved or reduced survival prognosis when compared to the gene signature of all 21 upregulated genes (Figure 3H). DIO2 processes the hormone thyroxine (T4) to the more potent triiodothyronine (T3) to enhance growth, development and metabolism (24). DIO2 was overexpressed in brain tumors (oligoastrocytoma, glioblastoma, oligodendroglioma, pituitary tumors) and in thyroid adenoma (24), and in endometrial and colorectal cancer high expression was associated with a favorable prognosis (25). PDK4 regulates glucose metabolism and mitochondrial respiration and can have oncogenic or tumor suppressive effects depending on cancer type. In hepatocellular carcinoma downregulation of PDK4 is associated with poor prognosis (26), and PDK4 downregulation in lung cancer promoted cell proliferation and tumor growth (27), while high PDK4 expression was correlated with poor patient outcome in breast cancer (28). GSN and MMP3 are both involved in extracellular matrix (ECM) remodeling. GSN is a ubiquitous actin filament-severing protein (29), whose tumor-suppressive functions on various cancer types when highly expressed were previously noted (30, 31). In colon cancer, for instance, overexpression of GSN reduces proliferation and invasion of colon carcinoma cells (32) and in breast cancer downregulation of GSN correlates with malignant progression (33). MMP3 degrades several components of the ECM. Previous studies attributed oncogenic effects to MMP3 (34, 35), and high expression of MMP3 is considered unfavorable in pancreatic, pulmonary, and mammary carcinoma (36).
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FIGURE 3. Gene signatures of PyMT tumors treated with DOX/anti-PD-1 combinatorial therapy predict human mammary carcinoma patient survival. (A) Comparative transcriptome analysis of PyMT tumors upon anti-PD-1 treatment and doxorubicin (DOX) plus anti-PD-1 therapy (n = 3 each). Transcriptomes were generated by RNA seq. The heat map shows differentially expressed genes between both groups. (B–H) The METABRIC dataset (21) was analyzed for a correlation with gene signatures derived from PyMT tumors treated with DOX/anti-PD-1 compared to anti-PD-1 monotherapy. Patients were grouped into quartiles based on unranked mean expression of up- or downregulated genes and survival was analyzed. Survival rates of patients expressing high (>75% percentile) or low (<25% percentile) levels of the signature genes were compared. Shown are survival rates of patients expressing the gene set that was (B) downregulated or (C) upregulated upon DOX/anti-PD-1 therapy. The survival rates of patients expressing individual predictive upregulated genes (D–G), or mean expression of these genes (H) are displayed. p-values were calculated using log-rank test.




Histological Validation of Predictive Genes Confirms Transcriptome Analyses

To validate the impact of these four selected target genes upon chemoimmunotherapy at protein level, PyMT tumor sections of all four treatment groups were stained using Phenoptics™ multiplex IHC staining. Therefore, tumor sections were stained for the four specific prognostic markers, as well as for Pan-Cytokeratin (Pan CK) as an epithelial/tumor marker, alpha-smooth muscle actin (α-SMA) as a stromal marker and were counterstained with DAPI (Figures 4A–D). Tumor tissues were segmented into stromal and epithelial compartments and the four markers were quantified within these two tumor fractions, respectively, using the inForm® software with a 4-bin scoring algorithm (Figures 4E–L). Spectrally unmixed fluorescence signals in the cytoplasm of epithelial or stromal cells were grouped into four bins based on signal distribution (0 = lowest signal, 3 = highest signal), indicating differences in protein expression. The distribution within the four bins was calculated accordingly. These analyses revealed that DIO2 expression was significantly elevated in both the epithelial and the stromal compartment of DOX/anti-PD-1 treated tumors compared to anti-PD-1 only treated tumors, as represented by decreased levels in the first bin (lowest expression) and enhanced levels in the fourth bin (highest expression) (Figures 4E,F). In contrast, GSN expression was unchanged throughout the different treatments and bins (Figures 4G,H). MMP3 expression decreased in the chemoimmunotherapy group in the first bin in both the stromal and epithelial compartment (Figures 4I,J), indicating that tumors administered with DOX/anti-PD-1 showed enhanced protein levels of MMP3 as compared to anti-PD-1 treated tumors. Finally, PDK4 signals were solely increased in the epithelial section of tumors treated with DOX/anti-PD-1 combination therapy (Figures 4K,L). Overall, the histology data generally supported our findings at the transcriptome level, since three out of four markers that were transcriptionally upregulated upon chemoimmunotherapy, and were predictive in human mammary carcinoma patients were also elevated at protein level. The individual function of these proteins in the context of tumor control remains to be determined.
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FIGURE 4. Histological validation of predictive genes. PyMT tumor sections (n = 6 each) were stained for DIO2, GSN, MMP3, PDK4, Pan-Cytokeratin (Pan CK; epithelial marker), α-SMA (stromal marker), DAPI (nuclei), and analyzed using Phenoptics™. Representative images show combined expression of all markers for (A) anti-PD-1, (B) doxorubicin (DOX), and (C) DOX plus anti-PD-1 treated tumors as well as (D) the expression of single markers for the DOX/anti-PD-1 section. Scale bars: 100 μm. (E–L) Quantification of marker percentage positivity using the inForm® software and a 4-bin scoring algorithm (0, lowest expression; 3, highest expression). Data are means ± SEM, p-values were calculated using two-way ANOVA with uncorrected Fisher's LSD test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




IL-27 Is Induced Upon Chemoimmunotherapy and Enhances NK Cell Activation and Cytotoxicity Toward PyMT Tumor Cells

In addition to the histological analysis, transcriptome data were also used for gene set enrichment analyses (GSEA) to identify gene sets that were differentially regulated between individual treatment groups within the Molecular Signatures Database (normalized enrichment score ≥1.6, p ≤ 0.05, FDR q ≤ 0.25). DOX monotherapy (+ IgG1) induced the most prominent changes (58 gene sets induced) when compared to IgG1 treatment alone, with a number of pathways being induced by DOX treatment that suggest changes in intracellular signaling events (Supplementary Table 2). When performing GSEA to compare pathways between the DOX/anti-PD-1 and the anti-PD-1 group, we found that 13 gene sets enriched upon (Figure 5A; Supplementary Table 2). Amongst the gene sets most significantly enriched in the DOX/anti-PD-1 group were IL-12 family signaling, as well as individual pathways within this cytokine family, namely IL-12 and IL-27 signaling (Figures 5B,C). These GSEA results raised the question whether IL-12 or IL-27 protein levels were altered in PyMT tumors when comparing chemoimmunotherapy and anti-PD-1 monotherapy. Therefore, tumor interstitial fluids of all initial four treatment groups were analyzed via the LEGENDplex™ Mouse Inflammation Panel, determining protein levels of 13 different cytokines (Figure 5D). While most cytokine levels were not significantly altered, chemotherapy reduced IL-17A levels as well as GM-CSF levels. However, most interestingly, whereas IL-12p70 amounts were rather, although not significantly, decreased, IL-27 levels were elevated upon chemotherapy plus anti-PD-1 treatment compared to anti-PD-1 monotherapy. Since these data suggested an involvement of IL-27 signaling in the anti-tumor efficacy of chemoimmunotherapy and flow cytometry analysis revealed enhanced NK cells frequencies upon this combinatorial treatment, we wondered whether IL-27 would directly affect NK cell cytotoxicity. Therefore, we performed a NK cell cytotoxicity assay using NK cells from spleens of either wild type (WT) or IL-27 receptor α (IL-27Rα) KO mice as effector cells that were co-cultured with PyMT target cells at different effector cell-target cell ratios. NK cells and PyMT cells were labeled with different fluorescent dyes and live vs. dead PyMT cells were identified by 7-AAD staining. Analyzing tumor cell viability in the cytotoxicity assay demonstrated a significantly decreased cytotoxicity of NK cells derived from IL-27Ra KO mice toward PyMT tumor cells at a target cell-effector cell ratio of 1:10 when compared to the WT NK cells (Figure 6A). At other ratios, no significant differences in cytotoxicity were observed. To further explore the effect of IL-27 on NK cell cytotoxicity, the assay was repeated at the 1:10 ratio, with or without the addition of 20 ng/ml recombinant murine IL-27. The data again indicated a decreased cytotoxicity of IL-27Ra KO NK cells toward PyMT tumor cells and, more importantly, revealed an enhanced cytotoxicity of WT NK cells, but not IL-27Ra KO NK cells, when supplemented with recombinant IL-27 (Figure 6B). These data suggest that IL-27 produced upon chemoimmunotherapy has the capacity to increase NK cell cytotoxicity toward PyMT tumor cells. Next, we asked how IL-27 may improve NK cell effector functions. To elucidate this, the NK cell cytotoxicity was repeated using WT NK cells and PyMT cells in co-culture without (CTRL) or supplemented with 20 ng/ml recombinant murine IL-27. Afterwards, the co-cultured cells were stained for NK1.1, CD25, CD69, and CD107a to determine their activation status (Figure 6C). Flow cytometry analysis indeed revealed tendencies for increased mean fluorescence intensities (MFI) upon IL-27 addition for all three activation markers, reaching significance for CD107. To further characterize NK cell effector functions, the protein levels for the NK cell-derived cytolytic protein perforin (PRF1) as well as for IFN-γ as another activation marker were quantified in the co-culture supernatants (Figure 6D). While IFN-γ was not detectable, PRF1 protein levels did not differ significantly upon IL-27 supplementation. These data suggest that PRF1 release per se was not the driver of IL-27-dependent NK cell activation in the in vitro assay. However, PRF1 levels were also determined in PyMT tumor interstitial fluids of all treatment groups (Figure 6E). This analysis revealed that DOX administration in general enhanced PRF1 amounts, which was significant upon DOX/anti-PD-1 treatment as opposed to anti-PD-1 monotherapy. Next, the mRNA expression levels of Cd25, Cd69, and Prf1 in whole tumors of both anti-PD-1 groups were analyzed (Figure 6F). Although mRNA expression of Prf1 was not significantly changed, a tendency for elevated levels was found, corresponding to protein data (Figure 6E). Notably, mRNA expression of both activation markers Cd25 and Cd69 was increased in tumors treated with chemoimmunotherapy as compared to those treated with anti-PD-1 alone. While these molecular alterations in PyMT tumors cannot be attributed exclusively to NK cells, they support a milieu containing activated lymphocytes upon chemoimmunotherapy in PyMT tumors compared to anti-PD-1 monotherapy.
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FIGURE 5. Increased IL-27 expression in PyMT tumors upon DOX/anti-PD-1 therapy. (A–C) Gene set enrichment analysis (GSEA) was performed using transcriptome data of tumors from PyMT mice treated with doxorubicin (DOX) plus anti-PD-1 compared to anti-PD-1 monotherapy. (A) Significantly (p < 0.05; false discovery rate (FDR) <0.25) enriched pathways upon DOX/anti-PD-1 therapy compared to anti-PD-1 monotherapy are shown. NES, normalized enrichment score. Selected enrichment plots for (B) IL-12 family signaling and (C) IL-27 pathway are displayed. ES, enrichment score; FDR, false discovery rate; FWER, familywise error rate; NES, normalized enrichment score. (D) Quantification of cytokine levels in PyMT tumors upon DOX/anti-PD-1 or anti-PD-1 monotherapy and the corresponding IgG1 controls using LEGENDplex™ are displayed. Data are means ± SEM, p-values were calculated using unpaired t-test or Mann–Whitney test according to D'Agostino & Pearson omnibus normality test, *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6. IL-27 improves NK cell activation and cytotoxicity toward PyMT cells. (A,B) NK cells were isolated from spleens of wildtype (WT) or IL-27 receptor α KO (IL-27Rα KO) mice and co-cultured with PyMT tumor cells for 4 h at 37°C. Afterwards, living PyMT cells were determined by flow cytometry using 7-AAD staining. PyMT tumor cell viability (A) dependent on addition of WT or IL-27Rα KO NK cells at different target: effector ratios (n = 6 each) and (B) at a target: effector ratio of 1:10 with or without addition of 20 ng/ml recombinant murine IL-27 (n = 3 each) are shown. (C,D) NK cells were isolated from WT spleens and co-cultured with PyMT tumor cells for 4 h at 37°C at a target: effector ratio of 1:10 with or without (CTLR) addition of 20 ng/ml recombinant murine IL-27 (n = 5 each). (C) NK cells were subsequently stained for expression of NK1.1, CD25, CD69, and CD107 and analyzed by flow cytometry. The mean fluorescence intensities normalized to the CTRL are shown. (D) Quantification of NK activation markers on protein level in the co-culture supernatants is displayed. (E,F) mRNA and interstitial fluid were extracted from whole PyMT tumors of all treatment regimens. (E) Quantification of PRF1 protein levels in interstitial fluid and (F) NK activation markers on mRNA level is shown. Data are means ± SEM, p-values were calculated using unpaired t-test or Mann–Whitney test according to D'Agostino & Pearson omnibus normality test or one sample t-test, *p < 0.05, **p < 0.01. N.d., not detectable; ns, not significant.





DISCUSSION

While immune checkpoint blockade such as anti-PD-1 and anti-PD-L1 treatment proved to be impressively effective across a wide range of cancer types (37–39) only a small fraction of breast cancer patients benefits from anti-PD-(L)1 monotherapy (5, 40). Consequently, an obvious approach to improve response rates is the combination of immune checkpoint blockade and standard regimens such as chemotherapy. Indeed, our study showed an enhanced efficacy of anti-PD-1 administration plus DOX chemotherapy in reducing the growth in PyMT tumors compared to monotherapy. In line with our findings, preclinical studies demonstrated the efficacy of anti-PD-(L)1 plus different chemotherapy agents in murine colon and lung adenocarcinoma models (41, 42). Interestingly, a recent clinical phase 3 study (IMpassion130) assessing the efficacy and safety of atezolizumab (anti-PD-L1 antibody) plus nab-paclitaxel (chemotherapy) in patients with unresectable, locally advanced or metastatic triple-negative breast cancer (TNBC) reported a clinically meaningful overall survival benefit with chemoimmunotherapy in patients with PD-L1 immune cell-positive disease (43). These findings are supported by another recent phase 2 clinical trial (TONIC trial) (44). Patients suffering from metastatic TNBC were treated with nivolumab (anti-PD-1 antibody) without or with additional irradiation, cyclophosphamide, cisplatin, or DOX treatment. In this cohort, the objective response rate was highest in patients treated with nivolumab in combination with chemotherapy, particularly with DOX (44). This was attributed to the induction of T cell cytotoxicity pathways and an inflammatory gene signature including JAK-STAT and TNF-α signaling after DOX treatment in responders. Our data confirm the potential advantage of DOX in combination with anti-PD-1 treatment. This may extend beyond TNBC since the PyMT model is considered closely resembling the situation in human HER2-positive mammary tumors. Moreover, our RNA-Seq approach identified genes related to IL-12/IL-27 signaling, which also includes JAK-STAT pathway genes and molecules involved in triggering cytotoxic lymphocytes, which is another similarity to the TONIC trial.

In an attempt to identify the immune cell subsets that could have mediated the anti-tumor effect upon DOX/anti-PD-1 treatment, we detected elevated levels of NK cells when comparing PyMT mice receiving DOX/anti-PD-1 treatment to mice receiving monotherapy. CD8+ T cells and γδ T cells were elevated in the DOX/anti-PD-1 group compared to the group receiving anti-PD-1 as single agent, again indicating a sensitizing effect of chemotherapy. These lymphocyte subsets are known for their ability to effectively kill tumor cells (45, 46). We focused on NK cells given their specific induction only in the combination therapy group. It has been shown that the cytolytic functions of NK cells can be markedly improved by immune checkpoint blockade or chemotherapy (47, 48). We observed an involvement of IL-27 signaling in the more efficient chemoimmunotherapy compared to monotherapy. Importantly, we were able to demonstrate an IL-27-dependent higher cytotoxicity of NK cells toward PyMT tumor cells. Supporting our results, previous studies have identified IL-27 as an NK cell activator by promoting their cell viability and cytolytic activity in several cancer models (49). Moreover, IL-27 has been shown to enhance the activation and proliferation of CD8+ T cells (50) and to trigger anti-tumor functions in γδ T cells (51), thus also affecting T cell subsets that were elevated upon DOX/anti-PD-1 treatment in our study. Taken together, our data suggest an involvement of IL-27 and cytotoxic lymphocytes such as NK cells in the efficacy of chemoimmunotherapy in the PyMT model. An individual contribution of these immune cell subsets may be tested in the future by cell depletion approaches.

Chemotherapy with DOX in the PyMT alone was not sufficient to induce lasting tumor control. Our mouse model thus mimicked the situation in cancer patients, where its use as a single drug is hampered by tumor resistance. Drug resistance mechanisms have predominantly been tested in 2D or 3D cell culture (11). Therefore, transcriptomic data from our chemoresistance model comparing DOX therapy to the IgG1 control group might be of interest for future studies in this direction. There was a pattern of increased signaling through the Hedgehog pathway, through Ras and GPCRs such as sphingosine-1-phosphate receptors (S1PRs) upon treatment with DOX when chemoresistance was established. These signaling pathways were all prominently connected to tumor growth in the past (52–54), which may provide an explanation why chemotherapy in this model failed. Indeed, we recently described that blocking S1PR4 signaling improved chemotherapy response and prevented tumor relapse in the PyMT model (55).

Despite of the promising results combinatorial chemoimmunotherapy has shown, the individual clinical outcome for breast cancer patients remains difficult to predict. Our data reveal a gene signature with potential prognostic value. This gene signature consists of four genes that were upregulated in the DOX/anti-PD-1 group relative to the anti-PD-1 monotherapy group, namely DIO2, PDK4, GSN, and MMP3. Not all of the proteins were previously associated with a positive prognosis in cancer. The association of DIO2 overexpression in endometrial and colorectal cancer with a favorable prognosis (25) is in accordance with our findings in breast cancer. Also the observation that downregulation of GSN in breast cancer promoted malignant transformation (33) agrees with our study. PDK4 on the contrary was connected to poor patient outcome in breast cancer (28). This study utilized TCGA data as opposed to METABRIC data used in our study and a different cut-off strategy based on the number of cases designated as PDK4-positive. By simply dividing patients in upper and lower quartiles and using a database with more cases, we observed a positive correlation of PDK4 expression with survival in breast cancer patients. Also MMP3 expression was connected to promoting rather than restricting mammary carcinoma (36). This discrepancy to our study is not necessarily contradictory, since this study did not observe any differences in patient outcome regarding overall survival, but in distant metastasis-free survival (DMFS). Here, the prognostic value was also strongly dependent on tumor subtype and grade. It was stated that in HER2-positive tumors, such as PyMT tumors (13), an association of MMP3 expression with DMFS was not significant.

Clearly, studies investigating protein expression, activity, and cellular localization of these four markers in the tumor microenvironment are required to determine their precise impact on tumor development. It is important to note that the predictive value of our four gene signature was independent of treatment (hormone, radio-, or chemotherapy) in the METABRIC cohort. There was also no difference in the expression of the four genes irrespective of whether patients did or did not receive chemotherapy, while patients receiving hormone or radiotherapy actually expressed lower levels of these genes. Thus, the four gene signature predicts survival independent of prior standard of care treatment. It will be interesting to see how its expression is affected in patients receiving immune checkpoint blockade in the future. Importantly, to the best of our knowledge, an impact of these proteins in anti-tumor immunity or lymphocyte function has not been reported, indicating that the success of sensitizing for immune checkpoint blockade may be determined, at least partially, independently of a direct impact on cytotoxic lymphocytes.
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Ecdysterone (Ecdy) is a hormone found in arthropods, which regulates their development. It is also synthesized by a number of plants to combat insect pests. It provides a number of beneficial pharmacological effects including the anabolic and adaptogenic ones. Ecdysterone is widely marketed as food supplement to enhance the physical performance of athletes. In addition to the estrogen receptor beta (ERbeta)-dependent anabolic effect of Ecdy in muscles, the molecular mechanisms of the plethora of other Ecdy-induced pharmacological effects remain unknown. The aim of this study was to investigate the pharmacological effect of ecdysterone on human breast cancer cell lines of different molecular subtypes. Surprisingly, in contrast to the anabolic effect on muscle tissues, we have revealed a tumor suppressive effect of Ecdy on a panel of breast cancer cell lines studied. Using the SeaHorse-based energy profiling, we have demonstrated that Ecdy dampened glycolysis and respiration, as well as greatly reduced the metabolic potential of triple negative breast cancer cell lines. Furthermore, we have revealed that Ecdy strongly induced autophagy. As part of the combined treatment, based on the Combination Index (CI) and Dose Reduction Index (DRI), Ecdy synergized with doxorubicin to induce cell death in several breast cancer cell lines. In contrast, Ecdy had only minor effect on non-transformed human fibroblasts. Collectively, our results indicate that ecdysterone can be considered as a new potential adjuvant for genotoxic therapy in treatment of breast cancer patients.
Keywords: ecdysterone, breast cancer, doxorubicin, autophagy, energy metabolism, synergism, doxorubicin, triple negative breast cancer, combination index, dose reduction index, 2-deoxyglucose, extracellular acidification rate, oxygen consumption rate, multiple drug resistance
INTRODUCTION
Ecdysteroids constitute a class of steroid hormones found in arthropods, which regulate their development including molting and reproduction. Co-evolution of plants and its pathogens and animals, including insects, has generated a plethora of different biochemical pathways allowing plants to synthesize various protective compounds that defend them from various environmental insults.
Thus, Rausher (2001) about 6% of plant species (ferns, angiosperms and gymnosperms) synthesize ecdysteroids (phytoecdysteroids) as protective mechanisms against insects (Dinan, 2001). To date, 517 different ecdysteroids derived from both plants and insects have been described and listed in the ecdysteroid database (EcdyBase, www.ecdybase.org).
A number of studies have shown that ecdysteroids partake in different biological activities within humans (Lafont and Dinan, 2003; Dinan et al., 2009; Isenmann et al., 2019). However, the pharmacological potential of the vast majority of ecdysteroids remains to be elucidated. The most studied one is 20-Hydroxyecdysone or Ecdysterone (Ecdy). Extracts of Ecdy produced by Leuzea carthamoides are widely marketed as various diet supplements for athletes.
Early pharmacological experiments have shown that it has a low toxicity in mammals (LD 50 > 9 g/kg) (Ogawa et al., 1974; Lafont and Dinan, 2003). The maximum recommended dose of Ecdy for athletes is 500–1,000 mg per day (Dinan and Lafont, 2006). The positive pharmacological effects of ecdysterone on humans are well documented and include: anabolic, anti-diabetic, neuron protective, anti-angiocardiopathological, immune-stimulating, antidepressant to name a few (for a comprehensive review, see (Lafont and Dinan, 2003; Dinan et al., 2009; Bajguz et al., 2015).
Ecdysterone attracts the most attention as a natural anabolic and adaptogenic compound. It is widely marketed as a “natural anabolic agent” to athletes, in the form of dietary supplements which increase strength and muscle mass during resistance training, to reduce fatigue, and to ease recovery (Isenmann et al., 2019). A number of papers have shown an ecdysterone-mediated increase in sport performance among both mice and humans (Azizov and Seĭfulla, 1998; Gorelick-Feldman et al., 2008; Parr et al., 2015; Isenmann et al., 2019). These studies demonstrated the anabolic effect of ecdysterone and its benefical effects to athletes, and contributed to ecdysterone being considered as a potential enhancement substance in anti-doping control (Parr et al., 2020). Since December 2019, ecdysterone is in the focus of WADA (World Anti-doping Agency) investigations.
In insects, ecdysterone acts in nanomolar concentrations through ecdysone nuclear receptors (EcR). However, this compound does not display any hormonal activity in humans because they have no EcRs, nor it interacts with androgen or glucocorticoid receptors. However, ecdysterone was shown in vitro to stimulate ERbeta, which is involved in skeletal muscle hypertrophy (Parr et al., 2014).
Considering the diversity of ecdysterone-mediated pharmacological activities in the human organism, including different tissues (see Dinan and Lafont, 2006), it seems that the ERbeta-signaling pathway is not the only molecular mechanism which is utilized by ecdysterone. However, other molecular mechanisms underlying the broad spectrum of ecdysterone-mediated pharmacological effects remain elusive.
Unlike for other hormone-like compounds, very little information is available about the effects of ecdysterone on cancer cells and malignancies. It is interesting to note that despite the reported anabolic properties of ecdysterone regarding sport performance, several studies described ecdysterone-induced sensitization of cancer cells to genotoxic drugs and reduction of tumors in mice (Konovalova et al., 2002; Martins et al., 2015).
Here, we provide evidence that ecdysterone can inhibit the proliferation of breast cancer cells. Mechanistically, it down-regulates the metabolic potential of cancer cells and induces autophagy. Moreover, ecdysterone strongly sensitizes breast cancer cells to doxorubicin, resulting in a significant reduction of the effective dose of doxorubicin. Importantly, the effect of ecdysterone on non-transformed human fibroblasts was minimal.
MATERIALS AND METHODS
Сell Lines and Reagents
All the cell lines used in this study (MCF7, MDA-MB-231, MDA-MB-468, DF2 and WI-38) were purchased from ATCC. Cells were grown in DMEM media supplemented with 10% fetal bovine serum, 100 μg/ml gentamycin, and 2 mM l-glutamine. To grow MCF7 cells the medium was also supplemented with 10 μg/ml insulin (NM Penfild, Denmark). Cells were grown at 37°C in 5% CO2 atmosphere.
Ecdysterone (95% purity, Frog Tech, Russia) was dissolved in DMSO. Thus, DMSO was used as a control for all experiments with ecdysterone (0 μM Ecdy). Doxorubicin (98% purity, Sigma, United States) and 2-DG (98% purity, Sigma, United States) were dissolved in water.
MTT Assay
For MTT experiments, 10,000 cells were planted overnight in each well of a 96-well plate. 10 wells per sample were used. A day after, ecdysterone or (and) doxorubicin were added in the required concentrations for 48 h. For cells treated with ecdysterone, DMSO was used as a control. Then 10 μL of 5 mg/ml Thiazolyl Blue (Paneko, Russia) solution was added to each well and cells were kept for 3,5 h at 37°С in CO2 incubator. After removing the thiazol-containing medium, 150 μL isopropyl alcohol (supplemented with 40 mM HCl and 0,1% NP-40) was added to dissolve the MTT-formazan salt. The absorbance at 570 and 630 nm (reference) was measured using BioRad iMark microplate reader (BioRad, United States). Results are represented as the mean ± SD.
Colony-formation Assay
To perform colony-formation assay, 1,000 cells were planted per well on a 6-well plate, in triplicates. 24 h later, the cells were treated with 0, 100, 150, 250, 350 or 500 μM ecdysterone for 96 h. After treatment, fresh media was added, and cells were grown for 10 days. After the indicated time, cells were fixed with acetic acid/methanol (1:7, v/v) and stained with 0.5% crystal violet. The number of colonies was calculated. Results are represented as the mean ± SD of three biological replicates.
Proliferation Assay
About 25,000 cells were seeded in 12-well plates and incubated with different amounts of 0–750 µM Ecdy for 4 days. Following the incubation, cells were trypsinized, stained with trypan blue and calculated using hemocytometer. Six replicates were used for analysis. Results are calculated as the mean ± SD; *p < 0.05.
Cell Cycle Analysis
Flow cytometry analysis of cell cycle distribution was done essentially as described previously (Lezina et al., 2014). A day after seeding, cells were treated with ecdysterone (0, 250, 500, or 750 μM) for 48 h in triplicates. After harvesting, cells were washed once with PBS, and fixed in 70% ethanol at −20°C for 1 h. The 30 min staining of DNA content was carried out by using 50 μg/ml of PI (Invitrogen, United States) and 1 μg/ml RNase A (ThermoFischer). Samples were analyzed by CytoFLEX (Beckman Coulter, United States) flow cytometer. Results were processed by CyteExpert software (Beckman Coulter, United States).
SeaHorse Energy Profiling
To perform the energy profiling using SeaHorse apparatus, 30,000 cells were seeded to each well (except for the background wells) of a 24-well SeaHorse plate (Agilent, United States) overnight. Four wells were used per sample. Then, 0–1,000 μM Ecdy was added for 48 h. 12 h before analysis, the Sensor Cartridge was equilibrated in XF Calibrant (Agilent, United States) at 37°C in a non-CO2 incubator. SeaHorse XF Energy Phenotype kit (Agilent, United States) was applied for assay. SeaHorse XF base medium was supplemented with 1 mM pyruvate, 2 mM glutamine and 10 mM glucose, pH 7.4. Stressor mix consisting of olygomycin and FCCP (both Agilent, United States) was used to achieve final concentrations 1 and 2 μM in wells, respectively. Assay was run in the XFe24 Analyser device (Agilent, United States) in accordance with the manufacturer’s instructions. Data were normalized using total protein quantification by BCA assay (ThermoFischer, United States) and processed by SeaHorse XF Cell Energy Phenotype Test Report Generator (Agilent, United States). Results are represented as the mean ± SEM.
Analysis of Apoptosis and Total Cell Death
Flow cytometric determination of cell death including apoptosis was carried out by using annexin V-FITC/(PI or 7-AAD) double staining. To analyze the influence of ecdysterone on cell death, annexin V–FITC/PI kit (BD Biosciences, United States) was used, whereas in studies of combined treatments (doxorubicin and ecdysterone) annexin V–FITC/7AAD (ThermoFischer, United States) was applied in accordance with the corresponding manufacturer’s protocols. Cells were treated for 48 h with ecdysterone (0, 250, 500, and 750 μM) and doxorubicin (0, 0.15, and 0.25 μM) separately or in combination. A minimum of 5,000 cells were analyzed by CytoFLEX (Beckman Coulter, United States) flow cytometer using corresponding channels in three independent experiments. Values of the median were used for calculation. Results were represented as the mean ± SEM of three experiments.
Measurement of LysoTracker Intensity
A day after seeding, cells were treated by ecdysterone (0, 250, 500 or 750 µM) for 48 h in triplicates. Before analysis, cells were treated with 75 nM LysoTracker Red DND-99 (ThermoFischer, United States) for 2 h at 37°С in a CO2 incubator. Then cells were washed in PBS, detached with trypsin and analyzed by flow cytometry (CytoFlex, Beckman Coulter, United States). Values of the median were used for calculation. Results were represented as the mean ± SEM of three experiments.
Analysis of Autophagic Flux
Autophagic flux was revealed by blocking autophagy using chloroquine followed by western-blot with anti-LC3 and p62 antibodies, as well as immunofluorescence (staining with anti-LC3 antibodies). The next day after being planted in Petri dishes or glass cover slips, cells were treated with 0–1,500 µM Ecdy for 32 h followed by a co-treatment with the same concentrations of Ecdy and 50 µM chloroquine to block autophagy for 16 h. Then cells were subjected to either western-blot or immunofluorescence.
Western-Blot
Cell lysates were prepared using RIPA buffer (150 mM NaCl; 50 mM Tris–HCl pH 8.0; 0.5%NP-40; 1 mM PMSF, protease inhibitor cocktail). After protein quantification by BCA assay (ThermoFischer, United States), 20 ug of Laemli-diluted cell lysates were loaded on 17% SDS-PAGE, run on TRIS-Glycine running buffer, followed by transfer to a nitrocellulose membrane (Bio-RAD, United States). Following 1 h blocking in PBST-diluted 5% nonfat milk, membranes were incubated with primary antibodies: LC3B (1:1,000, #2775S, Сell Signaling, United States), p62 (1:1,000, #5114, Сell Signaling, United States) or β-actin (1:5000, A3854, Sigma-Aldrich, United States). After PBST washing, secondary anti-mouse or anti-rabbit antibodies (1:10,000; Sigma-Aldrich, United States) conjugated with horseradish peroxidase were used. ECL system (ThermoScientific, United States) and ChemiDoc Touch Imager (Bio-Rad, United States) were applied for detection.
Immunofluorescence
Cells grown on glass cover slips were fixed with 4% PFA in PBS for 15 min and then washed three times in PBS, followed by 60 min incubation in permeabilization blocking solution (5% BSA, 0.3% Triton X-100 in PBS) at room temperature. Then, cells were stained with anti-LC3B antibodies (1:200, #2775S, Сell Signaling, United States) in permeabilization blocking solution for 16 h at 4°C, washed three times in PBS, incubated with the secondary antibody in permeabilization blocking solution (goat anti-rabbit, AlexaFluor488, Invitrogen, United States) for 1 h at room temperature and washed three times in PBS. Slides were mounted using ProLong Gold Antifate Mountant with DAPI (P36931, Invitrogen). Images were analyzed by confocal microscope (Olympus, FV3000, Germany).
Assessment of Drug Synergy
IC50 and drug synergy were obtained using results of MTT-assay. IC50 was calculated using AAT Bioquest IC50 online calculator https://www.aatbio.com/tools/ic50-calculator. Drug interaction was assessed by Chou-Talalay algorithms (CompuSyn software, http://www.combosyn.com/; (Chou and Talalay, 1984; Сhou, 2006). Results were represented as CI (Combination Index) plots and a Table which includes values for CI and DRI (Dose Reduction Index). CI < 1 attests synergistic action of drugs; DRI estimates the extent to which the dose of one or more agents in the combination can be reduced to achieve effect levels that are comparable with those achieved with single agents.
Statistical Analysis
All results are demonstrated as mean ± standard deviation (SD) or standard error of the mean (SEM) of at least three biological replicates. Statistical significance was analyzed using the Student’s t-test: *p < 0.05; **p < 0.01; n.s – not significant.
RESULTS
Ecdysterone inhibits Proliferation and Induces Death of Breast Cancer Cell Lines
Several papers describe the ecdysterone-mediated tumor suppressive effect on some cancer cells (Konovalova et al., 2002; Martins et al., 2015). We evaluated the effect of this drug on three human breast cancer cell lines with different molecular properties: MCF7 (luminal, ER+Pr+Her2−), MDA-MB-231 (TNBC) and MDA-MB-468 (TNBC).
As ecdysterone is reported to exert anabolic activity in muscle tissue, which should facilitate the proliferation, we decided to carry out MTT assay to see if ecdysterone affects the proliferation of cancer cell lines studied. To do this, we have used a broad range of concentrations ranging from one to 3,000 µM. Results shown in Figures 1A–C clearly demonstrate that in our case the treatment with Ecdy has down-regulated all three cell lines starting with a concentration of 250–750 µM. No increase in cell proliferation was detected.
[image: Figure 1]FIGURE 1 | Ecdysterone inhibits breast cancer cell lines. Results of MTT-test for: (A) MCF7, (B) MDA-MB-231, and (C) MDA-MB-468 cells treated with increasing concentrations (0–3,000 µM) of Ecdy for 48 h. Results are depicted as the mean ± SD. *p < 0.05; **p < 0.01; n.s. – not significant. Corresponding IC50 plots are displayed below the MTT diagrams. IC50 was calculated using AAT Bioquest IC50 online calculator https://www.aatbio.com/tools/ic50-calculator. Results of the colony-formation assay for (D) MCF7, (E) MDA-MB-231, and (F) MDA-MB-468 treated with indicated concentration of Ecdy. Photographs of plates and quantification diagrams are shown. Results are displayed as the mean ± SEM of three experiments. *p < 0.05; **p < 0.01.
We have also carried out colony-formation assay. As this analysis implies the growth of colonies from single cells and they are very sensitive to any treatment, we have chosen a lower concentration of Ecdy. Results shown in Figures 1D–F confirm that the treatment with Ecdy inhibits the growth of all three cell lines. Moreover, photographs of plates with colonies clearly showed that not only the number of colonies, but also their size, was significantly reduced upon treatment with Ecdy.
The analysis of the cell cycle has shown that ecdysterone affected to varying degrees the cell cycle distributions of MCF7 and MDA-MB-231 cells, but had no effect on MDA-MB-468 cells (Figures 2A–D). It significantly increased the number of MCF7 cells in the G1-phase (Figure 2B). To a lesser extent, the same was true for MDA-MB-231 cells (Figure 2C). However, MDA-MB-468 cells were insensitive to Ecdy-induced alterations in the cell cycle (Figure 2D).
[image: Figure 2]FIGURE 2 | Ecdysterone alters the cell cycle and induces cell death depending on the cancer cell line. (A) Cell cycle profiles (flow cytometry) of breast cancer cell lines treated with 0, 250, 500 or 750 µM Ecdy for 48 h. Cell cycle analyses are shown for MCF7 (B), MDA-MB-231 (C), and MDA-MB-468 (D) cells. Results are displayed as the mean ± SEM of three experiments. *p < 0.05; **p < 0.01. (E) Annexin V-FITC/Propidium iodide (PI) profile of the same breast cancer cell lines treated with 0, 250, 500 or 750 µM Ecdy for 48 h (flow cytometry). Rates of cell death related to DMSO-treated cells (0 µM Ecdy) calculated for (F) MCF7, (G) MDA-MB-231, and (H) MDA-MB-468 cells are represented as diagrams. Results are calculated as mean ± SEM of three experiments. *p < 0.05; **p < 0.01; n.s – not significant.
We also determined if ecdysterone affected the level of cell death. Annexin V/PI staining followed by flow cytometry (Figure 2E) demonstrated that ecdysterone increased the rate of cell death up to 1.6 fold for both MCF7 and MDA-MB-231 cells (Figures 2F,G), and 3.5 times in the case of MDA-MB-468 cells (Figure 2H). It is important to notice that although Ecdy elevated overall cell death in all cell lines, it did not increase the population of Annexin V-positive cells, suggesting that Ecdy elicited death of MCF7 cells via mechanism(s) other than apoptosis (Figure 2E). In contrast, Ecdy increased the population of Annexin V-positive (apoptotic) cells by 30% for MDA-MB-231 and by 48% for MDA-MB-468 cell line (Figure 2E).
These data suggest that the ability of ecdysterone to induce cell cycle arrest or elicit cell death of breast cancer cells presumably depends on the genetic background of a particular cell line.
Ecdysterone Down-Regulates Energy Metabolism of Breast Cancer Cells
As ecdysterone possesses anabolic properties in muscle tissue, we were interested to see whether it alters the energy metabolism of the breast cancer cell lines. To do this, we employed the SeaHorse energy profiling using Energy Phenotype kit.
Energy profiling of MDA-MB-231 cells treated with 0, 250, 500, 750 or 1,000 μM of ecdysterone has shown ecdysterone-mediated inhibition of respiration (basic OCR). For instance, 500 and 750 μM Ecdy decreased respiration by approximately 21 and 31%, respectively (Figure 3A). At the same time, ecdysterone did not alter glycolysis (basic ECAR, Figure 3B) but significantly decreased the metabolic potential (both stressed respiration (stressed OCR) and glycolysis (stressed ECAR), Figures 3A,B). Thus, 500 μM Ecdy mitigated stressed OCR by 23% and stressed ECAR by 18%. Stressed OCR and ECAR reflect the metabolic potential of cells–percentage increase of stressed OCR over the baseline OCR, and stressed ECAR over the baseline ECAR. Metabolic Potential (MP) is the measure of cells’ ability to meet the energy demand via respiration and glycolysis. Thereby, these results suggest that ecdysterone greatly reduced the capacity of MDA-MB-231 cells for metabolic adaptation.
[image: Figure 3]FIGURE 3 | Ecdysterone attenuates energy metabolism of TNBC breast cancer cell lines. SeaHorse energy profiling (Energy Phonotype kit) of (A,B) MDA-MB-231 and (C,D) MDA-MB-468 cancer cell lines treated with 0, 250, 500, 750 or 1,000 µM Ecdy for 48 h. OCR–oxygen consumption rate (respiration), ECAR–extracellular acidification rate (glycolysis). Baseline–base (normal) respiration (OCR) or glycolysis (ECAR); Stressed - OCR and ECAR of cells under an induced energy demand (in the presence of stressor compounds–FCCP and olygomycin). Stressed OCR and ECAR reflect metabolic potential–percentage increase of stressed OCR over baseline OCR, and stressed ECAR over baseline ECAR. Metabolic Potential is the measure of cells’ ability to meet an energy demand via respiration and glycolysis. Results are shown as mean ± SEM of three experiments. *p < 0.05; **p < 0.01; n.s – not significant.
In the case of MDA-MB-468 cell line, the same treatment with ecdysterone has led to an inhibition of both the baseline respiration and of glycolysis (Figures 3C,D). Even 250 μM Ecdy dampened respiration and glycolysis by 22%, whereas 750 μM Ecdy inhibited them further by 47 and 28%, respectively. Taken together, these data suggest Ecdy was able to attenuate the level of energy metabolism in TNBC breast cancer cells.
Ecdysterone Induces Autophagy
Tang and colleagues (Tang et al., 2018) has reported that ecdysterone promotes autophagy in osteoporotic rats. We have carried out staining in three ecdysterone-treated (0, 250, 500, and 750 μM, 48 h) breast cancer cell lines with LysoTracker, a fluorescent dye, reflecting the number of lysosomes which can be indicative of autophagy (Chikte et al., 2014). Flow cytometry analysis has shown the strong increase of LysoTracker fluorescence in all three cell lines in order of increase the ecdysterone concentration (Figures 4A–C).
[image: Figure 4]FIGURE 4 | Ecdysterone induces autophagy. (A) MDA-MB-231, (B) MCF7, (C) MDA-MB-468 cells were treated with 0, 250, 500, 750 µM Ecdy for 48 h followed by LysoTracker staining and flow cytometry analysis. The fluorescence of LysoTracker reflects the amount of lysosomes. Flow cytometry plots with median fluorescence and diagrams with fluorescence intensity related to DMSO-treated cells (0 µM Ecdy) are depicted. Results are calculated as the mean ± SEM of three experiments. *p < 0.05; **p < 0.01. (D) MDA-MB-231, (E) MCF7, (F) MDA-MB-468 cell lines were treated with 0, 250, 500, 750, 1,000, and 1,500 µM Ecdy for 32 h and then co-treated with the same concentrations of Ecdy and 50 µM chloroquine to block autophagy for 16 h followed by western-blot analysis for LC3 and p62 reflecting autophagy flux. (G) MDA-MB-231 cells treated as above were stained with DAPI and anti-LC3 antibodies and analyzed by immunofluorescence microscopy.
To further study whether ecdysterone affects the autophagic flux the breast cancer cell lines were incubated with different concentrations of ecdysterone (0, 250, 500, and 750 μM) for 32 h followed by 16 h of incubation with both ecdysterone and 50 μM chloroquine to block the autophagic-mediated degradation. Treated cells were analyzed by western-blot with LC3 and p62 antibodies or by immunofluorescence microscopy to evaluate the LC3 staining. Results of both immunoblotting and immunofluorescence (Figures 4D–G; Supplementary Figure S1) demonstrate that in the case of all three lines, ecdysterone strongly induced autophagy.
Taken together, these data strongly suggest that ecdysterone induces autophagy in all breast cancer cells concomitantly with the increasing ecdysterone concentration.
Ecdysterone synergizes With Doxorubicin to Down-Regulate Breast Cancer Cell Lines
Given that ecdysterone mediated the inhibition of growth of all breast cancer cell lines, we decided to examine its effect on cancer cells a part of the combined treatment with doxorubicin, a genotoxic drug which is widely applied as chemotherapeutics. To this end, we carried out MTT-assay using ecdysterone (250, 500, or 750 μM) and doxorubicin (0.15 or 0.25 μM) alone or in combination. To determine its synergistic effect we calculate the combination Index (CI) and dose reduction index (DRI) using Chou-Talalay algorithms (Chou and Talalay, 1984; Chou, 2006).
The results shown in Figures 5A–C demonstrate that ecdysterone significantly sensitizes all breast cancer cell lines to the treatment with doxorubicin. CI plots (Figures 5D–F) and Table 1 show that all three Ecdy concentrations have a pronounced synergistic (CI ranges 0.47–0.89) interaction with doxorubicin. In turn, the use of Ecdy allowed the reduction of the effective dose of doxorubicine from 1.4 to 17.9 times (Table 1), depending on the particular cell line. It is important to notice that in most cases the addition of even 250 μM ecdysterone was sufficient to down-regulate the growth of breast cancer cells 1.5–2 times more efficiently than the corresponding concentrations of doxorubicin (Figures 5A–C).
[image: Figure 5]FIGURE 5 | Ecdysterone acts synergistically with doxorubicin to inhibit breast cancer cells. Results of MTT-test demonstrating the inhibition of (A) MCF7, (B) MDA-MB-231 (C) MDA-MB-468 cell lines by doxorubicin or ecdy along and in combination. Results are represented as the mean ± SD. *p < 0.05; **p < 0.01. Combination Index (CI) plots which reflect the distribution of CIs for different combinations of Dox/Ecdy concentrations, depending on their effects (rate of absorbance related to control) for: (D) MCF7, (E) MDA-MB-231 (F) MDA-MB-468 cells. CI plots were calculated using Chou-Talalay algorithms (CompuSyn software, http://www.combosyn.com/; Сhou, 2006). CI < 1 attests at the synergistic action of drugs; DRI estimates the extent to which the dose of doxorubicin in the combination with the indicated dose of Ecdy can be reduced to achieve effect levels that are comparable to those achieved with single agents.
TABLE 1 | Synergistic effect of ecdysterone and doxorubicin calculated using Chou-Talalay algorithms (Chou and Talalay, 1984; Chou, 2006).
[image: Table 1]These data clearly demonstrate the ability of ecdysterone to synergize with doxorubicin to down-regulate the proliferation of breast cancer cells.
Ecdysterone Significantly Enhances Doxorubicin- and 2-DG-Induced Cell Death
The observed synergistic effect of doxorubicin and ecdysterone likely results from cell death. To directly check this hypothesis, we treated the cell lines with ecdysterone (250 μM) and doxorubicin (0.15 or 0.25 μM) alone or in combination, followed by staining with Annexin V/7AAD and flow cytometry analysis. Since we have already shown that ecdysterone down-regulated the metabolic potential, we decided to apply 2-deoxyglucose (2-DG), a promising inhibitor of glycolysis, which currently undergoes clinical trials. We also treated cells with either 2-DG (10 mM) or ecdysterone (250 μM) alone or in combination.
Figures 6A–F and Supplementary Figures S2A–C demonstrate that the combined treatment (either doxorubicin or 2-DG with 250 μM Ecdy) both increased the level of cell death by several times relative to control, or in comparison to the treatment with an individual drug. Accordingly, co-treatment with doxorubicin and ecdysterone elevated the level of apoptosis in MCF7 cells by 23% and in MDA-MB-231 cells by 3.15 times, respectively, compared to doxorubicin alone.
[image: Figure 6]FIGURE 6 | Ecdysterone synergizes with doxorubicin and 2-DG to induce apoptosis and death of breast cancer cell lines. Annexin V-FITC/7-AAD profiles of (A) MCF7, (B) MDA-MB-231 breast cancer cells treated with doxorubicin, ecdysterone, and 2-DG alone or in combination for 48 h (flow cytometry). (C,D) Diagrams show the rate of apoptosis/total cell death for the same cell lines based on Annexin V-FITC/7-AAD data. (E,F) Diagrams show percent of live/dead cells. Results are calculated as the mean ± SEM of three experiments. *p < 0.05; **p < 0.01; n.s – not significant.
Co-treatment of Ecdy with 2-DG also significantly enhanced both apoptosis and total cell death (Figures 6C–F). It increased the rate of cell death by 21% for MCF7 and 17% for MDA-MB-231 cells.
We also repeated the previously described treatment of several breast cancer cells with combinations of doxorubicin (0.25 or 0.15 μM, respectively) and ecdysterone (250, 500, and 750 μM) followed by immunofluorescence microscopy to detect the release of cytochrome C from the mitochondria upon apoptosis. Taken together, results shown in Figure 7 and Supplementary Figures S2, S3 confirm that treatment with Ecdy significantly enhanced the doxorubicin-induced release of cytochrome C in all cancer cell lines.
[image: Figure 7]FIGURE 7 | Ecdysterone synergizes with doxorubicin to induce apoptosis in MDA-MB-468 cells. Confocal microscopy showing an increase in cytochrome C release upon combined treatment with doxorubicin and Ecdy. MDA-MB-468 cells treated with 0.15 µM doxorubicin or 250–750 µM Ecdy for 48 h alone or in combination were stained with DAPI and anti-cytochrome C antibodies and subsequently analyzed by confocal microscopy.
Taken together, these data suggest that ecdysterone mediates strong synergy with doxorubicin in attenuation of the proliferation of breast cancer cells.
Ecdysterone Has Minimal Effects on Non-Transformed Human Fibroblasts
To compare the effects of ecdysterone on cancerous vs. non-cancerous cells, we decided to test normal non-transformed human fibroblasts, DF2 and WI-38 cell lines after the treatment with Ecdy.
First, we assessed the effect of Ecdy on proliferation of breast cancer cell lines and non-transformed human fibroblasts. As shown in Supplementary Figure S4A,B, Ecdy down-regulated the proliferation of cancer cell lines significantly more robustly compared to normal human fibroblasts at all concentrations tested.
To study whether ecdysterone elicits effects on autophagy in non-transformed fibroblasts similar to what we have observed in breast cancer cells, we employed the previously described flow cytometry analysis with LysoTracker DND-99 Red combined with western blotting for LC3 and p62. Results shown in Supplementary Figure S6 demonstrate that Ecdy induced autophagy in fibroblasts to a much lesser extent than in breast cancer cells (Figure 4).
We have also investigated the effect of combined treatment with Ecdy and doxorubicin on DF2 and WI38 fibroblasts (Supplementary Figure S7). To this end, we have employed previously described Annexin V-FITC/7-AAD staining followed by flow cytometry. Surprisingly, the minimal effective concentration of Ecdy (250 uM) in combination with doxorubicin that induced death of breast cancer cells, had almost no effect on DF2 and WI38 fibroblasts (Figure 6; Supplementary Figure S2).
Finally, we have carried out MTT assay on DF2 and WI38 normal human fibroblasts as well as mouse embryonic fibroblasts (MEFs) treated with either Ecdy alone or in combination with doxorubicin. Supplementary Figure S8 demonstrates that in contrast to breast cancer cell lines (Figure 5), an increased ecdysterone concentration up-regulated the survival of WI-38 and MEFs cells (Supplementary Figures S7B,C). In the case of DF2 cells, the combined treatment (doxorubicin + ecdysterone) displayed even a small protection of these cells from doxorubicin (Supplementary Figure S7A). Regarding WI-38 and MEFs (Figures 7B,C), the same combined treatment has incomparable low inhibitory effect in contrast to breast cancer cells (Figure 5).
Taken together, our experiments show that ecdysterone significantly down-regulates cancer cells with no or little effect on fibroblasts.
DISCUSSION
Ecdysterone is a hormone found in arthropods, yet is also synthesized by a number of plants to combat insect pests by disrupting their development, molting, and reproduction. Unlike insects, mammals do not harbor any homologs of ecdysterone nuclear receptor (EcR). However, ecdysterone possesses a variety of beneficial pharmacological effects on humans, including anabolic and adaptogenic ones (Báthori et al., 2008). Ecdysterone is marketed as a diet supplement to enhance the physical performance of athletes, and recently became the focus of WADA investigations (https://www.wada-ama.org/en/resources/research/ecdysteroids-as-non-conventional-anabolic-agents-pharmacodynamics; Parr et al., 2020). Numerous studies have documented oncogenic properties of male steroid hormones and its derivatives on several human organs, including testis, liver, breast, and others (Sirianni et al., 2012; Salerno et al., 2018). Therefore, it is important to assess all biologically active supplements for their potential side effects including the tumorigenic one.
Although positive ecdysterone-mediated pharmacological influence on organisms is well documented (Lafont and Dinan, 2003), we decided to examine possible pharmacological effects of ecdysterone on proliferation of human breast cancer cell lines of different molecular subtypes. Surprisingly, despite the fact that anabolic properties of ecdysterone in muscles have been reported (Parr et al., 2015; Isenmann et al., 2019), we have not observed ecdysterone-mediated growth stimulation of cancer cells. Instead, in our MTT experiments administration of ecdysterone caused the attenuation of cell growth of breast cancer cells starting from the concentration of 250–750 μM. Apparently, Ecdy can negatively regulate cancer cells through various mechanisms because it inhibited the cell cycle and induced death to a different extend depending on the particular cellular background. While Ecdy significantly affected the cell cycle distribution of MCF7 cells, it had almost no effect on cell cycle of MDA-MB-468 cells. Furthermore, it elicited a two-fold increase in cell death of the MDA-MB-468 cells relative to MCF7. In contrast to cancer cells, ecdysterone displayed a significantly less inhibitory impact on proliferation of human non-transformed fibroblasts compared to cancer cells.
Metabolic reprogramming is a known hallmark of cancer cells, in which they manifest diverse metabolic phenotypes to maintain their proliferation and to combat anticancer therapies (Shuvalov et al., 2017; Sun et al., 2020). Among breast cancers, the TNBC subtype has the worst prognosis with questioned targeted therapies. Therefore, we decided to assess the influence of Ecdy on the energy metabolism of two TNBC cancer cell lines. The SeaHorse energy profiling has shown that Ecdy significantly dampened respiration, as well as the metabolic potential of MDA-MB-231 cells, and strongly reduced both respiration and glycolysis in MD-MB-468 cells. Moreover, we have revealed that Ecdy sensitizes breast cancer cell lines to 2-DG which is in accordance with Ecdy-mediated down-regulation of energy metabolism. 2-DG is a promising inhibitor of glycolysis, which decreases the energy of the cancer cells thus making chemotherapy and other treatments more effective. It underwent clinical trials and most likely is useful for the treatment of breast cancer including TNBC (Wokoun et al., 2017; Lucantoni et al., 2018; O’Neill et al., 2019).
Although Ecdy only weakly inhibits proliferation of fibroblasts in the proliferation assay, it does activate fibroblasts in MTT assay which may result from their metabolic activation. The effect of Ecdy on metabolism of different cancer and non-cancer cells should be studied in further details.
The modulation of cancer-specific metabolic adaptations weakens the malignant cells and widens the therapeutic window for effective treatment of TNBC patients (Lanning et al., 2017; Wang et al., 2020). Ecdy-mediated negative regulation of the energy metabolism in TNBC cells can be potentially important for the treatment of this most dangerous sub-type of breast malignancy.
Ecdy can promote autophagy upon the onset of osteoporosis in rats (Tang et al., 2018). In addition, Ecdy protects from degeneration human nucleus pulposus cells, which form the inner core of the vertebral disc (Wen et al., 2019). This effect is mediated by Ecdy-dependent induction of autophagy, which counteracts the effect of apoptosis. In line with these observations, we have demonstrated that Ecdy strongly induced autophagy in breast cancer cells, in contrast to non-transformed human fibroblasts. Although autophagy can play dual roles in both tumor promotion and suppression (Yun and Lee, 2018), in terms of chemotherapy autophagy is usually considered as a mechanism of drug-resistance against therapeutics. For example, doxorubicin-induced autophagy is involved in the development of chemoresistance, and the inhibition of autophagy effectively overcomes doxorubicin resistance in a variety of cancers (Zhou et al., 2019).
Surprisingly, despite its positive effect on autophagy, Ecdy displayed a strong synergistic effect (CI ranges 0, 47-0, 89) with doxorubicin, which significantly enhances doxorubicin-induced cell death (DRI ranges 1, 4-17, 9 times) of breast cancer cells according to Chou-Talalay algorithms (Chou and Talalay, 1984; Chou, 2006). Notably, Ecdy strongly enhanced the action of doxorubicin in concentrations (250, 500, and 750 µM), which are sufficient to inhibit energy metabolism and induce autophagy. It is important to note that when Ecdy was used alone, it failed to significantly down-regulate the proliferation of cancer cells. Noteworthy, Ecdy was not able to sensitize non-cancerous (fibroblast) cells to doxorubicin as it was observed for breast cancer cells. Our results are in accordance with other studies (Konovalova et al., 2002; Martins et al., 2012; Martins et al., 2015) that have shown that ecdysterone made both drug-resistant and non-drug-resistant cancer cells more susceptible to doxorubicin treatment. Furthermore, Ecdy was shown to significantly stimulate the chemotherapeutic effect of cisplatin in mice models (Konovalova et al., 2002). Taken together, these data suggests that in moderate concentrations, Ecdy sensitizes cancer cells to treatments with chemotherapeutic agents and thus can potentially serve as an adjuvant therapeutic.
Furthermore, since Ecdy enhances the ability to cope with stress and enhances resistance to tiredness (Báthori et al., 2008; Dinan et al., 2009), it seems beneficial to administer it as part of cytotoxic therapy with doxorubicin. The latter produces multiple severe side effects including the cumulative cardiotoxicity, acute nausea and vomiting, gastrointestinal disturbances, alopecia baldness, and neurologic disturbances (Carvalho et al., 2009). However, additional experiments aimed at the elucidation of effectiveness of Ecdy and its toxicity to organs and tissues are required to assess the therapeutic potential of ecdysterone as an adjuvant therapy to treat breast cancer.
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As a new-generation CDK inhibitor, a CDK4/6 inhibitor combined with endocrine therapy has been successful in the treatment of advanced estrogen receptor–positive (ER+) breast cancer. Although there has been overall progress in the treatment of cancer, drug resistance is an emerging cause for breast cancer–related death. Overcoming CDK4/6 resistance is an urgent problem. Overactivation of the cyclin-CDK-Rb axis related to uncontrolled cell proliferation is the main cause of CDK4/6 inhibitor resistance; however, the underlying mechanisms need to be clarified further. We review various resistance mechanisms of CDK4/6 inhibitors in luminal breast cancer. The cell signaling pathways involved in therapy resistance are divided into two groups: upstream response mechanisms and downstream bypass mechanisms. Finally, we discuss possible strategies to overcome CDK4/6 inhibitor resistance and identify novel resistance targets for future clinical application.
Keywords: luminal breast cancer, endocrine resistance, upstream response signaling, downstream bypass signaling, CDK4/6 inhibitor
INTRODUCTION
Breast cancer (BC) is a common women-related malignant tumor disease in developed countries. Estrogen receptor–positive (ER-positive) breast cancer represents approximately 70% of all BC (Goldhirsch et al., 2011; Malvezzi et al., 2013). ER-positive breast cancer can be further stratified into pathological subtypes, such as ductal or mixed ductal and lobular, mucinous, and tubular carcinomas, which are referred to as luminal breast cancer (Ignatiadis and Sotiriou, 2013). Luminal breast tumors are highly heterogeneous in terms of histology and response to treatment. Luminal A and B are two main ER-positive breast cancer subtypes, based on different gene expression profiles, prognosis, and clinical therapy responses (Sotiriou and Pusztai, 2009).
The difference between luminal A and B is mainly related to the expression of hormone receptors. Luminal B tumors have lower levels of ER expression, lower or no levels of progesterone receptor (PR) expression, but higher tumor grade and higher Ki-67–positive staining than luminal A tumors (Goldhirsch et al., 2011; Creighton, 2012). Endocrine therapy, such as ER downregulators, selective ER modulators, and aromatase inhibitors, is considered to be the primary treatment for luminal A and luminal B. However, in the clinic, the main therapy for luminal B is chemotherapy, due to the lower sensitivity of these patients to endocrine treatment or drug resistance (Rouzier et al., 2005; Ignatiadis et al., 2012). In fact, endocrine resistance is an unavoidable problem in clinical therapy of luminal tumors. Development of new therapy methods to avert endocrine resistance is an urgent challenge in clinical medicine (Anurag et al., 2020).
It is well known that the cell cycle is driven by cyclin-dependent kinases (CDKs), such as CDK4 and CDK6, which are also closely associated with tumor initiation and progression Yu et al., 2006; Choi et al., 2012). The activity of cyclin D and CDK4/6 complexes is considered to play the major role in tumor cell proliferation driven by estrogen, especially in breast cancer (Filmus et al., 1994). In recent years, it has been established that targeting the cell cycle for anticancer treatment is a rational option that could be combined with endocrine therapy.
CDK inhibitors, which target overactive CDK activities in tumor cells, have been widely used in preclinical or clinical trials. In the clinic, three CDK4/6 inhibitors, namely, palbociclib (Fry et al., 2004), ribociclib (Infante et al., 2016), and abemaciclib (Patnaik et al., 2016), have been successfully used in combination with other endocrine therapy drugs for ER-positive and human epidermal growth factor receptor-2 (HER2)–negative advanced breast cancer treatment (Ribnikar et al., 2019); in addition, significant overall survival (OS) benefits have been confirmed at ESMO2019 conference.
Despite the fact that the new guidelines for the therapy of advanced breast cancer includes a CDK4/6 inhibitor combined with endocrine treatment as the first- or second-line drug in most countries, most patients eventually develop acquired drug resistance to CDK4/6 inhibitors (Konecny et al., 2011). Several factors affect the effectiveness of CDK4/6 inhibitors, such as continuous expression of G1-S-phase cyclins and gene mutations in key cell signaling pathways (Herrera-Abreu et al., 2016). Research on the molecular mechanisms or clinical strategies to overcome CDK4/6 inhibitor resistance is ongoing (Pandey et al., 2019; Portman et al., 2019). Therefore, the major emerging consideration in treatment of advanced luminal breast cancer is now CDK4/6 inhibitor resistance.
In this review, we discuss three CDK4/6 inhibitors with different clinical trial results and various resistance mechanisms, aiming to help identify novel clinical therapeutic targets to improve endocrine therapy resistance and provide possible strategies to overcome resistance to CDK4/6 inhibitors in advanced luminal breast cancer.
CDK4/6 Inhibitors in Luminal Breast Cancer
In malignant cells, overactive CDK activities are targeted by CDK inhibitors. The major barrier limiting CDK inhibitors from further development is the lack of selectivity, due to similar structures among CDKs (Shapiro, 2006; Michaud et al., 2010). In the meantime, some biocomputing technologies, such as computer-aided (Kalra et al., 2017) and pharmacological (Tadesse et al., 2018; Yin et al., 2018) approaches, have been employed to develop a new-generation CDK inhibitor with higher selectivity. Recently, there has been great progress in CDK inhibitor design, especially the design of CDK4/6 inhibitors, which have been successfully used in clinical trials.
ATP-binding domains are the main drug targets of CDK4/6 inhibitors to block cell cycle G1-S transition (Asghar et al., 2015). Three third-generation CDK inhibitors, palbociclib, ribociclib, and abemaciclib, have higher specificity to CDK4/6 than other members of the CDK family and have been translated into clinical use against advanced luminal breast cancer. The phase III MONALEESA-3 trial used a combination of ribociclib and fulvestrant in advanced ER+/HER2 breast cancer demonstrated an increased PFS (progression-free survival) (Slamon et al., 2018) and an improved OS compared with fulvestrant alone (Slamon et al., 2019). The phase III MONARCH-plus trial with abemaciclib and nonsteroidal aromatase inhibitor (NSAI) or fulvestrant treatment showed improved PFS in predominantly Chinese postmenopausal women with ER+/HER2 breast cancer (Jiang et al., 2019a). Moreover, in the phase III MONARCH HER trial, triple treatment with abemaciclib, trastuzumab (Herceptin), and fulvestrant showed better therapy outcomes than trastuzumab plus chemotherapy in ER+/HER2+ patients. In addition, phase II/III trials of the three CDK4/6 inhibitors in combination with letrozole, tamoxifen, fulvestrant, and herceptin in the first-/second-line setting have already been completed (Table 1).
TABLE 1 | CDK4/6 inhibitors for the treatment of advanced luminal breast cancer in phase II/III trials.
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CDK4/6 inhibitors are not a panacea due to the therapy resistance. It has been reported in the PALOMA-2 trial that more than 30% patients experienced recurrence of their cancer within 2 years of CDK4/6 inhibitor treatment (Finn et al., 2016), indicating that palbociclib combined with endocrine therapy may affect CDK inhibitor sensitivity and allow tumor cells to return to a proliferative phenotype. However, whether the mechanism of endocrine therapy resistance is associated with the inhibition of cell cycle or activation of other “bypass” signaling pathways is not fully understood. We summarized the molecular mechanisms of CDK4/6 inhibitor resistance below (Figure 1).
[image: Figure 1]FIGURE 1 | Upstream response and downstream bypass signaling mechanisms of CDK4/6 inhibitor resistance. Current molecular mechanisms of CDK4/6 inhibitor resistance are highlighted. ER, estrogen receptor; CDK, cyclin dependent kinases; ATM, ataxia telangiectasia mutated; CHK2, checkpoint kinase 2; Rb, retinoblastoma protein.
CyclinD1-CDK4/6–Rb Pathway
Upregulation of cyclin–CDK activity promotes the cell cycle and proliferation (Hanahan and Weinberg, 2011). The retinoblastoma (Rb) protein acts as a gatekeeper to prevent the cell cycle from progressing from G1 phase into S phase. CDK4/6 forms heterodimers with D-type cyclins (particularly D1) to phosphorylate Rb. As a result, Rb protein phosphorylation leads to the release of transcription factor E2Fs, which activates the DNA transcriptional program for cell cycle G1/S.
In luminal breast cancer, the development of resistance to endocrine therapy is associated with the function and integrity of Rb (Musgrove et al., 2011). Fortunately, the low incidence of Rb gene deletion/mutation (3.9%) in luminal-like breast tumors offers the possibility for CDK4/6 inhibition (Ciriello et al., 2015). This viewpoint has been solidified by a study that showed that the effects of clinical therapy in luminal breast cancer were not sensitive to palbociclib when Rb expression is absent (Dean et al., 2012). In addition, the function of Rb can also be regulated by E2F transcriptional factors. Malorni et al. indicated that the expression of both E2F1 and E2F2 could cause loss of Rb and predict the sensitivity of cell lines to palbociclib in luminal breast cancer (Malorni et al., 2016).
CDK4/6 Overexpression
Overexpression of CDK4 or CDK6 is the main mechanism of resistance to CDK4/6 inhibitors. Studies have shown that increased expression of CDK6 reduced the response of CDK4/6 inhibitors in luminal cell line models. At the same time, knockdown of CDK6 rescued the therapy sensitivity, which indicated that CDK6-mediated drug resistance may be independent of CDK4 expression (Yang et al., 2017). In addition, either high or low expression of CDK4 has been detected in CDK4/6 inhibitor–resistant breast cancer cells (Bollard et al., 2017). Therefore, whether the expression of CDK4 is associated with CDK4/6 inhibitor resistance requires further investigation.
p16 Amplification
As a member of the INK4 family, p16 is a natural inhibitor of CDK4 and plays a vital role in the regulation of the cell cycle (Serrano et al., 1993). In general, p16 severs as a tumor suppressor and targets the CDK4/6 complex in dysregulatory cells depending on the function of Rb (Medema et al., 1995). For example, Dean JL et al. reported that the resistance to CDK4/6 inhibitors was caused by the absence of Rb, regardless of p16 expression (Dean et al., 2012). On the other hand, the expression level of p16 affected the effectiveness of CDK4/6 inhibition. Overexpression of p16-mediated resistance to CDK4/6 inhibitors in the absence of Rb (Witkiewicz et al., 2011) and low expression of p16 did not rescue the clinical benefit in Rb-positive luminal breast cancer patients in the phase II palbociclib monotherapy trial (DeMichele et al., 2015). The potential mechanism is that p16 overexpression suppresses the activity of CDK4 and expression of cyclin D1 (Witkiewicz et al., 2011), which are the main targets of CDK4/6 inhibitors, thus leading to reduced or no effects of CDK4/6 inhibition (Elvin et al., 2017). Whether p16 amplification and loss of Rb work together in CDK4/6 inhibitor resistance is not clearly understood. Further studies revealing the mechanistic association between p16 and Rb might be beneficial to avert acquired resistance to CDK4/6 inhibitors.
ATM-CHK2 Activation
Deficiency of mismatch repair may lead to the endocrine therapy resistance in luminal breast cancer through the abrogation of CHK2-mediated inhibition of CDK4. A recent study showed that defects in single-strand break repair in luminal breast cancer can drive endocrine therapy resistance and is closely associated with the ATM-CHK2-CDC25A pathway (Anurag et al., 2018). ATM, as a DNA damage sensor, activates CHK2, which in turn phosphorylates CDC25A at S123 for degradation. Importantly, as a phosphatase, CDC25A could inhibit the phosphorylation of CDK4/6. The CDK4/6 complex activity could be reactivated with the “on state” of CDC25A. Therefore, the cross talk between the CDK4/6–Rb and ATM–CHK2–CDC25A axes is very important. Moreover, recently, Haricharan et al. demonstrated that for the efficacy of endocrine agents in luminal tumors, both ATM and CHK2 are required; inactivation of either of these negative cell cycle regulators prevents cell cycle arrest upon ER inhibition (Haricharan et al., 2017).
Loss of ER Expression
In luminal breast cancer, activation of ER is the major driver of CDK4/6. Selective ER-related endocrine therapy, such as ER downregulators (fulvestrant), ER modulators (tamoxifen), and aromatase inhibitors (AIs), have been combined with CDK4/6 inhibitors and broadly used in the treatment of advanced ER-positive breast cancer. The expression level of cyclin D1 could be upregulated by ER (Du et al., 2014). Resistance to CDK4/6 inhibitors may be related to the decrease in cyclin D1 due to the loss of ER (Gong et al., 2017b). For instance, resistance to the CDK4/6 inhibitor abemaciclib occurred in preclinical trials and was associated with the loss of cyclin D1 and ER/PR expression. In addition, studies showed that CDK6 overexpression diminished the responsiveness to ER antagonism and mediated the resistance to CDK4/6 inhibitors by decreasing the expression of ER and PR (Yang et al., 2017). Moreover, tumor biopsy specimens from patients associated with changes in ER/PR levels showed resistance to CDK4/6 inhibitors mediated by low ER/PR expression. Moreover, it also has been indicated that luminal tumors are resistant to endocrine therapy when they have an activating ESR1 mutation; however, CDK4/6 inhibitors take effect regardless of ESR1 mutation status (Fribbens et al., 2016).
Activation of PI3K–AKT–mTOR Signaling
The PI3K–AKT–mTOR signaling pathway is involved in tumor cell growth, survival, and metastasis. In luminal breast cancer, ER transcriptional activity could be enforced by the activation of PI3K–AKT–mTOR signaling, which drives endocrine therapy resistance (Miller et al., 2011). Furthermore, activation of the PI3K–AKT–mTOR pathway can also promote the stability of the CDK4/6 complex, thus reversing the effects of CDK4/6 inhibition (Miller et al., 2011). A recent study indicated that loss of PTEN expression could mediate CDK4/6 inhibitor resistance by increasing AKT activation and decreasing the expression of p27, which leads to the excessive activation of CDK4 and CDK2 (Costa et al., 2020). CDK4 in lysosome activates mTORC1 and is also associated with cancer progression (Martinez-Carreres et al., 2019). Moreover, it has been reported that CDK4/6 inhibitors preferred to activate PI3K–AKT–mTOR pathway than ER signaling (Takeshita et al., 2018), with the reactivation of E2F (Jansen et al., 2017). Therefore, the therapeutic trial, endocrine therapy backbone combined with PI3K and mTOR inhibition, and CDK4/6 inhibitors can be combined.
Strategies that inhibit PI3K and mTOR activities have been shown to restore sensitivity to endocrine therapy. Everolimus, a mTOR inhibitor, was the first drug developed to overcome endocrine therapy resistance in combination with AI (Pronzato, 2017). Some other mTORC1/2 inhibitors also restored the sensitivity of CDK4/6 inhibitors in resistant cells by suppressing Rb phosphorylation (Michaloglou et al., 2018). PI3K inhibitors, such as alpelisib, combined with fulvestrant prolonged PFS among patients with mutated PIK3CA in advanced luminal breast cancer who had previously received endocrine therapy (Andre et al., 2019). In addition, PI3K inhibitors have been implicated in the prevention of early CDK4/6 inhibitor adaptions by decreasing the expression of cyclin D1 (Herrera-Abreu et al., 2016). In the future, a combination of a PI3K–AKT–mTOR pathway inhibitor and a CDK4/6 inhibitor may be a valuable therapeutic strategy.
Upregulation of FGFR Pathway
The fibroblast growth factor receptor (FGFR) pathway is involved the proliferation and survival in luminal breast cancer (Sahores et al., 2018). Like other mitogenic pathways, FGFR is relevant in the crosslinking of cyclin D and CDK4/6. Of the five FGFRs, FGFR1 is associated with CDK4/6 inhibitor resistance. FGFR1 activates the PI3K–AKT–mTOR and RAS–MEK–ERK signaling pathways (Turner et al., 2010). In the clinic, FGFR1 overexpression mediated resistance to palbociclib or ribociclib when combined with endocrine therapy (fulvestrant) (Formisano et al., 2017). This could be reversed by the FGFR tyrosine kinase inhibitor (TKI) lucitanib (Formisano et al., 2019). FGFR2 amplification has also been reported in metastatic luminal breast cancer and the response to an mTOR inhibitor (Wein et al., 2017). In addition, FGF2 could also activate FGFR signaling and mediate endocrine therapy resistance in preclinical research (Turner et al., 2010). A previous study showed that the FGFR2 inhibitor formononetin had a strong inhibitory effect on angiogenesis and tumor growth (Wu et al., 2015). Therefore, targeting FGFR1/2 in luminal breast cancer may be a viable option combined with the inhibition of CDK4/6 to overcome CDK4/6 inhibitor resistance.
Alterations of Hippo Pathway
The Hippo pathway is closely related to the development and progression of breast cancer and has emerged as a linchpin in breast cancer therapy resistance (Gujral and Kirschner, 2017) (Shi et al., 2015). Hippo pathway effectors, such as YAP, TAZ, and TEAD, have been employed as drug targets to hit other signaling pathways (Dey et al., 2020). In ovarian cancer, YAP expression is associated with PI3K inhibitor resistance (Muranen et al., 2016). TEADs have also been shown to be a mediator of CDK6 induction (Xie et al., 2013). Importantly, alterations in the Hippo pathway are related to CDK4/6 inhibitor resistance. In the latter clinical case, loss of FAT1 is associated with CDK4/6 inhibitor resistance caused by YAP/TAZ nuclear localization and CDK6 overexpression in ER-positive breast cancer (Li et al., 2018). Therefore, targeting the Hippo pathway offers a new therapeutic strategy against CDK4/6 inhibitor resistance.
Downstream Bypass Signaling Mechanisms
The molecular mechanisms responsible for resistance to CDK4/6 inhibitors are diverse and complicated, and the current knowledge is far from complete. Recently, several new “bypass” signaling pathway mechanisms on CDK4/6 inhibitor adaption have been discovered.
Activation of CDK2 Signaling
Cyclin E–CDK2 complexes can also inactivate Rb by phosphorylating Rb and releasing transcriptional factor E2F to initiate the cell cycle. However, as the “second wave” that phosphorylates Rb, the efficiency of this process is subsequent to CDK4/6 complexes. Excessive activation of the CDK2 pathway mediates resistance to CDK4/6 inhibitors because released E2F reverse targets cyclin E2, stabilizing the cyclin E2–CDK2 complexes and reducing CDK4/6 inhibition (Caldon et al., 2009). The abnormal expression of cyclin E1/2-CDK2 and persistent activation of E2F are associated with resistance to CDK4/6 inhibitors (Taylor-Harding et al., 2015). For instance, CCNE1 gene amplification also induces resistance in the CDK4/6 single agent model; CCNE2 gene amplification has been found in patients in whom palbociclib treatment failed (Hortobagyi et al., 2016). Moreover, in the clinic, lower CCNE1 messenger RNA expression is often associated with improved palbociclib efficacy in ER-positive metastatic breast cancer (Turner et al., 2019). Activity of cyclin E1–CDK2 complexes could be suppressed by p21Waf1/Cip1 and p27Kip1 (Martin et al., 2017); therefore, the development of CDK2 inhibitors have the potency and advantage as bypass signals to reduce CDK4/6 inhibitor resistance by the inhibition of cyclin E1/2–CDK2 (Caldon et al., 2012).
Autophagy
Autophagy is generally thought of as a cell survival mechanism. The activation of autophagy induces cell cycle arrest and cell senescence (Glick et al., 2010). Targeting autophagy is an available strategy for novel drug development and tumor treatment. Autophagy inhibition is relevant to the efficacy of anti–breast cancer drugs (Chittaranjan et al., 2014). An accumulation of evidence suggests that autophagy activation is involved in resistance to CDK4/6 inhibitors. Studies have shown that breast cancer cells activate autophagy in response to palbociclib, possibly through the inhibition of cyclin D1 expression, and the combination of autophagy and CDK4/6 inhibitors induces irreversible growth inhibition and senescence in vitro (Vijayaraghavan et al., 2017b). More work is being done to increase the efficacy of CDK4/6 inhibitors by inhibiting autophagy, which may help avert CDK4/6 inhibitor resistance.
Immune Evasion
The adaptive immune response plays a role in CDK4/6 inhibitor efficacy. CDK4/6 inhibitors promote tumor immunogenicity, and the effects of CDK4/6 inhibitors targeting both tumor T cells and regulatory T cells are associated with reduced activity of E2F transcription factors and DNA methyltransferase (Goel et al., 2017). In addition, CDK4/6 inhibitors enhance antitumor immunity by increasing T-cell activation and promoting T cells to kill tumor cells (Deng et al., 2018). Moreover, immunotherapeutic approaches combined with CDK4/6 inhibitors could achieve better therapeutic effects. CDK4/6 inhibitors increase the expression of PD-L1 (programmed cell death ligand 1), thus inducing the inflammatory microenvironment and improving tumor immunogenicity (Minton, 2017; Schaer et al., 2018). Therefore, CDK4/6 inhibitors combined with a PD-L1 immune checkpoint inhibitor can improve the effect of tumor immunotherapy. Currently, there are several ongoing clinical trials of immune checkpoint antibodies, including pembrolizumab and avelumab (Anurag et al., 2020). However, immune evasion or alterations in the immune microenvironment eventually leads to CDK4/6 inhibitor resistance (Goel et al., 2017; Teh and Aplin, 2019). In terms of mechanism, immune evasion may be associated with the abnormal expression of immune-related regulators, such as IFN-α and IFN-β, and change in tumor microenvironment of CDK4/6 inhibitor–resistant breast tumors (Vijayaraghavan et al., 2017a). Future investigations using tumor-infiltrating lymphocyte analyses are needed to better understand CDK4/6 inhibitor resistance mechanisms of immune evasion.
Epigenetic Alterations
Histone deacetylases (HDACs) can increase CDK4/6 inhibition efficacy and mediate cell cycle arrest by upregulating p21 expression in CDK4/6 inhibitor resistant tumors (Lee et al., 2018). Even though the mechanism is not very clear, HDAC inhibition works synergistically with CDK4/6 inhibitors in luminal breast cancer. Cornell et al. demonstrated that miR-432-5p–mediated suppression of the TGF-β signaling pathway via SMAD4 knockdown and increased CDK6 expression, thus conferring transmissible and reversible CDK4/6 inhibitor adaptation (Cornell et al., 2019). In addition, a recent study showed that LncRNA TROJAN could mediate resistance to CDK4/6 inhibitors by increasing CDK2 activation in ER+ breast cancer (Jin et al., 2020). Analysis of patient plasma exosomes may identify emerging resistance mechanisms.
Strategies to Overcome CDK4/6 Inhibitor Resistance
In the clinic, treatment effectiveness is based on the improved survival of patients. Currently, endocrine targeted therapy and chemotherapy are common options for the treatment of luminal breast cancer. CDK4/6 inhibitors have been used in advanced ER-positive breast cancer patients with antimitosis, but they eventually develop resistance to the CDK4/6 inhibitors (Franco et al., 2014; Yoshida et al., 2016). In the past 5 years, endocrine therapy combined with PI3K and mTOR inhibitors and CDK4/6 inhibitors has gradually become a new therapeutic strategy. Several studies have confirmed that CDK4/6 inhibitors combined with PI3K inhibitors (Vora et al., 2014) or mTORC1/2 inhibitors could reverse resistance (Michaloglou et al., 2018). Furthermore, studies have shown that CDK4/6 inhibitors may increase tumor immunogenicity, which provides a rationale for combination regimens composed of CDK4/6 inhibitors and immunotherapies. Therefore, CDK4/6 inhibitors combined with other clinical therapies might be a cautious approach to overcome therapy resistance. We summarized possible strategies to overcome resistance to CDK4/6 inhibitors in Table 2.
TABLE 2 | Possible strategies to overcome resistance to CDK4/6 inhibitors in ER-positive BC.
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Whether CDK4/6 inhibition is truly suitable for patients with advanced ER-positive breast cancer and whether resistance develops are being studied in a number of preclinical studies and models. Rb may be a biomarker. It has been demonstrated that fully functional Rb is required for the effective use of CDK4/6 inhibitors in the clinic (Karakas et al., 2016). However, not all Rb+/ER+ patients would benefit from CDK4/6 inhibitor therapy, even though the mutation of Rb is very rare (3.9%) in ER-positive breast cancer. The utility of Rb as biomarker combined with low-molecular-weight cyclin E1 (LMWE) is associated with CDK4/6 inhibitor sensitivity (Hunt et al., 2017). A cohort of 109 patients with Rb-/LMWE+ had shorter PFS when treated with palbociclib plus endocrine therapy (Vijayaraghavan et al., 2017b). Although cyclin D1 plays a vital role in CDK4/6 inhibition, unfortunately, CCND1 amplification as single biomarker for CDK4/6 inhibitor sensitivity needs to be refined further. In the PALOMA-1 study, patients treated with palbociclib plus letrozole had no beneficial outcomes regardless of CCND1 status (Finn et al., 2015). Moreover, CDK4 phosphorylation status shows the potential as a biomarker to predict the sensitivity to palbociclib but needs further clinical observation (Raspe et al., 2017).
CONCLUSION
The development of CDK4/6 inhibitors has been a significant advancement in luminal breast cancer therapy. In other breast cancer subtypes, such as triple negative breast cancer, clinical trials of CDK4/6 inhibitors in combination with anti-androgen inhibitors are still ongoing. However, resistance to CDK4/6 inhibitors in clinical treatment is an unavoidable problem. Although CDK4/6 inhibitor resistance has been well investigated and different mechanisms have been revealed, systematic and comprehensive clinical trials are required to develop new strategies to overcome CDK4/6 inhibitor resistance. Therefore, further efforts to investigate much more precise resistance mechanisms to CDK4/6 inhibitors or to develop more successful CDK inhibitors are needed in order to explore new therapeutic approaches to avert or overcome resistance.
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Tamoxifen is a drug commonly used in the treatment of breast cancer, especially for postmenopausal patients. However, its efficacy is limited by the development of drug resistance. Downregulation of estrogen receptor alpha (ERα) is an important mechanism of tamoxifen resistance. In recent years, with progress in research into the protective autophagy of drug-resistant cells and cell cycle regulators, major breakthroughs have been made in research on tamoxifen resistance. For a better understanding of the mechanism of tamoxifen resistance, protective autophagy, cell cycle regulators, and some transcription factors and enzymes regulating the expression of the estrogen receptor are summarized in this review. In addition, recent progress in reducing resistance to tamoxifen is reviewed. Finally, we discuss the possible research directions into tamoxifen resistance in the future to provide assistance for the clinical treatment of breast cancer.
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INTRODUCTION
Breast cancer is the most common cancer in women (Bray et al., 2018), and endocrine therapy plays an important role in breast cancer treatment (Rugo et al., 2016). More than 60% of breast cancers are estrogen-receptor (ER) positive (Lopez-Tarruella and Schiff, 2007; Vargo-Gogola and Rosen, 2007). Tamoxifen is an antagonist of ERα66, and it is commonly used in the treatment of ER-positive breast cancers (Binkhorst et al., 2012); however, the efficacy is not satisfactory because of the development of tamoxifen resistance. RTKs (receptor tyrosine kinases) and the activation of the PI3K-PTEN/AKT/mTOR pathway caused by the overexpression of RTKs are thought to be closely related to resistance to tamoxifen (Hosford and Miller, 2014; Yin et al., 2014).
On the other hand, ERα36, a 36 kDa truncated isoform of ERα66 located on the cytoplasmic membrane of breast cancer (Lv et al., 2015; Omarjee et al., 2017), has been reported to be related to the drug resistance and metastasis of cancer cells (Zhang and Wang, 2013; Yin et al., 2014; Omarjee et al., 2017). Tamoxifen can activate ERα36, which in turn activates MAPK, AKT, and other signaling pathways, leading to tamoxifen resistance (Tong et al., 2010).
In recent years, a large body of evidence has shown that protective autophagy, cell cycle regulators, and some transcription factors play a key role in tamoxifen resistance, such as KLF4 regulating drug resistance by regulating MAPK and the discovery of LEM4 (Gao et al., 2018; Jia et al., 2018). Scientists have proposed many methods to reduce drug resistance through these mechanisms and have made great progress.
In this review, the development of tamoxifen resistance in breast cancer is discussed, with special emphasis on the effects of some newly discovered enzymes and transcription factors on tamoxifen resistance, the protective autophagy of cells, and the latest progress in cell cycle regulators.
The Role of Receptor Tyrosine Kinases (RTKs) in Tamoxifen Resistance
RPTKs are a class of enzyme-linked receptors that have been found to come in many kinds, including epidermal growth factor (EGF) receptor, platelet-derived growth factor (PDGF) receptor, macrophage colony stimulating factor (M-CSF), insulin and insulin-like growth factor-1 (IGF-1) receptor, vascular endothelial growth factor (VEGF) receptor, and hepatocyte growth factor (HGF) receptor. The PI3K/AKT/mTOR signaling pathway is one of the important mechanisms of tamoxifen resistance, and HER2 activates PI3K as a member of the EGFR family (Mansouri et al., 2018a). It has been proven that high expression of p-AKT is associated with a worse prognosis, and inhibiting the expression of AKT is beneficial for sensitizing drug-resistant cells (Block et al., 2012; Karlsson et al., 2019). In addition, activation of the PI3K/AKT pathway is not just associated with tamoxifen resistance. Recent studies have shown that activation of the PI3K/AKT pathway can cause tamoxifen-resistant (TAM-R) cells to develop drug resistance to DNA-damaging chemotherapy by upregulating BARD1 and BRCA1 (Zhu et al., 2018), which makes the PI3K/AKT pathway particularly important in the treatment of breast cancer.
The mechanism of activation of the PI3K/AKT/mTOR pathway has also been studied by many scientists. CC chemokine ligand 2 (CCL2), which is secreted by tumor-associated macrophages (TAMs), has been found to be related to activation of the PI3K/AKT/mTOR pathway. However, NF-κB promotes the secretion of CCL2 (Li et al., 2020a). Inhibition of the PI3K/AKT pathway may be beneficial to improve the efficacy of chemotherapy and endocrine therapy for breast cancer patients. Many drugs targeting PI3K, mTOR, or AKT to overcome tamoxifen resistance have been put into use. However, due to the complexity of the PI3K/AKT/mTOR pathway, inhibiting the pathway at any level will activate compensatory mechanisms, which limits the efficacy of inhibitors (Choi et al., 2016; Lui et al., 2016). We need to study the cross-talk between these pathways in future research.
The combined use of several inhibitors may be an important way to improve tamoxifen resistance in the future. Both VEGF and HER2 are members of the RTK family. Studies have shown that the expression of VEGF in drug-resistant cells is upregulated. VEGF contributes to angiogenesis and promotes tumor growth, which is not conducive to a good prognosis of breast cancer patients (Oh et al., 2010). The MAPK/ERK pathway has been proven to contribute to tamoxifen resistance (Heckler et al., 2014; Peng et al., 2017; Yin et al., 2017), whereas VEGF overexpression in drug-resistant cells leads to increased activation of MAPK. Surprisingly, the use of VEGF inhibitors was not found to be helpful in overcoming tamoxifen resistance (Mansouri et al., 2018b), which may also be attributed to the complex network of drug resistance. There is still no evidence that VEGF is related to tamoxifen resistance.
EGFR is also thought to be related to tamoxifen resistance. Tamoxifen downregulates the expression of miR-186-3p, which leads to further upregulation of the expression of EREG, a target gene of miR-186-3p. EREG then activates EGFR even more, subsequently enhancing glycolysis and leading to tamoxifen resistance (He et al., 2019). It has been reported that the NOGO-B receptor is related to tamoxifen resistance. The NOGO-B receptor contributes to the transport of RAS, which enhances EGF signal transduction, resulting in a decrease in p53 expression and the development of drug resistance (Gao et al., 2018).
ERα36 has been reported to be associated with tamoxifen resistance (Yin et al., 2014), and ERα36 reduces the sensitivity of breast cancer cells to tamoxifen by upregulating EGFR. EGFR expression and the basal level of ERK phosphorylation are upregulated in TAM-R cells. The EGFR/ERK signaling pathway can be blocked by knocking out ERα36 (Li et al., 2020b). However, lapatinib cannot only inhibit the phosphorylation of EFGR and HER2, but also decreases the expression of ERα36 (Yin et al., 2014). Interestingly, studies have shown that cross-talk between HER2 and ERK is conducive to the development of drug resistance (Ito et al., 2012).
In addition to members of the RTK family, such as HER2, EGFR, and VEGF, some research has shown that IGFR is also associated with tamoxifen resistance. Inhibition of IGF-1R reduces the sensitivity of cells to tamoxifen, which may be due to the inhibition of FoxO1 expression by the reduction of IGF-1R expression (Vaziri-Gohar et al., 2017). However, IGF1R signaling may be beneficial to the development of tamoxifen resistance in some aspects. P21-activated kinase 2 (PAK2) is a tamoxifen resistance inducer, while IGF1R can lead to the development of tamoxifen resistance by promoting the expression of PAK2 (Zhang et al., 2018).
In general, there is a complex network in the mechanisms of action of the RTK family, and ERα36 affects the sensitivity of breast cancer cells to tamoxifen. These signaling cascades are described in Figure 1. The development of inhibitors for corresponding targets based on these mechanisms is the focus of previous research. However, due to the compensatory mechanisms that appear when any specific target is inhibited, the clinical effect of improving drug resistance is not very significant. Therefore, studies on improving drug resistance by other mechanisms have emerged in recent years.
[image: Figure 1]FIGURE 1 | The role of RTKs and ERα36 in the development of tamoxifen resistance. EGFR induces tamoxifen resistance by enhancing the glycolytic pathway. The increase in EGF signal transduction induces a decrease in P53 expression, which leads to the inhibition of cell proliferation. TAMs secrete CC-chemokine ligand 2 (CCL2), which activates the PI3K/AKT/mTOR pathway. NF-κB promotes the secretion of CCL2. ERα36 contributes to the upregulation of EGFR, which increases ERK phosphorylation. The decrease in IGF-1R expression leads to the inhibition of FoxO1 expression, which results in the development of tamoxifen resistance. IGF1R mediates the expression of PAK2 and leads to drug resistance.
The Role of Enzymes and Transcription Factors in Tamoxifen Resistance
Based on the aforementioned mechanism, some enzymes and transcription factors also play a vital role in the complex network of ER-positive breast cancer resistance to tamoxifen. SOX9 is a transcription factor related to endocrine resistance (Jeselsohn et al., 2017; Xue et al., 2019). Histone deacetylase 5 (HDAC5), a member of the HDAC family whose main function is to remove acetyl groups, enables the deacetylation of SOX9 to facilitate its nuclear localization in TAM-R cells. Moreover, MYC plays an important role in the activation of HDAC5 transcription, and the C-MYC/HDAC5/SOX9 axis is related to tamoxifen resistance (Xue et al., 2019).
HDAC1, another member of the HDAC family, has also been reported to be associated with tamoxifen resistance. The expression of RBP2 is significantly higher in TAM-R cells than in cells sensitive to tamoxifen. The RBP2–ER–NRIP1–HDAC1 complex leads to IGF1R activation. The relationship between RBP and tamoxifen resistance is related to the PI3K/AKT pathway. RBP activates the PI3K/AKT pathway by enhancing the cross-talk between IGF1R and the HER2 receptor, which leads to drug resistance (Choi et al., 2018). Interestingly, it has also been reported that HDAC promotes the expression of ERα66 and AKT, and the use of HDAC inhibitors can inhibit the level of AKT by reducing the stability of its mRNA (Thomas et al., 2013).
Silent information regulator 2-related enzyme 1 (SIRT1) is a deacetylase dependent on nicotinamide adenine dinucleotide, which is highly expressed in a variety of tumors and has been proven to inhibit the growth of breast cancer cells (Liu et al., 2009; Kuo et al., 2013). The T-box protein Brachyury, a transcription factor, promotes the resistance of breast cancer cells to tamoxifen by inhibiting SIRT1 (Li et al., 2016). There are many different mechanisms for the effects of acetylases on tamoxifen resistance.
Estrogen regulates tumor growth by binding to ERα66 in the cytoplasm. Tamoxifen is antagonistic to ERα66. However, the use of tamoxifen has been confirmed to be involved in the upregulation of ERα36, SPhk1 (sphingosine kinase 1), and S1P (sphingosine-1-phosphate), which further activates downstream signaling pathways and causes drug resistance (Maczis et al., 2018), while the inhibition of ERα36 is beneficial to restore the sensitivity of breast cancer cells to tamoxifen.
Protein arginine N-methyltransferase 2 (PRMT2; HRMT1L1) is a member of the arginine methyltransferase family (Scott et al., 1998) that inhibits the resistance of breast cancer cells to tamoxifen by inhibiting the ERα36, PI3K, MAPK, and other signaling pathways (Shen et al., 2018).
It has been shown that the expression of hypoxia inducible factor HIF-1α contributes to the decrease in ERα, which is related to the sensitivity of endocrine therapy. HIF-1α reduces the sensitivity of breast cancer cells to tamoxifen. Interestingly, the expression of HIF-1α is related to the expression of EGFR (Jogi et al., 2019).
In contrast to HIF-1α, Spalt-like transcription factor 2 (SALL2), a transcription factor related to disease progression, enhances the sensitivity of breast cancer cells to tamoxifen, while ERα is downregulated after silencing SALL2 (Ye et al., 2019). This shows that tamoxifen is an effective endocrine therapy drug in ER-positive breast cancer patients. However, the expression of ERα is positively correlated with the sensitivity of tamoxifen therapy in ER-positive breast cancer patients. Numerous transcription factors regulate the sensitivity of breast cancer cells to tamoxifen by regulating ERα through various mechanisms. In addition, ERα also mediates the expression of glutathione S-transferase mu 3 (GSTM3) to resist cytotoxicity caused by drug therapy and to protect the drug-resistant cells.
The expression of GSTM3 was found to be higher in HER2-positive cancer cells (Lin et al., 2018). This indicates that there may be a relationship between GSTM3 and the RTK pathway, and the mechanism by which enzymes and transcription factors regulate tamoxifen resistance is also closely related to the RTK pathway. Li et al. (2018) found that the ER–c-Src–HER2 complex plays a vital role in tamoxifen resistance, while c-Cbl reverses tamoxifen resistance by inhibiting the formation of the ER–c-Src–HER2 complex. It seems that most enzymes are involved in drug resistance through the RTK pathway.
In addition, some enzymes can be used to predict the sensitivity of endocrine therapy in breast cancer. Shimoda et al. (2017) found that the expression of ASPH was upregulated in tamoxifen-resistant cells, and the upregulation depended on the PI3K and MAPK pathways. The cells with high expression of ASPH were more sensitive to tamoxifen than those with low expression of ASPH, and the results were statistically significant.
Aspartate-b-hydroxylase (ASPH) may also predict the sensitivity of breast cancer cells to tamoxifen (Shimoda et al., 2017). Gwak et al. (2017) also found that the expression of the transcription factor OCT 4 may be related to the poor efficacy of tamoxifen, and its expression level can be used to predict the sensitivity of breast cancer cells to tamoxifen. The mechanisms mentioned in this review related to tamoxifen resistance are summarized in Table 1.
TABLE 1 | Summary of mechanisms leading to tamoxifen resistance
[image: Table 1]The Discovery of LEM4 and the Association Between Cell Cycle Regulators and Resistance to Tamoxifen
As a competitive antagonist of estradiol, tamoxifen can bind to estrogen receptors in competition with estradiol and form a stable complex, which inhibits the transcription activity of the estrogen receptor and blocks breast cancer cells in G1 phase to inhibit tumor proliferation. However, tamoxifen has little effect on the cell cycle when cells are treated with tamoxifen alone (Cheng et al., 2017). Previous studies have shown that cyclin D1 and cyclin E are essential for the emergence of tamoxifen resistance in breast cancer cells. Cyclin D1 promotes the progression of the G1–S phase, and tamoxifen can reduce the expression of cyclin D1, which is highly expressed in drug-resistant cells (Viedma-Rodriguez et al., 2014). Based on these mechanisms, scientists have previously proposed many methods to overcome drug resistance, such as the cyclin-dependent kinase (CDK) 4/6 inhibitors palbociclib and ribociclib (Finn et al., 2015; Cristofanilli et al., 2016; Hortobagyi et al., 2016).
The latest research in the last 2 years found that LEM4 (LEM structural protein), which is highly expressed in breast cancer-resistant cells, promotes the transcription of cyclin D1 through ligand-independent activation of receptors. Furthermore, LEM4 interacts with CDK 4/6 and Rb to accelerate the G1–S transition (Gao et al., 2018). Therefore, LEM4 reduces the inhibitory effect of tamoxifen on the G1–S phase transition of breast cancer cells. On the other hand, the existence of LEM4 allows the estrogen receptor to undergo ligand-independent activation in the presence of tamoxifen. LEM4 is expected to be a biological index to predict tamoxifen resistance in ER-positive breast cancer, and targeting LEM4 may be a feasible research direction to overcome tamoxifen resistance in the future.
In addition, Yu et al. (2019) found that cell division cycle associated 8 (CDCA8) may be related to tamoxifen resistance. It is highly expressed in drug-resistant cells. After the CACA8 gene was knocked out, the number of drug-resistant cells in the G1 phase increased, and the drug resistance of the cells to tamoxifen decreased (Yu et al., 2019).
Ferraiuolo et al. (2017) discovered another cell cycle protein, Spy1, which mediates the phosphorylation of ERK under the condition of binding to CDK; the increase in its level is related to tamoxifen resistance.
With the progress of mechanistic research, many new treatments have emerged in recent years. Aspirin (ASA) is a kind of nonsteroidal anti-inflammatory drug that has been used in the treatment of many tumors, including rectal cancer, lung cancer, pancreatic cancer, and breast cancer (Jiang et al., 2020; Wang and Huang, 2020; Wu et al., 2020; Zhang et al., 2020), but whether it is beneficial to the survival of patients is still uncertain. However, the use of aspirin seems to be helpful in overcoming tamoxifen resistance. The expression of cyclin D1 was downregulated, and the number of cells arrested in the G0/G1 phase was increased when tamoxifen was used in combination with ASA. The combination of ASA and tamoxifen can overcome the drug resistance of ER-positive breast cancer cells to tamoxifen (Cheng et al., 2017).
Maqbool et al. (2020) synthesized a novel thiosemicarbazone, DpC. They found that the combination of DpC and tamoxifen effectively reduced cyclin D1, upregulated p27, and inhibited the proliferation of breast cancer cells, which may be helpful to overcome the drug resistance of tamoxifen.
The Latest Progress in the Relationship Between Autophagy and Resistance to Tamoxifen
Autophagy is the process by which cells engulf their excess proteins or organelles, transport them to lysosomes, and degrade their contents. Their main role is to deal with the stress-induced injury of cells (Antonioli et al., 2017). However, autophagy seems to have two opposing roles in tumor cells. On the one hand, tumor cells can undergo autophagic cell death through self-phagocytosis, after which the cytoskeleton is mostly preserved. On the other hand, autophagy can delay the apoptosis of stressed and damaged cells, and protect their survival (Cook et al., 2011; Sun et al., 2015). Previous studies have shown that autophagy may have a strong relationship with tamoxifen resistance, and it may be an important mechanism of tamoxifen resistance (Gonzalez-Malerva et al., 2011; Nagelkerke et al., 2014), but the relationship between autophagy and tamoxifen resistance is still in the exploratory stage, and the specific mechanism is still unclear.
Recent studies have suggested that autophagy plays a very important role in cell protection. Lysosome-associated membrane protein (LAMP) is an important mediator of the process of autophagy and lysosome fusion. Autophagy was inhibited, and the cells were re-sensitized to tamoxifen after LAMP3 knockdown (Nagelkerke et al., 2014). TAM-R cells have a higher level of autophagy than tamoxifen-sensitive cells, and inhibition of autophagy will improve the efficacy of TAM (Liu et al., 2019). Wang et al. (2019) found that the expression of the H19 gene was enhanced in TAM-R cells and that H19 was significantly related to the enhancement of autophagy in breast cancer cells. Knockout of the H19 gene could make breast cancer cells re-sensitized to tamoxifen.
Why does tamoxifen enhance autophagy and lead to drug resistance? It is well known that tumor cells need a lot of energy to maintain their growth and proliferation, and a significant amount of this energy comes from enhanced glycolysis (Kim and Dang, 2006). The use of tamoxifen has been found to be related to the energy metabolism of cells. It was found that the ATP level of breast cancer cells decreased after tamoxifen treatment. Moreover, the use of tamoxifen could lead to the upregulation of the expression of MTA1, which further destroys mitochondrial function, while drug-resistant cells meet their energy needs through enhanced autophagy (Lee et al., 2018; Das et al., 2019). We speculate that the enhancement of autophagy may be the result of the increased energy demand of tumor cells and the anti-stress response of tumor cells.
Many autophagy-related genes have been discovered, and many autophagy inhibitors have been developed to inhibit tamoxifen resistance. Cheng et al. (2019) found that the use of icariin significantly increased the apoptosis of TAM-R cells; more TAM-R cells remained in the G0/G1 phase, while S phase/G2 phase cells were significantly reduced. At the same time, the expression of cyclin D1, Bcl-2, LC3-1, LC3-II, AGT5, and Beclin-1 were all downregulated. Interestingly, the expression of Beclin-1 downregulates the estrogen signal, which is beneficial to overcoming the resistance to tamoxifen (John et al., 2008). Similarly, Qi et al. (2017) found that autophagy is beneficial to the survival of breast cancer cells, while Z-ligustilide, which inhibits autophagy, may be helpful to overcome the resistance to tamoxifen in breast cancer.
SEL is an antagonist of XOP1. Combined treatment with SEL and 4-OH tamoxifen downregulated the expression of AKT and activated autophagy by blocking the glycolysis pathway, leading to cell death (Kulkoyluoglu-Cotul et al., 2019). Moreover, the degree of autophagy and the expression of autophagy-related genes can be used to judge drug resistance and select the treatment method, which may be helpful for the treatment of ER-positive breast cancer patients in the future.
The relationship between tamoxifen and energy metabolism may become a key research direction in the future, and it is of great significance to control the apoptosis and proliferation of tumor cells and to restore the sensitivity to tamoxifen.
Progress and Future Direction of Tamoxifen Resistance in Breast Cancer
Endocrine therapy is extremely important for ER-positive breast cancer patients. It mainly includes selective estrogen receptor modulators (SERMs), estrogen receptor downregulated modulators (SERDs), and aromatase inhibitors (AIS). Tamoxifen is one of the SERMs (Ali et al., 2016).
To overcome the resistance to tamoxifen, an increasing number of methods have been studied. ASA can not only reduce drug resistance by blocking G0/G1 phase-resistant cells but also by inhibiting the phosphorylation of AKT (Cheng et al., 2017). Phosphodiesterase 4D (PDE4D) can block cAMP and downstream signaling channels, making cells resistant to tamoxifen. However, the level of cAMP in cells is increased and the phosphorylation level of AKT is decreased after the use of aspirin (Mishra et al., 2018).
In addition, NF-κB has been proven to be related to the resistance of tamoxifen. Li et al. (2019) found that aspirin inhibited the activation of NF-κB signaling, which contributed to overcoming the resistance of cells to targeted therapeutic drugs. Aspirin seems to be a feasible strategy to overcome tamoxifen resistance, and it is expected to provide a new direction to breast cancer treatment. In addition to ASA combined with tamoxifen, proteasome inhibitors (PIs) combined with endocrine therapy have also been proven to be beneficial to the sensitization of tamoxifen-resistant cells (Maynadier et al., 2016; Cheng et al., 2017).
Inhibiting kinases in the RTK pathway to overcome drug resistance is also considered to be a viable approach. For example, gefitinib, perifosine, or GnRH-I and GnRH-II analogs were used to inhibit AKT expression (Block et al., 2012). Giordano et al. (2011) found that the primary bile acid chenodeoxycholic acid (CDCA) can activate the farnesoid X receptor (FXR) and inhibit the expression of HER2. Quercetin has also been found to restore the sensitivity to tamoxifen by mediating the upregulation of ERα and the downregulation of HER-2 (Wang et al., 2015).
The combination of tamoxifen and gefitinib promoted the apoptosis of drug-resistant cells. Gefitinib inhibited the downregulation of ERα by EGFR and restored the sensitivity of cells to tamoxifen to a certain extent (Jeong et al., 2019). Interestingly, another study showed that gefitinib has no effect on the activity of breast cancer-resistant cells, while neratinib, another EGFR inhibitor, induced the apoptosis of resistant cells by inhibiting the EGFR and HER2 signaling pathways (Kim et al., 2015). In addition, the use of dichloroacetate can overcome tamoxifen resistance by downregulating EGFR (Woo et al., 2016). Therefore, further study is needed on the effect of EGFR inhibitors on tamoxifen-resistant cells.
Peptidyl-prolyl isomerase Pin1 participates in the development of drug resistance by inducing E2F-4. Interestingly, all-trans retinoic acid (ATRA), an inhibitor of Pin1, inhibits the drug resistance of cells mainly by inhibiting the ERK 1/2 and AKT pathways (Huang et al., 2019).
Inhibition of epithelial–mesenchymal transition (EMT)-like phenomena is also a direction to take to overcome drug resistance. In addition to LDHA inhibiting EMT-like phenomena, resveratrol can also inhibit EMT by inhibiting TGF-β and overcoming tamoxifen resistance. Interestingly, EGFR activation is also related to EMT-like phenotype change, which confirms that inhibition of EMT contributes to overcome tamoxifen resistance (Zuo et al., 2011; Shi et al., 2013; Das et al., 2019). The drugs that overcome tamoxifen resistance mentioned in this review are summarized in Table 2.
TABLE 2 | Summary of recent studies of drugs that may be helpful in improving tamoxifen resistance.
[image: Table 2]With the advances in science and technology, some new approaches have been developed to improve tamoxifen sensitivity. For example, the application of nanotechnology (Guney Eskiler et al., 2018; Kumar et al., 2018) and the benefits of cold atmospheric plasma (CAP) in overcoming drug resistance, etc. (Lee et al., 2017).
Early judgments about the possible efficacy of endocrine therapy is of great significance in clinical treatment. Therefore, some prognostic markers suggesting tamoxifen resistance have been identified (Putluri et al., 2014; Elias et al., 2015; Gwak et al., 2017; Shimoda et al., 2017; Gong et al., 2018). The discovery of these markers is conducive to making early judgments about endocrine therapy efficacy and predictions of recurrence, which is helpful for doctors when making appropriate changes to the treatment strategy.
CONCLUSIONS AND PROSPECTS
Tamoxifen plays an important role in ER-positive breast cancer patients. However, drug resistance limits its efficacy, illustrating the importance of overcoming tamoxifen resistance in breast cancer. Most methods to overcome breast cancer resistance are based on the mechanism of drug resistance, such as inhibition of the RTK pathway, upregulation of ERα36, and blocking protective autophagy, cell cycle regulators and EMT-like phenomenon. In addition, some new methods have broadened the field of vision to overcome the drug resistance of tamoxifen. For example, some drugs combined with tamoxifen can inhibit the development of drug resistance, and the development of some new technologies is conducive to reducing the drug resistance of tamoxifen, and some prognostic markers of tamoxifen resistance have been discovered.
Research on the relationship between autophagy, cell cycle regulators, and resistance to tamoxifen has made great progress in recent years. The enhanced autophagy in drug-resistant cells is mainly due to the destruction of mitochondrial function caused by tamoxifen, and drug-resistant cells meet their energy demand through autophagy. The methods to overcome drug resistance according to the autophagy mechanism are mainly limited in the current research to the inhibition of autophagy by autophagy inhibitors.
In addition to continuing to look for better autophagy inhibitors to overcome the resistance, we hypothesized that tamoxifen combined with other drugs that protect mitochondrial function can prevent enhanced autophagy and overcome the drug resistance of tamoxifen. This is a new idea to improve the drug resistance of tamoxifen, and there is little research in this area.
Moreover, by detecting the level of autophagy and the expression of autophagy-related genes, the level of cell resistance can be judged, and treatment can be formulated and changed accordingly, which may improve the clinical treatment of breast cancer.
Targeting LEM4 is a feasible research direction to overcome tamoxifen resistance in the future. It has been proven that the high expression of LEM4 in drug-resistant cells is an important mechanism involved in the attenuation of the inhibitory effect of tamoxifen on the G1–S transition. Targeting LEM4 will play a significant role in overcoming tamoxifen resistance.
Overall, the main direction to overcome tamoxifen resistance in the future is not limited to inhibiting the expression of pathways related to tamoxifen resistance but may focus more on cyclins related to tamoxifen resistance, targeting LEM4 and inhibiting autophagy.
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Drug resistance is a major challenge in breast cancer (BC) treatment at present. Accumulating studies indicate that breast cancer stem cells (BCSCs) are responsible for the BC drugs resistance, causing relapse and metastasis in BC patients. Thus, BCSCs elimination could reverse drug resistance and improve drug efficacy to benefit BC patients. Consequently, mastering the knowledge on the proliferation, resistance mechanisms, and separation of BCSCs in BC therapy is extremely helpful for BCSCs-targeted therapeutic strategies. Herein, we summarize the principal BCSCs surface markers and signaling pathways, and list the BCSCs-related drug resistance mechanisms in chemotherapy (CT), endocrine therapy (ET), and targeted therapy (TT), and display therapeutic strategies for targeting BCSCs to reverse drug resistance in BC. Even more importantly, more attention should be paid to studies on BCSC-targeted strategies to overcome the drug resistant dilemma of clinical therapies in the future.
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INTRODUCTION
Breast cancer (BC) is one of the most common cancers diagnosed among women and ranked as the second cause of cancer-related death among women, after lung cancer (DeSantis et al., 2019; Siegel et al., 2019). There are various types of BC therapeutic strategies, such as breast surgery, radiotherapy (RT), chemotherapy (CT), endocrine therapy (ET), targeted therapy (TT), and others, which are based on the types of tumor pathologies. For example, breast-conserving/mastectomy surgery and adjuvant CT are applied to treat early BCs. Antitumor drugs are utilized alone or in combination to reduce the risk of BC recurrence. For ERα-positive and Her2-positive tumors patients, hormone therapy and targeted therapy, respectively, conduce to significant prognosis improvements. Additionally, chemotherapy is considered the best option in advanced triple-negative BC (TNBC). These treatment options have contributed to a BC death rate decline over the past three decades (DeSantis et al., 2019). Hence, therapies improvement is a milestone in BC therapy.
However, many BC patients still experience poor drug response and tumor recurrence in clinical observation (Harbeck and Gnant, 2017). Some BC cells exhibit intrinsic drug-resistance, while others are initially drug-sensitive, but acquire resistance to anticancer drugs (Abad et al., 2020). These drug failures are considered as chemoresistance in BC cells, owing to the survival of a special population of heterogeneity cells in tumors which possess drug-resistance features (Eiro et al., 2019). These heterogeneity cells are known as residual disease and can eventually lead to recurrence (Figure 1).
[image: Figure 1]FIGURE 1 | Self-renew in BCSCs. (A) Anticancer drugs are often utilized for treat BC, efficiently targeting breast cancer cells (BCCs) (blue cells), but not BCSCs (orange cells). The residual stem-like cell populations can drive a more aggressive BC and trigger recurrence. (B) BCSCs can form a new tissue by the balance of renewal and divisions.
Cancer stem cells (CSCs), which were discovered and developed over the past decades, play a major role in drug-resistance and relapse of solid tumors (Reya et al., 2001; Clarke et al., 2006). Besides drug-resistance, previous studies have showed that cancer initiation (Barker et al., 2009), progression (Lytle et al., 2018), and metastasis (Oskarsson et al., 2014) could also be induced by CSCs (Nalla et al., 2019). CSCs play a similar role in BC. Al-Hajj first isolated BC stem cells (BCSCs) with specific markers (EpCAM+/CD44+/CD24-) which have the potential to lead to bulk tumors in vivo (Al-Hajj et al., 2003). Targeting BCSCs, in any hypotype of BC: luminalA, luminalB, human epithelial growth factor receptor 2 (HER2) overexpression, or TNBC, is the key therapy approach to reverse drug resistance (Dey et al., 2019). Therefore, we need to understand the role of BCSCs in drug-resistance mechanisms, which will overcome the drug-resistance problem and promote BC prognosis.
Here, first we summarize the BCSC markers and signaling pathways that are possible therapeutic targets for drug resistance. More importantly, we focus on the mechanism of resistance to specific drugs, such as anthracycline, taxane, tamoxifen, trastuzumab, among others. Lastly, novel studies about emerging therapies of reversing drug resistance by targeting BCSCs are discussed. We insist that the important breakthroughs in the field of BCSCs research will help researchers effectively find and target BC resistance mechanism and, ultimately, help patients achieve a favorable prognosis.
CENTRAL SURFACE MARKERS IN BREAST CANCER STEM CELLS
BCSCs surface biomarkers are utilized for identifying or isolating BC. However, emerging studies show that different surface markers determine different BCSCs (Dey et al., 2019; Sridharan et al., 2019); the functions of BCSCs are based on the type of markers they contain. The key surface markers of BCSCs and their functions in BC are listed in Table 1. Novel drugs are being designed to target these markers for regulating the activation of BCSCs in order to achieve an efficient response to anti-BC treatment (Figure 2). Thus, we list the central surface markers in BCSCs and their known functions in BCSCs regulation.
TABLE 1 | The BCSCs Surface markers in significant literatures.
[image: Table 1]TABLE 2 | Resistance mechanisms for major drugs in BC therapy.
[image: Table 2][image: Figure 2]FIGURE 2 | Effective drugs delivery system in BCSCs. Nanoparticles, which modified by surface markers (CD44, CXCR4) ligands and intracellular molecular (micro RNAs, ALDH1) ligands, loaded with anti-cancer drugs, efficiently targeting BCSCs. The delivery system shows effectively reversal of drug resistance through dual inhibition of BCSCs via repressing both ex- and intracellular tumorigenic markers.
CD44
CD44 was initially used to isolate BCSCs from tumors. Meanwhile, BC cells with an overexpression of CD44 marker, known as BC-initiating cells (BCIC), showed tumorigenic ability in vivo (Ponti et al., 2005). CD44 is a cell membrane receptor for hyaluronan acid (HA) (Bourguignon et al., 2004). HA-CD44 interaction play an important role in inhibiting metastasis (Lv et al., 2018a; Bourguignon, 2019), reversing drug resistance (Liu J. et al., 2019), and suppressing invasion (Sarkar et al., 2019) among BC cells. For instance, The binding of CD44 and HA activated c-Src-Twist/miR-10b/RhoGTPase-ROK signaling, that are associated with the activation of the PI3K/AKT-dependent invasion and metastasis in cancers (Bourguignon et al., 2010). Furthermore, the high expression of CD44 is essential for BC multidrug resistance by regulation of the chemoresistance receptor through stimulation of signal transducer and activator of transcription 3 (STAT3) pathway (Louderbough and Schroeder, 2011). Moreover, the interaction of the cleaved product of CD44 (CD44ICD) and cAMP-response element binding protein (CREB) can up-regulate fructose-2,6-bisphosphatase 4 (PFKFB4) expression, which activates glycolysis and impoves BC stemness (Gao et al., 2018). CSCs are associated with tumor metastasis and invasion.
Conversely, CD44 is also utilized as a targeting marker of HA-drug-nanocomposite complex. The combination of HA and docetaxel (DTX), loaded in polymeric nanoparticles (NPs), improved the effect of drug delivery by targeting CD44+high BC cells (Gaio et al., 2020). Similarly, a HA-NPs complex loaded with paclitaxel (PTX) was well designed to target CD44 for improvement of chemotherapeutic effects in metastatic cancer (Lv et al., 2018b). These results demonstrate the important role of CD44 in BC stemness, invasion, metastasis, and drug resistance. We should aim at significantly reversing drug resistance through the use of nano-drug combinations, improving drug efficacy, and ultimately, ensuring a favorable prognosis.
CD133
CD133, known as Prominin-1, is independently expressed on the surface of stem cells and various tissue tumor stem cells. Similar to CD44, CD133 BC cells show stem-like properties and are found to be enrich in basal-like, triple negative, HER2+ or luminal tumors (Borgna et al., 2012).
xenograft-initiating CD44posCD49fhighCD133/2high cells among ER-negative tumors were capable of forming ER-negative tumors (Meyer et al., 2010), supporting the evidence that CD133 is an identifier molecule for BCSCs with high aggressive properties.
The accumulation of CD133high BCSCs aggravated BC and tended to induce drug-resistance (Bousquet et al., 2017), proliferation (Brugnoli et al., 2017), vasculogenic mimicry (Liu et al., 2013), invasion, and metastasis (Bock et al., 2014). For instance, heterogeneous BC cells with CD133 marker displayed resistance to drugs and the potential to form a mass in NOD/SCID mice (Wright et al., 2008). Moreover, CD133high BCSCs were enriched in the tumors of hormonal therapy (HT)-resistant BC, forming metastatic luminal BC by self-renewal during HT (Sansone et al., 2016). The capability of self-renewal can be switched through re-expression of estrogen receptor (ER) by inhibition of IL6R/IL6-Notch pathways (Sansone et al., 2016). Furthermore, a ribonucleoprotein complex (LncRNA MALAT1 and HUR) down-regulated the expression of CD133+ phenotype and inhibited the stem cell properties of BCSCs, leading to tumorigenesis and metastasis failure both in MCF-7 and MDA-MB-231 (Latorre et al., 2016), revealing the indirect mechanism of CD133 and drug resistance in BC.
Recently, a novel CD133-targeting drug delivery system that uses nanoparticles loaded with drugs was reported. An anti-CD133 antibody into nanoparticles loaded with paclitaxel, increased the accumulation of paclitaxel in CD133+ cells, decreased the population of BCSCs, and inhibited the tumorigenic ability in vivo (Swaminathan et al., 2013). This implies that CD133-targeting will contribute to the development of BCSC-targeting therapeutics to reverse drug resistance.
EpCAM
EpCAM, a type I transmembrane glycoprotein, is known as a phenotype of epithelial tumors and is overexpressed in BCSCs (Munz et al., 2009). EpCAM can promoting BCSCs survival through the activation of Wnt/β-catenin signaling pathway (Sena and Chandel, 2012). It can also promote adhesion between epithelial cells, playing an important role in migration and metastasis. For example, EpCAM+ disseminated tumor cells (DTCs), isolated from the peripheral blood of BC patients, contained a class of metastatic initiating BC cells that could cause bone, lung, and liver metastases in NOD-SCID mice (Baccelli et al., 2013). Moreover, EpCAM still plays an important role in reversing resistance. For instance, Survivin silencing, mediated by EpCAM aptamer, can make BCSCs sensitive to doxorubicin, leading to the reversal of resistance, which indicates that this novel strategy is an effective method to reverse drug resistance in BC (Wang T. et al., 2015).
ALDH1
ALDH1 is an NAD(P)+ dependent enzyme that mediates the oxidation of intracellular aldehydes into carboxylic acids. ALDH1 acts as a common marker of both normal and malignant breast stem cells, especially in BCSCs. ALDH1-high activity is an independent predictor of progression and poor survival of BC patients (Ginestier et al., 2007). Moreover, CD44+/CD24−/ALDH1+ MDA-MB-231 and CD44+/CD133−/ALDH1+ MDA-MB-468 BC cells demonstrated stronger tumorigenic and metastatic capabilities than ALDH1lowCD44low BC cells (Croker et al., 2009).
However, ALDH activity of BCSCs was mainly dependent on ALDH1A3, rather than on ALDH1A1 (Marcato et al., 2011), further enhancing the understanding of specific targets of BCSCs. The main explanation for this difference is that the expression level of ALDH1A1 in breast epithelial cells is lower than that of ALDH1A3. The strong association between LDH1A3 high expression and metastasis in BC patients was also reversed to confirm the importance of ALDH1A3 in BC. Contrarily, NOTCH signaling pathway increased ALDH1A1 Lys-353 deacetylation at a post-translational level through the induction of silent information regulator 2 (SIRT2) expression, promoting tumorigenesis and tumor growth in a BC model (Zhao et al., 2014). Conversely, inhibition of ALDH activity resulted in drug (doxorubicin/paclitaxel) resistance reversal in ALDHhigh CD44+ BCSCs (Croker and Allan, 2012). Therefore, these studies reveal that ALDH1 not only can be utilized to distinguish BCSCs, but also as a potential therapeutic target for drug resistance reversal in BC. ALDH1 regulation might be useful in explaining drug resistance in further research.
CXCR4
As a specific receptor of stromal cell-derived factor-1 (SDF-1), CXC chemokine receptor 4 (CXCR4) is essential for BCSCs-related metastasis. The SDF-1/CXCR4 signaling pathway mediates the role of promoting the directional metastasis of CXCR4+ BCSCs. Both antibody neutralization and CXCR4 knockdown inhibited the proliferation of orthotopically transplanted breast tumor and metastasis (Muller et al., 2001). Non-metastatic BCSCs promote the transformation of non-BCSCs to CXCR4+ BCSCs in BC tissues (Mukherjee et al., 2016). Besides, CXCR4+ BCSCs displayed decreased vimentin and increased E-cadherin, indicating the occurrence of epithelial-mesenchymal transitions (EMT). These findings demonstrate that CXCR4+ BCSC triggered EMT-related metastasis.
BC metastasis is closely related to drug resistance, so CXCR4 may be a key factor of reversins drug resistance. CXCR4 is also closely related with tumor microenvironmental changes. CXCR4 is highly expressed in BC metastases; thus, I.X. found that suppressed CXCL12/CXCR4 signaling pathway or silenced CXCR4 in BCSCs sensitizes BC to immune checkpoint blockers, inhibiting metastasis reversing drug-resistance in BC (Chen I. X. et al., 2019). In a similar mechanism, DPP-4 inhibitors were found to reverse drug-resistance via ABC transporters-mediated CXCL12/CXCR4/mTOR/TGFβ axis in BC cells (Li et al., 2020). An innovative strategy, consisting of an oncolytic virus loaded with a CXCR4 antagonist, was utilized for targeting the CXCL12/CXCR4 signaling pathway, being remarkably effective in primary and metastatic BC (Gil et al., 2013). Furthermore, the activation of SDF-1/CXCR4 signaling pathway can increase the phosphorylation of 60 proteins with migration or invasion properties in BC, which might be key mediators for CXCR4-induced BCSCs proliferation (Yi et al., 2014). These evidences emphasized CXCR4 as a therapeutic target to inhibit microenvironment-induced stemness and the appearance of metastatic phenotypes and made it possible to eradicate the activation of CXCR4-related signaling pathway, decreasing the proportion of CXCR4+ BCSCs.
ABCG2
As a known drug-resistant protein, ABCG2 is highly expressed in BC resistant cells, especially in resistance-related BCSCs. Sun found that stem-like CD44+CD24−/low cells isolated from several BC cell lines, such as SK-BR-3, MDA-MB-231, and MCF-7 displayed a higher expression of ABCG2 than non-stem cells (Sun et al., 2015). Furthermore, ABCG2 is considered to be a more effective surface marker for BCSCs identification than CD44+CD24− (Leccia et al., 2014). Moreover, several pieces of evidence have highlighted ABCG2 as a therapeutic target to overcome BC multidrug resistance. For instance, downregulation of either Rab5A or Rab21 increases surface expression of ABCG2 and efflux of intracellular drugs, reversing BC drug-resistance (Yousaf and Ali, 2020). Moreover, it has also been demonstrated that drug resistance can be reversed by ABCG2 modulators at a molecular level (Hasanabady and Kalalinia, 2016; Pena-Solorzano et al., 2017). However, few small molecule modulators have shown to be effective in preclinical trials. Therefore, the role of ABCG2 inhibitors in reversing resistance by mediating BCSCs should be re-examined and more in vivo evidence should be presented.
GD2
GD2, a b-series ganglioside, is another cell membrane phenotype of BCSCs. Indeed, GD2+ BC cells, isolated from either BC cell lines or clinical tumor tissue in BC patients, show stemness. Meanwhile, it has been revealed that GD2+ cells, human mammary epithelial cells-derived GD2+ cells, were highly CD44+CD24− (Battula et al., 2012). GD3 synthase, a rate-limiting enzyme, regulates the synthesis of GD2 and is considered a kind of therapeutic target for BCSCs. GD3S was positively correlated with the expression of GD2+ in BCSCs, and the low expression of GD3S not only resulted in the decreased expression of GD2+, but also disrupted EMT-mediated tumor formation ability of BC cells (Liang et al., 2017). Consistently, another study indicated that the high expression of GD3S was closely associated with the activation of nuclear factor kappa-B (NF-κB) in GD2+ BCSCs. The Inhibition of NF-κB signal can significantly reduce the expression of GD3S and the proportion of GD2+ BCSCs, abolishing the capability of BCSCs to metastasize (Battula et al., 2017). Based on the correlation between BCSCs, GD3S, and GD2, the development of GD3S-related signals as a novel therapeutic target may induce BCSCs to reverse drug resistance.
CENTRAL SIGNALING PATHWAYS IN BREAST CANCER STEM CELLS
As mentioned above, surface markers play an important role in maintaining the stemness of BCSCs, but they can't work independently of intercellular signaling pathways. Here, we continue to describe the activation of several key intracellular signaling pathways in BC, as a result of gene mutation, epigenetic modifications, or tumor microenvironment changes, which generate drug resistance-related BCSCs. Therefore, understanding the relevant pathways can contribute to better understand the characteristics of BCSCs and determine the research direction of reversing drug resistance targeted therapy. Major mechanisms of drug resistance in BCSCs are shown in Figure 3
[image: Figure 3]FIGURE 3 | Major mechanisms of drug resistance in BCSCs. Drug resistance is not only a result of the activation of the self-renewal (Notch and Hh signaling pathway) and anti-apoptotic (PI3K/AKT/mTOR signaling) in BCSCs, but also a consequence of the promotion of metastasis (EMT and Wnt/β-catenin signaling pathway), anti-oxidative activity (NRF2 signaling) and ATP-binding cassette (ABC) transporter (ABCG2) activity in BCSCs.
Notch Signaling Pathway
Notch signaling pathway is one of the regulative mechanisms of BCSCs’ self-renewal and survival. Cytokine IL-6 regulates Notch signaling, and the increase of IL-6 was detected in BC treated with HT, activating the Notch3 signaling in BC cells. The activation of Notch3 signaling enables BC cells to self-renew instead of the ER-dependent survival mechanism, thus impacting clinical efficacy of HT. However, inhibiting Notch signaling significantly reduced the self-renewal ability of CD133highERlow BCSCs in HT-resistant cells (Sansone et al., 2016). Similarly, another study indicated that the combination of MK-0752 (gamma secretase inhibitors) and Tocilizumab (IL6R antagonist) remarkably decreases the proportion of BCSCs and inhibits cell proliferation or tumor growth in BC, through Notch3 signaling pathway (Wang D. et al., 2018).
Moreover, emerging evidence suggested that BCSCs mediate drug resistance in BC through Notch-related signaling pathway. For example, the activation of Notch signaling pathway promotes the appearance of stem cell phenotype in ERα/ESR1+ BC cell lines and causes drug resistance to ET for BC (Gelsomino et al., 2018). Consistently, the activation of JAG1-NOTCH4 signaling pathway stimulates BCSCs activity and generates anti-estrogen resistance in BC (Simoes et al., 2015). In particular, Notch1 also mediated trastuzumab resistance in BCSCs by inhibiting PTEN expression to cause the activation of ERK1/2 signaling. Notch1-PTEN-ERK1/2 signaling might be a target for the novel therapy strategies of combining anti-Notch1 and anti-MEK/ERK to reverse trastuzumab resistance (Baker et al., 2018).
Wnt/β-Catenin Signaling Pathway
Wnt/β-catenin signaling pathway also plays an important role in BCSCs self-renewal. A previous study has shown that Wnt/β-catenin signaling pathway was deemed as a key mechanism of Sam68- mediated self-renewal in BC cells (Wang L. et al., 2015). Another study displayed that Gomisin M2 remarkably inhibited BCSCs self-renewal by suppressing the Wnt/β-catenin signaling pathway (Yang Y. et al., 2019). Compared to other cells, the higher level of Wnt/β-catenin signaling pathway contributes to the high resistance level of BCSC. CWP232228, a small-molecule of Wnt/β-Catenin inhibitor, suppressed the proliferation of BCSCs by inhibiting β-catenin-mediated transcription (Jang et al., 2015). Furthermore, this result implied that Wnt/β-catenin might indirectly regulate drug resistance by BCSCs self-renewal or proliferation, promoting Wnt/β-catenin as a therapeutic target for BCSCs therapy in the future.
PI3K/AKT/mTOR Signaling Pathway
The activation of the phosphatidylinositol 3-kinase (PI3K)-related signaling pathway in BCSCs was reported in recent years and can be contribute to drug resistance in BC. Mounting evidence demonstrated that PI3K/AKT/mTOR signaling pathway has an important role on ET-resistance in ER+ BC (Droog et al., 2013; Ojo et al., 2015). PI3K/Akt/mTOR signaling pathway induces BCSCs metastasis by CD44 regulation. Moreover, the interaction of PI3k and Wnt/β-catenin signaling maintain the self-renewal and stemness abilities of BCSCs (Solzak et al., 2017).
Impressively, inhibition of PI3K/AKT/mTOR signaling pathway reduces BCSC survival and self-renewal. In other words, the inhibitors of PI3K/AKT/mTOR signaling pathway impact the activity of BCSCs. For instance, IGF-1R, a stemness marker, is associated with BC disease progression. Inhibitors of IGF-1R and its downstream PI3K/Akt/mTOR signaling pathway reduced the population of BCSCs. Therefore, IGF-1R/PI3K/Akt/mTOR signaling pathways are favorable targets for the treatment of BCSCs (Chang et al., 2013). Indeed, rapalogs, such as NVP-BEZ235 and NVPBGT226, were utilized as inhibitors of both PI3K and mTOR. Meanwhile, the inhibition of PI3K by rapalogs could stimulate GLP1-mediated stem-like features in BC cell lines, as the BCSCs generated imply rapalogs resistance in BC (Posada et al., 2017). Hence, future research is necessary to elucidate the relationship between the distinct mechanisms of drug resistance and the regulation of PI3k-mediated BCSCs.
Hedgehog Signaling Pathway
The activation of Hh signaling pathway is essential to balance tissue homeostasis and self-renewal in BC. Generally, Hh signaling pathway is up-regulated in BCSCs, which may be involved in stemness maintenance. However, there are few pieces of evidence to understand the abnormal activation of Hh signaling pathway in BCSCs. Interestingly, SHH (Sonic Hedgehog), secreted by BCSCs, regulated cancer-associated fibroblasts (CAFs) via the activation of Hh signaling (Valenti et al., 2017), promoting BCSCs proliferation and self-renewal. Furthermore, Shh (Sonic Hedgehog)-mediated Hh signaling activation gives rise to salinomycin resistance (He et al., 2015). Conversely, inhibition of the Hh signaling pathway could sensitize BCSCs to paclitaxel by cyclopamine (He et al., 2015). So far, rare inhibitors of Hh signaling pathway were applied to regulate BCSCs. Thus, further studies on the activation mechanisms of Hh signaling pathway-related stemness maintenance or resistance in BCSCs are needed to identify drugs that target Hh signaling pathway for reversing drug resistance.
RESISTANCE TO CANCER THERAPY
Resistance to Chemotherapy
Chemotherapy is an important part of BC routine treatment. Effective neoadjuvant chemotherapy helps patients to reduce tumor burden and clinical stage and provides opportunities for breast conserving surgery. Moreover, accumulating evidence indicated that advance BC patients benefit from chemotherapy. However, recent studies showed that the phenomenon of BCSCs enrichment occurs after chemotherapy in BC. Therefore, we focus on various chemotherapeutic drugs, listing the specific relationship between BCSCs and drugs, understanding the mechanism of chemotherapy resistance and summarizing the potential therapeutic strategies to reverse drug resistance.
Paclitaxel Resistance
Paclitaxel, a microtubule stabilizer, is widely used in BC clinical chemotherapy. It can keep the cells in the G2/M phase to inhibit the cell cycle (Horwitz et al., 1986). Unfortunately, paclitaxel resistance is becoming a clinical challenge in BC treatment. The mechanisms of paclitaxel resistance are the following. First, paclitaxel-resistant cells have the mutant microtubule binding sites, which can impact tubulin expression. Mutations in microtubule-related proteins (e.g., βI-tubulin (Giannakakou et al., 1997) and βIII-tubulin (Magnani et al., 2006)) contributed to paclitaxel resistance. Secondly, the expression of transporters, such as ATP-binding cassette transporter MDR-1/P-gp (ABCB1) (Genovese et al., 2017), BCRP (ABCG2) (Arnason and Harkness, 2015; Robey et al., 2018), which are required for paclitaxel resistance, is abnormal. Paclitaxel-resistant cells exhibit stem-like properties (Bumbaca and Li, 2018). Some scholars insist that tumor stem cells can resist to chemotherapy, and that a higher expression of CD44+/CD24- tumors displayed greater resistance to neoadjuvant chemotherapy (Creighton et al., 2009; Marotta et al., 2011). Recently, Tanei found that ALDH1 is enriched in chemotherapy resistance cells (Tanei et al., 2009). Interestingly, ALDH1 and CD44 were utilized as important surface markers to isolate BCSCs.
Recently, with the going research between BCSCs and paclitaxel resistance, scientists often focus on the biological metabolism of BCSCs with a unique perspective. Lee discovered that the interaction of MYC and MCL1 regulated the production of reactive oxygen species (ROS) and participated in mitochondrial oxidative phosphorylation (OXPHOS), further activating the HIF-dependent hypoxia pathway and enhancing the enrichment of BCSCs and paclitaxel resistance (Lee et al., 2017). Similarly, the laboratory of Dr. Samanta investigated and verified that, after paclitaxel or gemcitabine chemotherapy, BCSCs increased activity and expression of HIF-1α and HIF-2α through the paclitaxel-ROS-HIF-IL-6/IL-8 axis after chemotherapy (paclitaxel or gemcitabine) (Samanta et al., 2014). Consequently, HIF-mediated downstream signaling pathways will become a crucial target for paclitaxel resistance in BCSCs. Ultimately, IL-6 and IL-8, paclitaxel-induced, increased BCSCs enrichment and drug resistance through the STAT3 (Marotta et al., 2011) and TGF-β pathways (Bhola et al., 2013), respectively. Thus, the intrinsic relationship between STAT3 signaling and TGF-β pathway can also be an important target to regulate BCSCs to reverse drug resistance. In summary, paclitaxel resistance is not only related to its unique metabolic pathway, but also to the biological behavior of BCSCs.
Anthracyclines Resistance
Anthracyclines, inhibitors of topoisomerase II (TOPO II), are a broad-spectrum chemotherapy drugs, including doxorubicin and epirubicin, which are widely used in BC chemotherapy. Nevertheless, the emergence of drug resistance often caused the failure of anthracyclines chemotherapy. Emerging studies have shown that anthracyclines could exhibit different drug resistance patterns in different parts of cells (Capeloa et al., 2020): on the cell envelope, ATP-binding cassette transporter can decrease the concentration of intracellular anthracyclines (Gottesman et al., 2002; Sun et al., 2015). In the cytoplasm, alterations in apoptosis (Gyorffy et al., 2005) and autophagy (Liu et al., 2011; Sun et al., 2011) pathways impact the cytotoxic effects of anthracyclines in the cytoplasm; in the nucleus, gene mutations regulate the expression and activation of TOPO II, inhibiting the effect of anthracyclines-induced DNA damage and promoting anthracyclines resistance (Press et al., 2011; Wijdeven et al., 2015). These resistance-related proteins or pathways above are affected by metabolism. Thus, anthracyclines metabolism impacts the sensitivity of BC to anthracyclines. Many CD44+ or CD133+ BCSCs are enriched in tumors under anthracyclines therapy in BC (Jia et al., 2016). Other studies have shown that BCSCs could effectively remove DNA damage caused by chemotherapeutic drugs (Nicolay et al., 2016), and that the dysregulation of Annexin A3 (ANXA3) changed the sensitivity of BCSCs to doxorubicin (Du et al., 2018). These evidences support the role of BCSCs in anthracyclines resistance, and further studies on the therapeutic targets of BCSCs to reverse anthracyclines resistance should be performed.
Platinum Resistance
Platinum is one of the most common drugs for advanced BC because of its DNA-damaging properties. It interacts with DNA at guanine and adenine nucleotides to form Pt−DNA nonfunctional adducts that destroy double-stranded the DNA template and inhibit the division of tumor cells. However, platinum is not considered an option if progression of disease occurs during platinum‐based chemotherapy. Unfortunately, only 47% of advanced BC patients are sensitive to platinum drugs (Sledge et al., 1988). Fortunately, mounting studies show that platinum resistance is associated with BCSCs. For instance, Disulfiram could improve the cytotoxic effect of cisplatin by reversing BCSCs-mediated cisplatin resistance. Meanwhile, Disulfiram exhibited difference ability to eliminate ROS between BCSCs and non-BCSCs (Yang Z. et al., 2019). Coincidentally, more than one researcher suggested that the stem-like BC cells are modulated by ROS (Nguyen et al., 2020; Nourbakhsh et al., 2020). These results implied that ROS could affect platinum resistance by regulating BCSCs. Besides, Xu proposed that IL‐6 enhances resistance to cisplatin via the activation of STAT3 pathway in BC (Xu et al., 2018). Although STAT3 has been shown to induce BCSCs, it is unclear that IL6/STAT3 signaling pathway may affect the resistance to platinum by BCSCs modulation.
Capecitabine Resistance
Capecitabine is commonly used as a chemotherapy drug for advanced second-line BC. The cytotoxic effect of capecitabine is triggered by 5'-furan and thymidine phosphorylase. Therefore, low activity of thymidine phosphorylase led to capecitabine resistance in tumor tissues (Ishikawa et al., 1998). However, few pieces of evidence indicated the relationship between BCSCs and capecitabine resistance as the consequence of capecitabine metabolism complexity.
Based on clinical observations, multidrug resistance is the main form of chemotherapy resistance. For example, paclitaxel-resistant BC often shows resistance to anthracycline at the same time (Lee et al., 2006). The main reason is that ATP-binding box transporters take part in both paclitaxel and anthracycline metabolisms, increasing the expression of drug-resistant proteins, such as MDR-1 (Genovese et al., 2017). Meanwhile, studies found that BCSCs that have DNA mismatch repair function ability, caused resistance to both anthracycline and platinum chemotherapy, but failed to resist to paclitaxel (Fedier et al., 2001). In brief, multiple pathways in BCSCs regulated the activation of metabolism and induced resistance to multiple chemotherapeutic drugs in BC, such as paclitaxel, anthracyclines, platinum, and capecitabine. Thus, it is expected that highly effective drugs targeting BCSCs emerge as a new therapeutic strategy for multi-chemotherapeutic resistance.
Resistance to Endocrine Therapy
Endocrine therapy (ET) is a highly effective treatment for estrogen receptor (ER) positive BC by blocking ER pathway and depriving the tumor of estrogen (Howell, 2008). As a matter of fact, the ER signaling pathway is a complicated biological pathway that regulates many functions, such as cell proliferation, invasion, and angiogenesis, and is used as a crucial survival pathway by BC cells (Manavathi et al., 2013). Different endocrine therapies work by various mechanisms, which can be divided into three different categories: selective estrogen receptor modulators (SERMs), aromatase inhibitors (AI), and CDK4/6 inhibitors. Currently, evidence continues to show that BCSCs are responsible for tumor evolution and play a crucial role in achieving ET resistance (Dey et al., 2019; Rodriguez et al., 2019).
Tamoxifen Resistance
Tamoxifen is one of the most famous selective ER modulators, which can antagonize the effects of estrogen and bind in the ER pathway to some particular target genes (Frasor et al., 2004). Thereby, adjustment of each element or transcription in ER pathway can mediate resistance to endocrine treatment by modulating ER activity or by acting as an escape pathway. Primitively, the increase of BCSCs in advanced BC indicated their potential role in tumorigenesis and tamoxifen resistance (Pece et al., 2010). Further, recent studies demonstrated that tamoxifen resistant MCF-7 (TAM-R) cells contained a higher proportion of BCSCs than non-resistant cells (Wang et al., 2012). Therefore, we speculate that BCSCs may play an important role in endocrine resistance, and accumulating studies have confirmed this.
Recent studies provide more direct evidence on BCSCs participating in tamoxifen resistance through some important pathways. The ER signaling pathway functions as a major mechanism responsible for tamoxifen resistance. The expression of ER splicing variants, such as the estrogen related receptors and the identified short variant ERα36, have also contributed to a poor tamoxifen response (Zhang and Wang, 2013). Although considered ERα negative, BCSCs can still be stimulated by estradiol via paracrine mechanisms. A study also showed that ERα could mediate the rapid estrogen signaling in BCSCs and enhance transcription of genes related to stem cells (Gelsomino et al., 2018). ER could also promote the development of BCSCs via a crosstalk with Sox2 (Zhang Y. et al., 2012). In return, Sox2 could promote the non-genomic estrogen-stimulated activity of ER, thus inducing ER phosphorylation at Ser118 site (Zhang Y. et al., 2012; Vazquez-Martin et al., 2013). In fact, phosphorylation, ubiquitination, and other post-translational modifications of ER and its co-regulators affect the sensitivity to different endocrine therapies (Musgrove and Sutherland, 2009). However, the role of estrogen receptors β (ERβ) in BCSCs is still partly unclear, requiring further experiments to explore its relationship with endocrine resistance and BCSCs.
Another important category of pathways involved in endocrine resistance is the growth factor family. Up-regulation of EGFR, HER2, FGFR, and IGF1 receptors (IGF1R) could activate the downstream signaling pathway, especially PI3K pathways, causing tamoxifen resistance (Chakraborty et al., 2010; Arpino et al., 2008). Lately, using gene expression analysis, it was revealed that the activation of the PI3K/AKT/mTOR pathway and the inactivation of the PTEN tumor suppressor were the major alterations in MCF7 cell-derived BCSCs-enriched cells, compared to non-enriched cells. Down-regulation of PI3K, AKT1 and PI3K/mTOR reduced the self-renewal and survival of BCSCs in vitro and their tumor initiation and self-renewal ability in vivo (Gargini et al., 2015). In general, these data suggest that some regulators, such as IGF1R and PI3K, may be potential targets to recover the resistance to tamoxifen by restraining BCSCs survival and activity.
Alterations in genes involved in stemness-related pathways, such as Wnt/β-catenin, Notch, and Sonic Hedgehog, have been proven highly effective in acquiring tamoxifen resistance. According to recent studies, activation of Wnt and Notch signaling pathways induced tamoxifen resistance and promoted BCSCs activity in MCF-7 (TAM-R) cells, while inhibition of these pathways abolished the resistance (Magnifico et al., 2009; Loh et al., 2013; Lombardo et al., 2014), supporting the important role of BCSCs in endocrine-independent and TAM-resistant proliferation. Furthermore, clinical data demonstrated that upregulation of the HH signaling was related with a reduction in overall survival and recurrence-free survival in estrogen receptor positive BC patients, even leading to tamoxife resistance (Ramaswamy et al., 2012). By contrast, the stem cell-like population, cell migration, and invasion declined greatly by the inhibition of the HH signaling, thus preventing the progress of tamoxifen resistance (Ramaswamy et al., 2012). Collectively, accumulating evidence reveals complicated mechanisms with overlapping networks of tamoxifen resistance, which partly results from BCSCs-induced evolution, regulated by Notch, Wnt/β-catenin, HH, and other crucial signaling pathways.
Fulvestrant Resistance
Fulvestrant, a new kind of ER downregulator, can effectively reduce the level of ER in BC cells (Dowsett et al., 2005). Actually, fulvestrant was identified as an effective antagonist to endocrine-sensitive BC after failure of previous tamoxifen or aromatase inhibitor therapies (Howell and Robertson, 1995). Although the detailed mechanisms of fulvestrant resistance remain unclear, some pathways, including EGFR/ErbB2, MEK/ERK, NF-kB, PI3K-AKT, and β-catenin, have been associated with development of fulvestrant resistance (McClelland et al., 2001; Gu et al., 2002; Fan et al., 2006). It is interesting that these proteins and pathways are also correlated with the induction and maintenance of BCSCs (Hardt et al., 2012; Harrison et al., 2013; Luo et al., 2015; Majumder et al., 2016). Therefore, we speculate that BCSCs may mediate fulvestrant resistance through these pathways, but further evidence is needed to prove this.
Studies showed that resistance was associated with G protein-coupled estrogen receptor-1 (GPER) and CDK6 overexpression (Giessrigl et al., 2013; Alves et al., 2016). GPER, mediating estrogen-induced proliferation breast epithelial cells, is also essential for the survival of BCSCs (Chan et al., 2020). Recently, a study showed that microRNA-221 contributed to fulvestrant resistance via activation of β-catenin in BC and promoted the generation of BCSCs, stimulating the production of an invasive phenotype that predicts adverse outcomes (Roscigno et al., 2016). Unfortunately, few studies on fulvestrant resistance have been reported; however, the relationship between fulvestrant resistance and BCSCs may become clearer with future research.
Aromatase Inhibitors Resistance
Aromatase inhibitors (AIs) can inactivate aromatase, block aromatase reaction, inhibit estrogen production, and reduce estrogen levels in the blood, being an ideal ET drugs for ER+ BC in postmenopausal women. Three AIs, such as exemestane, letrozole, and anastrozole, exhibited similar resistance mechanisms in ET (Francis et al., 2015). Besides, AIs could modulate the action of androgen through the androgen receptor (AR) as well, thereby inhibiting estrogen-dependent BC growth (Macedo et al., 2006; Takagi et al., 2010). The application of AIs greatly reduced the risk of BC recurrence among postmenopausal women (Magnani et al., 2013). However, AIs resistance inevitably reduces clinical benefits. Multiple mechanisms contribute to AI resistance, involving either estrogen-independent ER growth or ER-independent activation. Among these, the PI3K pathway is a significant therapeutic target. A previous study revealed that these BCSCs showed low ER expression and the activation of PI3K signaling pathway (Hardt et al., 2012), both of which eventually led to AIs resistance (Marsden et al., 2009). Actually, the alpha-specific PI3K inhibitors, such as buparlisib, alpelisib, and taselisib, were currently utilized as novel drugs for AIs-resistant BC in phase III clinical trials (NCT02437318, NTC01610284, NCT02340221).
Stromal cells, extra-cellular matrix (ECM), and other micro-environment conditions (such as hypoxia and acidity) are also responsible for the generation of BCSCs phenotypes and endocrine (AI and TAM) resistance (Generali et al., 2006; Semenza, 2015). A lot of soluble factors that promote tumor growth and vascularization, such as transforming growth factor-β (TGFβ), which induces epithelial-to-mesenchymal transition (EMT), are secreted by cancer-associated fibroblasts (CAFs). Furthermore, downstream signaling pathways, especially PI3K and MAPK pathways, are activated by EGFR and CXCR4, thus inducing endocrine resistance (Loh et al., 2013; Ma et al., 2015). Additionally, CXCR4 was found to enhance BCSCs self-renewal by the activation of PI3K/AKT and MAPK pathways and promoted tumorigenesis through hydrocarbon receptor (AhR) signaling (Dubrovska et al., 2012). Mesenchymal stem cells (MSCs) protected cancer cells from hormone treatment through direct cell interaction and by secreted proteins (Rhodes et al., 2010). In conclusion, the tumor microenvironment is frequently linked to endocrine resistance, partly due to self-renew and maintenance of BCSCs.
Resistance to Targeted Therapy
HER2 is a receptor tyrosine kinase which is over-expressed or genetically amplified in 15–25% of invasive BCs. As we have seen, anti-HER2 drugs, such as trastuzumab and lapatinib, have obviously improved clinical outcomes in HER2-positive BC patients. Yet the emergence of resistance to anti-HER2 drugs becomes a main barrier during the treatment of HER2-positive BC. In order to improve the prognosis of HER2-positive BC patients, it is essential to study the mechanisms of resistance to anti-HER2 therapy (Chihara et al., 2017). Several observations suggested that the resistance to anti-HER2 drugs may be driven by CSCs (BCSCs) (Martin-Castillo et al., 2013; Seo et al., 2016). Therefore, we would like to find out how BCSCs participate in resistance to anti-HER2 drugs in HER2-positive BC.
Trastuzumab Resistance
Trastuzumab is a molecular targeting drug for HER2 tyrosine kinase receptor. The application of trastuzumab has dramatic therapeutic efficacy in HER2+ BC, but the emergence of drug resistance hinders its clinical benefits. Multiple evidence shows that the mutation of PI3KCA (Berns et al., 2007; Dave et al., 2011) and loss of PTEN (Nagata et al., 2004; Koninki et al., 2010; Gallardo et al., 2012) leads to trastuzumab resistance in BC. Indeed, trastuzumab resistance was also associated with CSCs. CSCs may induce drug resistance via the activation of PI3K/AKT, JAK/STAT3 and NF-kB pathways (Wang et al., 2017). Meanwhile, PTEN loss and PI3KCA mutation could lead to abnormal activation of the downstream PI3K/Akt/mTOR pathway, which in turn, regulates BCSCs pool (Dey et al., 2019). Similarly, PTEN down-regulation increased BCSCs population through Akt activation of Wnt signaling pathway (Korkaya et al., 2012). We can speculate that the loss of PTEN and the mutation of PI3KCA lead to the activation of downstream PI3K/Akt/mTOR pathway in BCSCs, which results in trastuzumab resistance. Another mechanism of trastuzumab resistance was the activation of IL-6 inflammatory loop mediated BCSCs expansion, resulting in drug resistance of BC to trastuzumab. Meanwhile, IL-6 was found to inhibit PTEN when activating Akt, STAT3, and NF-kB pathways (Korkaya et al., 2012). Interestingly, STAT3 activation led to an increase in stem cell properties, which caused over-expression of HER2 and trastuzumab resistance (Chung et al., 2014). Thus, targeting upstream of JAK/STAT3 pathway, for instance IL-6 receptor antibody, could inhibit trastuzumab resistance and reduce the CSC population. A previous study showed that an excellent functional biomarker for trastuzumab resistance is Mucin1 (MUC1), and its cleaved form is named MUC1* (Sand et al., 2020). Interestingly, anti-MUC1* was found to have a dramatic, stimulatory effect on stem cell growth (Hikita et al., 2008). Fessler demonstrated a significant increase in the number of MUC1* in trastuzumb resistant cell lines (Fessler et al., 2009). In conclusion, MUC1* may be a target for reversing drug resistance of trastuzumab. Among these mechanisms, it is not difficult to find that CSCs are critical in trastuzumab resistance. Thus, the BCSCs-targeted strategy may be worth further research in recovering sensitivity of trastuzumab in BC, and may bring benefits to patients at risk of BC recurrence.
Lapatinib Resistance
Lapatinib is an oral small molecule drug, which targets both epidermal growth factor receptor (EGFR) and human epidermal growth factor receptor 2 (HER2). Its resistance involves many factors, such as the pathways of receptor tyrosine kinase, non-receptor tyrosine kinase, CSCs, microRNA, tumor metabolism, among others (Shi et al., 2016). MiR-205-5p is a highly conserved miRNA involved in cell differentiation, migration, and proliferation, which was found to be highly expressed in BCSCs. Moreover, it leads to lapatinib resistance by directly repressing HER2 and indirectly inhibiting EGFR (De Cola et al., 2015; Xiao et al., 2019). It was speculated that the lapatinib resistance caused by miR-205 was via the activation of PI3K/AKT signaling pathway. Therefore, down-regulating the expression of miR-205-5p contributed to inhibit the lapatinib resistance in BCSCs. The other resistance mechanism for lapatinib was associated with CD44+/CD24−, which are surface markers of CSCs (Dey et al., 2019). Knocking down CD24 could not only increase the sensitivity of HER2-positive BC cells to lapatinib, but also inhibit Akt phosphorylation (Hosonaga et al., 2014). For this reason, CD24 may be a target to reverse lapatinib resistance in BC. Actually, the use of lapatinib greatly improves BC prognosis. Nevertheless, clinical evidence suggested that lapatinib resistance led to poor therapeutic efficacy in HER2-positive BC patients. As described in the above mechanisms, CSCs seem to be the key to solve lapatinib resistance. Consequently, further understanding of the regulatory mechanisms of CSCs in lapatinib resistance in BC is essential for developing targeting strategies.
Here, we summarize the resistance mechanism of anti-HER2 drugs. The review suggested that the resistance of anti-HER2 drugs usually occurred by inducing CSC characteristics. TGFβ is a transforming growth cytokine and SMAD is an effector transforming factor in TGFβ signaling pathway. The acquisition of malignant features, such as EMT, cancer cell stemness, and drug resistance in cancer cells was closely related to TGFβ-SMAD3 signaling pathway. Sustained stimulation of TGFβ could induce SMAD3 to phosphorylate intensely and enhance the CSC traits of BC, thereby leading to HER2-positive BC resistance. Therefore, TGFβ-SMAD3 pathway plays a vital role in inducing and maintaining resistance to anti-HER2 drugs (Chihara et al., 2017). BCSCs undoubtedly participate in the process of resistance to HER2-positive BC too. Targeting BCSCs may be a possible way for us to solve the problem of resistance to anti-HER2 drugs.
Therapeutic Strategies for Targeting Breast Cancer Stem Cells to Reverse Resistance
Drug resistance has turned out to be one of major problems in BC therapy, while recent studies found that BCSCs are shown to be the culprit for this phenomenon. Nevertheless, the mechanisms of drug resistance mediated by BCSCs have not been fully understood. Currently, the following vital mechanisms are recognized to be related to treatment resistance, which include overexpression of ATP-binding cassette (ABC) transporter and ALDH1, enhanced DNA repair mechanism, an altered cell cycle, resistance to apoptosis, and all microenvironment influences (Rebucci and Michiels, 2013; Smalley et al., 2013; Cojoc et al., 2015). Therefore, targeting these mechanisms may help us develop new therapies for BCSCs to reverse drug resistance in BC. We will discuss some of the current ways used to target BCSC below. The novel of therapeutic strategies for reversing drug-resistance in BCSCs are displayed in Table 3 and Figure 4.
TABLE 3 | Therapeutic strategies to reversing drug-resistance in BCSCs.
[image: Table 3][image: Figure 4]FIGURE 4 | The novel strategies of drug resistance reversal in BCSCs. These strategies mainly include inhibited proliferation ability (Hh, NF-κB signaling pathway) and self-renewal ability (EMT and Wnt/β-catenin signaling pathway), promoted DNA damage (ROS scavenging system and Mitochondrial metabolism) and apoptosis (Notch and FOXO/FASL/FAS signaling pathway).
Targeting Signaling Pathways
Hedgehog (Hh) signaling is a crucial regulator of proliferation, maintenance, and self-renewal of BCSCs. There is a link between the activation of HH signaling and the over expression of MDR1 and ABCG2 in BCSCs. Targeting ABCG2 or MDR1 with cyclosporin A, through inhibition of HH signaling, has shown to regulate and decrease the expression of ABCG2 and ABCG5 (Mao and Unadkat, 2015; Sims-Mourtada et al., 2015). HH signaling showed aberrant activation in Tamoxifen resistant cell lines; instead, knocking down the HH pathway can inhibit growth of tamoxifen resistant cells (Bhateja et al., 2019). Currently, two smoothened (SMO) inhibitors have made their way to clinical trials: GDC-0449 (vismodegib) with paclitaxel, epirubicin, and cyclophosphamide (NCT02694224), and LDE225 (sonidegib) combined with Docetaxel (NCT02027376). Both of the drugs were tested in triple negative BC (Hui et al., 2013; Cazet et al., 2018). It seems that oral HH inhibitors appear to be fairly safe throughout clinical testing.
Confirmatory evidence has recently revealed that the PI3K/Akt/mTOR pathway plays a significant role in regulating BCSC pool. A study observed that Akt signaling altered the subcellular localization of BCRP, thereby regulating drug efflux activity in CSCs. Inhibitors of PI3K, which can not only be blocked via Akt signaling, resulted in the suppression of cancer cell proliferation, but also enhanced the sensitivity of chemoresistant cells (Hu et al., 2008). Another observation suggested that suppressing Akt that is downstream of HER2 signaling might efficiently target BCSCs in HER2-resistant tumors (Korkaya et al., 2009). Consequently, a series of PI3K and Akt selective inhibitors, which are being clinically investigated, demonstrates promising prospects.
Notch signaling is another pathway associated with treatment resistance. miR-34a regulates Notch-1 pathway in sustaining stem cell properties of BCSC populations, thereby suggesting that the miR-34a/Notch-1 pathway might be a potential therapeutic target for treating BC (Chen et al., 2016). Activation of Notch signaling is regulated by a proteolytic enzyme (γ-secretase), so γ-secretase inhibitor is the most clinically promising candidate in reversing drug resistance (Real and Ferrando, 2009). Psoralidin had been shown to effectively inhibits BCSCs proliferation and self-renewal through downregulating Notch1 signaling (Suman et al., 2013). Besides, vitamin D compounds showed activity against BCSCs by impeding the expression of Notch signaling components, such as Notch1, Notch2, Notch3, JAG1, and JAG2 (Shan et al., 2017). Meanwhile, a study showed that targeting FGFR mitochondrial metabolism-Notch1 axis may be effective to abrogate drug-resistant CSCs in TNBC (Bhola et al., 2016). Hence, Notch signaling pathway plays an important role in drug resistance mediated by BCSCs.
Targeting Tumor Microenvironment
G-protein coupled receptors (GPCRs) are very important in the survival of BCSCs before and after the chemotherapy process. Chemokine receptors CXCR1 and CXCR2 generally play a role in chemotaxis of neutrophils, macrophages, and endothelial cells in a physiological microenvironment. Antagonizing CXCR1 by CXCR1-neutralizing antibody or by the small molecule inhibitor repertaxin selectively depleted more BCSCs than bulk tumor cells in vitro. This was followed by massive apoptosis of bulk tumor cells through FASL/FAS signaling via FAK/AKT/FOXO3A pathway (Ginestier et al., 2010). Repertaxin has already shown satisfactory effects in Phase I trials. Moreover, the chemokine receptor CXCR4 is expressed in BCSCs and forms a target in restraining or removal of BCSCs. Activation of this receptor is thought to facilitate the metastasis of mesenchymal BCSCs. CXCR4 probably stimulated the extracellular signal regulated kinase (ERK) pathway in BCSCs by activating PKA/MAPKAP2 pathway (Yi et al., 2014), thus providing resources for the research of BCSC-targeted cancer therapy through blocking these pathways by inhibiting receptors.
Targeting Breast Cancer Stem Cell Metabolism
The induction of oxidative stress is an important mechanism of action for many anticancer agents. BCSCs possess a highly active DNA repair system, which repairs DNA damages, particularly after chemotherapy treatment. Previous trials suggested that the ability of BCSCs to repair DNA damage is significantly related to reactive oxygen species (ROS), the levels of ROS are markedly lower in BCSCs than in non-CSCs (NCSCs) due to the high expression of free radical scavenging systems in BCSCs, such as superoxide dismutase, catalase, and glutathione peroxidase, which keep them from genotoxic damage of ROS. Thus, reduction of ROS scavengers in BCSCs markedly decreased their clonogenicity and resulted in therapeutic sensitization (Phillips et al., 2006; Diehn et al., 2009). Through H2O2-induced BCSC loss of function, ROS-generating drugs may have the therapeutic potential to eradicate drug-resistant BCSCs via induction of premature senescence (Zhong et al., 2019). Moreover, increasing mitochondrial activity is associated with resistance to DNA damage in BC. BCSCs are obviously dependent on glucose and mitochondrial metabolism. BCL-2 protein is a famous regulator of mitochondrial metabolism, inhibition of BCL-2 can result in the inhibition of oxidative phosphorylation (OXPHOS), which will lead to the reduction of BCSCs depending on OXPHOS (Deshmukh et al., 2016).
Besides potentiated ROS scavenging systems, BCSCs can protect themselves from several chemotherapeutic drugs which target the cell cycle process by maintaining a quiescent state in G0 phase (Yoshida and Saya, 2016). BCSCs can adopt dormancy-associated phenotypes through upregulating autophagic pathways (Vera-Ramirez et al., 2018). Salinomycin is a kind of ionophore antibiotic, which has been shown to be effective in clearing BCSCs through autophagy (Jiang et al., 2018). Recently, studies showed that the mechanistic link between autophagy and metastastic dormancy was associated with Spleen Tyrosine Kinase (SYK) in epithelial-mesenchymal transition (EMT) required for BC metastasis. Fostamatinib, a SYK pharmacologic inhibitior, prevents mesenchymal-epithelial transition (MET), which can inhibit metastatic tumor outgrowth (Shinde et al., 2019). Currently, tyrosine kinase inhibitors are being tested in clinical trials.
Nano-therapeutics Against Breast Cancer Stem Cell
Nanoparticle (NP)-mediated therapy is an effective delivery strategy for cancer therapeutics. It contributes to specific delivery of a chemotherapeutic drug, RNAi, or antibodies to the stem cell population by recognizing antibodies/aptamers against BCSC-specific markers.
CD44 is the first discovered and the most commonly used surface marker of BCSCs, which plays an important role in all aspects of tumor cells, such as growth and proliferation, migration, differentiation, apoptosis, self-renewal, microenvironment, EMT, and drug resistance (Jin et al., 2017). As a cell receptor, CD44 mediates the communication with the microenvironment through interacting with certain extracellular ligands. For the past few years, the development of an antibody against CD44, which could induce BCSCs terminal differentiation, had already been found to be effective and has been gradually accepted (Naor et al., 1997). In aggressive BC, the combination of anti-human CD44 monoclonal antibody with doxorubicin and cyclophosphamide using NPs has been used to prevent tumor recurrence (Fan et al., 2010; Wu et al., 2017).
Micro RNAs (miRs) play a key role in the sustenance and heterogeneity of BCSCs in BC. They can regulate proteins associated with drug resistance in human BC. For instance, miR-21 may facilitate the inhibition of tumor proliferation, growth, and migration (Han et al., 2012); miR-100 inhibits self-renewal of BCSCs and tumorigenesis (Deng et al., 2014); miR-199a can increase stem cell properties in BCSCs (Celia-Terrassa et al., 2017). miR-205-5p is highly expressed in BCSCs and is related to therapy resistance (De Cola et al., 2015). Moreover, research shows that the high expression of STAT3 affects doxorubicin resistance of BCSCs, and miR-124 reverses this resistance of BCSCs through targeting STAT3 to control the HIF-1 signaling pathway (Liu C. et al., 2019). Consequently, targeting miRs and delivering siRNAs to tumors using NPs is an effective strategy to reverse drug resistance and enhance drug efficacy.
Aldehyde dehydrogenase 1 (ALDH1) is a NAD(P)+-dependent enzyme, which is the key enzyme to oxidize intracellular aldehydes to carboxylic acids. ALDH1 is found to be highly active in BCSCs, increasing their proficiency by removing toxic oxygen radicals from the tumor microenvironment (Charafe-Jauffret et al., 2013). By consulting relevant literatures, we also found that the increased levels of ALDH family members were correlated with chemoresistance (Croker et al., 2009; Tanei et al., 2009). ALDHs inhibition sensitizes BCSCs to chemotherapy (Croker and Allan, 2012). NPs containing doxorubicin and chloroquine have been shown to reduce ALDH high population of MDA-MB-231 cells (Li et al., 2015), and several ALDH inhibitors are currently in the preclinical stage.
Other Therapeutic Approaches
CSCs manifest a high number of proteins on their cell surface, such as ABC transporters, ABCB1 (P-gp, MDR1), ABCG2 (BCRP1), ABCC11 (MRP8), and ABCB, which are strongly expressed in CSC’s chemo-resistance (Dean, 2009). How do CSCs develop drug resistance through the protein molecule above? In BC, a recent study has indicated that the prominently activated ATP binding cassette (ABC) or drug efflux pump of BCSCs can successfully pump out chemotherapeutic drugs, such as anthracycline or taxanes, which are known as the most essential drugs of BC treatment (Cojoc et al., 2015). Furthermore, other scholars have found that an increased level of ABCG2 in BCSCs enabled rapid expulsion of cytotoxic drugs, conferring cellular resistance to antitumor drugs (Hirschmann-Jax et al., 2004). A recent study has confirmed that SOX2-ABCG2-TWIST1 axis can promote stemness and chemoresistance in TNBC, further indicating that ABC proteins are potential targets for BCSCs eradication (Mukherjee et al., 2017). Dofequidar, an ABC transporter inhibitor, could increase the sensitivity of BCSC to anticancer drugs; it showed promising results in patients with advanced or recurrent BC when combined with other chemotherapeutic agents, such as cyclophosphamide, doxorubicin, and fluorouracil (Saeki et al., 2007). Additionally, SOX2 is a key transcription factor that plays critical roles in maintaining stem cell properties and conferring drug resistance. MLN4924 can repress the expression of SOX2, leading to suppression of stem cell properties and sensitization of BC cells to tamoxifen (Yin et al., 2019).
CONCLUSION
BC remains the most frequent cancer in women, and significant public health issue globally (Zavala et al., 2019). Both of the developing and developed world are suffering from BC incidence and mortality (Global Burden of Disease Cancer Collaboration et al., 2015). Due to limitations of therapeutic strategies, it is urgent to explore novel and effective strategies. The important role of BCSCs in drug resistance, recurrence, and metastasis of BC has attracted more and more attention. Many studies have also enlightened the drug resistance mechanism of BCSCs. Currently, various treatments targeting BCSCs have been in preclinical and clinical trials. Unfortunately, the mechanism of drug resistance that is controlled by BCSC rarely functions individually. In the process of antagonizing anticancer drugs, these mechanisms interact with each other and form a complex functional network of drug resistance. Hence, inhibiting a drug resistant pathway is likely to trigger feedback mechanisms that ultimately allow BCSCs to escape the effects of the drug. Therefore, the therapy based on the combination of multiple targets for BCSCs’ functional network is the most promising approach. Furthermore, existing nanobiology technologies should be fully utilized, through finding specific surface markers of targeting BCSCs, to locate and eliminate BCSCs accurately. Recently, biologically and chemically synthesized gold nanoparticles (AuNPs) (Virmani et al., 2019), silver nanoparticles (AgNPs) (Muthupandian et al., 2019) and selenium nanoparticles (SeNPs) (Vahidi et al., 2020) have attracted significant attention for their anticancer effects against cancers such as lung cancer, colorectal Cancer (Barabadi et al., 2020a), cervical cancer (Barabadi et al., 2020b) and prostate cancer (Barabadi et al., 2019a). Fortunately, AuNPs (Barabadi et al., 2019b) and AgNPs (Saravanan et al., 2020) have also been reported to play an important role in the treatment of BC. With the development of cancer nanomedicine, it is expected that biologically and chemically synthesized NPs may emerge as potential BCSCs therapeutic agents alone or in combination with anti-cancer drugs before long of future. In conclusion, these therapies targeting BCSCs will lay the foundation for reversing drug resistance and attaining favorable prognosis in BC.
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Breast cancer is a highly complicated disease. Advancement in the treatment and prevention of breast cancer lies in elucidation of the mechanism of carcinogenesis and progression. Rodent models of breast cancer have developed into premier tools for investigating the mechanisms and genetic pathways in breast cancer progression and metastasis and for developing and evaluating clinical therapeutics. Every rodent model has advantages and disadvantages, and the selection of appropriate rodent models with which to investigate breast cancer is a key decision in research. Design of a suitable rodent model for a specific research purpose is based on the integration of the advantages and disadvantages of different models. Our purpose in writing this review is to elaborate on various rodent models for breast cancer formation, progression, and therapeutic testing.




Keywords: mouse model, mouse intraductal model, transgenic mouse model, breast cancer, rodent model



Introduction

Breast cancer is the most commonly diagnosed cancer and one of the most common cause of cancer death in women worldwide. Advancement in treatment and prevention of breast cancer lies in elucidation of the mechanism of carcinogenesis and progression. Rodent models of breast cancer have developed into premier tools for breast cancer research, and they have generated important insights into the mechanisms that underpin development of the disease and interventional therapies. This review summarizes various rodent models for breast cancer formation, progression, and therapeutic testing.



A Brief History of Rodent Cancer Models

In the past century, rodent models have proved to be powerful tools in improving knowledge of the underlying mechanisms and genetic pathways of breast cancer and have also created approaches for modeling clinical tumor subtypes and developing innovative cancer therapies. Certain mouse lines can naturally develop breast cancer, or they can be transplanted with breast cancer. Tumors can also be induced by manipulating the mouse genome or by delivery of a viral infection or carcinogen. The relatively low cost of mice and their high reproductive cycle of only 9 weeks make them excellent models for cancer research. In 1911, the first transplantable mouse mammary tumor line and the epithelial origin of a spontaneous mammary tumor were described by Haaland (1). Jacksons Laboratories showed that a retrovirus caused a high incidence of mammary tumors in mice in 1936 (2). The first xenograft breast cancer model was reported in 1962 via the heterotransplantation of human breast cancer into an immune-deficient mouse (3). The development of genetically engineered animal models offered a great leap in understanding the genetic basis of breast cancer. The first report of a transgenic mouse model of breast cancer, Oncomouse. In 1984, The Philip Leder research group generated transgenic mice using mouse mammary tumor virus (MMTV)/c-myc fusion gene expression. The mice developed mammary adenocarcinomas spontaneously (4), and 3 years later, they produced transgenic mice with coexpression of MMTV/v-Ha-ras and MMTV/c-myc genes, which resulted in a dramatic and synergistic acceleration of tumor formation (5). These milestones established an entirely new research tool with which to explore the genetic processes of breast cancer. The first transgenic mouse model (GEMM) of HER2-positive breast cancer, reported in 1988, represented another milestone in breast cancer research (6). In 1999, Chuxia Deng and colleagues succeeded in developing a mouse model that ablated BRCA1 specifically in mammary epithelial cells, resulting in mammary tumors (7). This mouse model offered a notably large amount of information that greatly facilitated our understanding of the gender- and tissue-specific tumor suppressor functions of BRCA1 and enriched insights into applying these preclinical models of disease to breast cancer research. However, the GEMM requires time-consuming and expensive work, and another main drawback is that it is highly difficult to control the spatial and temporal expression of a gene of interest. Actually, most human breast cancers are not due to hereditary mutations, rather they arise from normal cells that later suffered spontaneous mutations. The technique of virus-mediated gene transfer into selected mammary cells (such as stem cells and specific progenitor cells) at selected times can overcome many of the shortcomings of the existing mouse models and more closely mimics human breast cancer formation in which only one or a few cells mutate to initiate cancer development (8).



Transplantable Mouse Models for Breast Cancer

Human cancer cells can be grown as transplants in mice. These transplantable models are simple but have been proven to be highly useful for assessment of breast cancer features, biological behaviors, metastatic potential, and response to therapy.


Cancer Cell Line Transplantation Mouse Model

Cell-derived xenograft (CDX) of human breast cancer is performed from aggressive cancer cell lines. The CDX model from different tumor cell lines has unique characteristics, including relatively homogenous histological features, molecular subtype, and metastatic potential, among other features. The CDX model makes it possible for different mammary cancer cell lines to be transferred to the mouse in a short time, allowing validation of the target genes of interest and the possibility of research on metastasis and therapy response. It represents a relatively homogenous mass but cannot mimic the heterogeneity or the tumor microenvironment of human breast cancer (9). This technique is usually performed in nude mice (deficient in T-cell function) or other immunocompromised mice but cannot mimic the immune system reaction. If the cancer cells are derived from mouse, they can also be grafted into mice with an intact immune system (10, 11). And the long-term growth in vitro can alter some features from its origin cell. Triple-negative breast cancer cell lines such as MDA-MB-231, MDA-MB-435, and SUM1315 can be used to generate stable orthotopic or spontaneous metastasis models of breast cancer via orthotopic injection in the mammary fat pad (12). The metastatic MDA-MB-231 and SUM149 CDX models can also be generated by injection into the mouse tail vein (13). Not all breast cancer cell lines from human can be used to successfully establish a CDX mouse model (14). ER-positive luminal A cell lines such as T47D or MCF-7 can only form a tumor mass in immunodeficient mice supplemented with subcutaneous estradiol pellets (15), which produces 18–40 times the physiological levels of estrogen in mice (16, 17). HER2 subtype cell lines such as SKBR3 and MDA-MB-453 cells have poor tumorigenic potential (18).



Patient-Derived Tumor Xenograft Mouse Model

Due to the limitation of CDX models, the patient-derived xenograft (PDX) is generated by xenografting fresh human tumor biopsies that recapitulate the diversity of breast cancer into host mice. This model reflects the tumor original behavior, histopathology, drug response, and metastatic potential of the original tumor (19). In brief, human tumor fragments or tumor cell suspensions are implanted into the immunocompromised mice and subsequently passaged through several generations in mice. The more heavily immunocompromised mice are usually used to generate PDX, such as NOD-SCID mice (deficient in T-cell and B-cell functions) and NSG mice (deficient in T-cells, B-cells and NK cells).

The PDX modes are relatively stable after the third passage in mice (20) and have relatively stable biological behaviors, such as gene expression profiles, intrinsic phenotypes, and genomic alteration, that are similar to the source of human breast cancer (21–24). PDX also has selected structural variation or mutation differences with the original primary tumor, perhaps due to the adaption to transplantation into the new microenvironment (25). PDX models appear to retain the heterogeneity of the parental tumor of origin and experience a “bottlenecking” clonal selection during transplantation and serial passaging (26). Ding et al. reported comprehensive genomic sequence analysis of DNA samples from an African-American patient with basal-like breast cancer for peripheral blood, the primary tumor, a brain metastasis, and a xenograft derived from the primary tumor (25). That group found that the PDX derived from the primary tumor contained all of the primary tumor mutations and displayed a mutation enrichment pattern that resembled the metastasis. The metastatic subclone was present within the primary tumor, the aggressive subclone with clonal selection in PDX. The PDX drug screening test can mimic and predict drug efficacy, especially in triple negative breast cancer (27), and is a pivotal preclinical tool for evaluating drug response and study of the clonal evolution of tumors and new biomarkers (15). TNBC tumors and to a lesser degree the HER2+ tumors, readily adapt to growth in mice, whereas only 2.5% of ER+ tumors successfully formed stable patient-derived breast cancer xenografts (28). PDX models can’t mimic the immune system and tumor-host interaction because it must also be grown in immunocompromised mice.



Mouse Intraductal Model (MIND) for Studying Cancer Progression and Immunotherapy

The breast ductal system is a complex series of branching tubules extending from intralobular ductules to the major lactiferous ducts that terminate in the nipple. The mouse intraductal model is based on the special structure of the mammary mouse gland. Human cancer cells can be introduced directly into the mouse mammary ducts in immunodeficient mice to mimic the natural progression of cancer cells in the mammary microenvironment. Behbod et al. established the ductal carcinoma in situ (DCIS) model by injecting the human DCIS cell lines (MCF-10 and SUM-255) into mouse mammary ducts via up-the-teat injection (29). This approach mimicked breast tumor carcinogenesis and progression from in situ to invasive disease and spontaneous metastasis to the relevant sites. In contrast to fat-pad-grafted ER+ tumor cell lines that require estrogen supplement, the MIND of MCF-7 achieved a high engraftment rate without hormone supplements and recapitulated the histopathology and kinetics of human ER-positive tumors (16, 17). These MIND models also often developed bone, lung, and brain metastases, whereas fat pad injection xenografts developed few brain and no bone metastases. The Ki67 indices of MIND MCF-7 tumors were 23%, highly similar to MCF-7 cell lines, and the gene expression signatures are highly similar to the luminal B subtype of clinical samples, as shown by Affymetric microarray and PAM50 (30). For the triple-negative breast cancer mouse model, a fully immunocompetent 4T1-based intraductal model can mimic breast cancer advancement and metastasis to the lungs via lymphatic or hematogenous dissemination within 4 weeks (31–33), and it can also disseminate to the liver, brain and kidney (34). 4T1 is a mouse breast cancer line derived from a spontaneously arising mammary tumor in BALB/cfC3H mice (35). The 4T1 MIND models overcome immunosuppression and allow effective immunotherapy research for TNBC (33, 36). This model is predictive, retransplantable, and genomically stable and is an economical and practical mouse model for translational research and study of physiologically relevant hormone action in breast carcinogenesis.




Carcinogen-Induced Rodent Models

Chemical compounds can induce breast cancer. For example, the carcinogen 7,12-dimethylbenzathracene (DMBA), delivered intragastrically by gavage, can induce mammary adenocarcinomas with several morphological types in mice (37). The induced tumors were luminal-like and mostly ER/PR+ (38, 39). Previous research indicated that estrogen exposure was closely related to elevated breast cancer risk in women (40, 41). The 17β-estradiol-induced mammary cancers highly express ER, PR, and GATA binding protein 3 (42–45), and others such as N-nitroso-N-methylurea (NMU) can induce mouse breast cancer similar to that of low-grade estrogen-receptor positive human breast cancer (46–48). Spontaneous chemically induced mouse models are helpful for investigation of the pathogenesis and therapeutics of breast cancer (49).



Genetically Engineered Mouse Models of Breast Cancer

Genetically engineered mouse models (GEMM) of breast cancer have supplied a wealth of knowledge for both basic cancer research and translational oncology by introducing DNA into the mouse genome. GEMMs reflect some of the diversity of genetic lesions in human breast cancer. These models include three broad groups: transgenic mouse model, knockout mouse model, and genetic models of breast cancer based on intraductal injection of virus to modify the genes of the mammary cells.


Transgenic Mouse Model

Transgenic mouse models refer to those which have exogenous DNA integrated in their germline as a consequence of experimental DNA transfer application. The integrated DNA may or may not be derived from the same species as the host genome, it may or may not be targeted to an intended site of incorporation in the genome, and it may or may not encode for a functional gene.

The MMTV-PyMT transgenic mouse is a model that carries the polyoma virus middle T-antigen under the control of the mouse mammary tumor virus (MMTV) promoter. The PyMT is involved in multiple oncogenic pathways that lead to an aggressive tumor phenotype such as Src, Ras, and PI3K (50–54). MMTV-PyMT females develop multifocal, poorly differentiated, highly invasive ductal carcinoma as early as 4 weeks of age, reaching the maximum tumor burden at 12 weeks of age, and they also exhibit lung metastasis near 10 weeks of age (55–59). This model is used in breast cancer research to analyze the mechanism of carcinogenesis and alter the tumor microenvironment. Maglione also reported that atypical lesions had levels of detectable ER expression, and the mammary intraepithelial neoplasia and tumor cells had variable sporadic ER-positive nuclei staining (58). Previous research indicated that the PyVT mammary tumors were shown to be ER+, PR+, P53+, and HER-2+ via immunohistochemistry at the early stage of tumor formation, progressing to the triple-negative subtype (57, 58). This model has drug resistance to cisplatin and paclitaxel, but tamoxifen is effective in the prestage and early stage of tumor formation (57).

The Wnt-1 (int-1) proto-oncogene was originally cloned following activation by MMTV insertion in mouse mammary tumors (60, 61). The MMTV-wnt-1 mouse model was established with the MMTV-LTR upstream of wnt1 insertion in the opposite transcription orientation (62, 63). This model is characterized by grossly ductal hyperplasia with extensive fibrosis, and these mice can develop breast cancer at an onset of 24 weeks (64). Females cannot deliver milk to their young because of extensive ductal hyperplasia (64). The tumors in MMTV-wnt-1 transgenic mice are composed of myoepithelial (basal-like) and luminal epithelial cells. β-catenin is an integral player in the Wnt signal transduction pathway, and β-catenin transgenic (MMTV‐βcatΔN) mice exhibit mammary gland hyperplasia and mammary adenocarcinoma, which are highly similar to the corresponding lesions in MMTV-wnt-1 mice (65). Wnt10b is a ligand that activates the canonical Wnt/β-catenin pathway, and MMTV-Wnt-10b transgenic mice showed hyperplastic mammary development involving highly branched mammary ducts and gynecomastia (66). LRP6 is a Wnt signaling coreceptor, and MMTV‐LRP6 mice exhibit significant hyperplasia with upregulated expression of Axin2, Cyclin D1, and c-Myc (67). MMTV-c-Myc and MMTV-int2 mice also develop pronounced mammary hyperplasia and adenocarcinoma in proportion (65, 68). Indeed, the wnt-associated mouse model has made a great contribution to elaboration of the wnt pathway in breast carcinogenesis.

The first MMTV-ErbB2 transgenic mouse model expressed an activated Erbb2 under promoter of MMTV-LTR, and these mice are viable and fertile (6). There is no phenotypic effect in males. This transgene is expressed at low levels in the normal mammary epithelium, salivary gland, and lung (69, 70), and higher expression is detected in tumor tissue. This model produces multifocal and stochastic mammary tumor formation near 15 weeks of age (69, 71) and lung metastasis with long latency (approximately 32 weeks or longer) (72) and had positive cyclin D1 and CDK4 expression and a high Ki-67 proliferative index. In contrast to the MMTV-ErbB2 mouse line, Muller et al. later established transgenic mice carrying unactivated neu under the MMTV promoter (73). The mice began to develop focal mammary adenocarcinoma surrounded with hyperplastic mammary epithelium at 16 weeks of age, with decreased neu intrinsic tyrosine kinase activity. Many of these tumor-bearing transgenic mice with unactivated neu also developed metastatic tumors in the lung (73). Li et al. found that 37% of tumors in the MMTV-ErbB2 mouse had mis-sense mutations in p53 (74), and thus, they established bitransgenic mice carrying MMTV-neu and a 172Arg-to-His p53 mutant (p53-172H). The bitransgenic mice developed anaplastic and aneuploidy tumors that exhibited increased apoptosis, distinct from the tumors with diminished apoptosis arising in p53-null mice (74).

The C3(1)/SV 40/t-antigen (C3(1)/Tag) mouse model contained a recombinant gene expressing the simian virus 40 early-region transforming sequence under rat prostatic steroid binding protein [C3(1)]. Female hemizygous mice generally developed mammary hyperplasia at 9 weeks of age and mammary intraepithelial neoplasia with similarities to DCIS at 12 weeks, with subsequent development of mammary adenocarcinoma at an onset of 24 weeks in 100% of the animals and 15% incidence of lung metastasis (75–81). This model develops invasive carcinoma independently of hormones or pregnancy (72). All mammary adenocarcinomas were diffuse immunopositive for CK14, CK18, and p53 and negative for αSMA, ERα, PR, and C-erbB-2 (81). Previous study indicated that human basal-like breast cancer exhibits a high frequency of p53 mutation of deletion. It is a suitable mouse model for research on basal-like breast cancer because of the gene expression and DNA somatic alteration levels.

Cyclin D1 is essential in breast carcinogenesis induced by c-neu and v-Ha-ras and not induced by c-myc or Wnt-1 (82). The MMTV-cyclin D1 mouse can develop mammary adenocarcinomas quite late stochastically (83, 84). Cyclin E is a cancer marker that is the limiting factor for the transition from G1 to the S-phase of the cell cycle, which determines ignition of DNA duplication. Previous research indicated that the 27% low-molecular-weight isoform of cyclin E transgenic mice can induce metastatic mammary carcinoma (85).



Knockout Mouse Models of Breast Cancer

Knockout animals are mice with targeted disruption of selected endogenous gene sequences. These models are used to reveal valuable clues related to the biological and molecular function of a gene in the setting of a developing or developed tumor. The constitutive knockout model refers to the whole-body knockout model, i.e., the target gene is knocked out in all tissues at all times. Many tumor suppressors often result in lethality during embryonic development or at developmental stages prior to tumor formation. This obstacle has been effectively overcome by applying the conditional knockout model (86) in which the gene knockout can be spatially and even temporally regulated. With a conditional KO, gene inactivation can occur in a certain tissue type, made possible by Cre-LoxP and Flp-Frt recombinase system. Today, the development of the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 technique has made conditional knockouts even more popular and widely used. This new technology is more efficient and easier than the Cre-LoxP or Flp-Frt recombinase technology. Therefore, we summarize the tumor phenotype of the popular conditional knockout strains reported in the literature.

BRCA1 inherited mutations predispose carriers to female breast and ovarian cancers. Constitutive knockout of mouse BRCA1 causes recessive mouse embryonic lethality (87), and therefore, the BRCA1 conditional mutant mouse model was used to overcome this obstacle (88). Exon 11 is a large central exon of 3426 bp that represents 60% of the coding sequence in BRCA1 (89). In 1999, Xu established a BRCA1flox11 mutant mouse, which was achieved by deleting only exon 11 of the full-length BRCA1 gene and leaving expression of the short BRCA1 transcript with loxP sites (BRCA1flox11) (7). The 25% BRCA1flox11 mutant mouse develops mammary tumors after a long latency (7). The 94% BRCA1flox11 mouse develops mammary tumors with a long latency (T50 = 17 months), and the tumors exhibit an atypical medullary phenotype strongly reminiscent of basal-like breast tumors (90). Xu et al. found that the BRCA1flox11 mutation mouse often had had spontaneous p53 mutation, and thus they introduced heterozygous deletion of p53 in the BRCA1flox11 mouse, which accelerated tumor formation (91). Weaver et al. also revealed that certain of the tumors had structural abnormalities on the map location of c-myc gene, Rb1, and p53, similar to BRCA1-associated breast cancer in patients (92).

Other conditional BRCA1 alleles are reported to cause functionally null BRCA1 alleles by flanking exon 2 (BRCAf2) (90), exons 5–6 (BRCA1f5–6) (93), exons 5–13 (BRCA1f5–13) (94), or exons 22–24 (BRCA1f22–24) (95). The BRCA1f5–13 mouse had intermediate to high grade tumors with high mitotic count, expansive growth, moderate to high nuclear grade also displayed ER-negative immunohistochemistry staining with pushing borders, and increased expression of basal epithelial markers, similar to human basal-like breast cancer (94). The 64% mouse with BRCA1f22–24 mutation combined with heterozygosity for a p53 mutation developed tumors with basal-like markers in all cases before 22 months of age. This model had high histological grade, central necrotic areas, and presence of homologous metaplastic elements and is a suitable model for metaplastic basal-like breast cancers (95).

Germline mutations of BRCA2 are associated with one-third of hereditary breast cancer. Jonker et al. generated a mouse model with conditional mutants of BRCA2f11 (flanking exon 11 of the gene with loxP sites) and found that no BRCA2f11 mice developed tumors. The mammary glands and skin frequently developed tumors in females carrying conditional BRCA2f11 and p53 knockout alleles (96). The vast majority of the mammary tumors were carcinomas with myoepithelial or basal cell types. Most tumors arising in the conditional BRCA2f11 and p53 knockout mice had high-grade invasive ductal carcinoma, with a solid growth pattern, a large CK8-positive and ER-negative cell type with high mitotic count, high-grade nuclei and with pushing borders (96). The tumors often harbor the undifferentiated basal cell type. Based on the results from cross-species comparison by unsupervised clustering, these tumors are closely similar to human BRCA1-mutated breast cancers with basal-like phenotypes. Ludwig generated mice with BRCA2f3–4 (flanking exons 3 and 4 of the gene with loxP sites) mutation, which had a high incidence (77%) of breast tumors that developed in one or more glands after a long latency (time for median tumor-free survival of approximately 1.4 years; total of 40 tumors in 20 animals) (97). In addition, Cheung generated a mouse model with BRCA2f9–11 (flanking exon 9–10 of the gene with loxP sites), which had mammary adenocarcinomas after a long latency (average, 1.6 years). A subset of these tumors also showed downregulated p53 expression (98).

As mentioned previously, the p53 mutation is linked tightly with breast cancer. The conditional knockout p53Δ2–10 (deletion of exon 2–10 of the gene with Cre recombinase) model generated by Jonker et al. develops lymphomas and sarcoma rather than epithelial tumors (96), and therefore, those researchers crossed p53Δ2–10 mice with K14-cre transgenic mice (Cre recombinase expression is restricted to skin and mammary gland epithelium and other epithelial tissues). The resulting K14-cre p53Δ2–10 mice developed mammary tumors with a median latency (T50) of 288 days. Interestingly, 38% of the mammary tumors were pure epithelial tumors (intermediate to high-grade), 48% were poorly differentiated biphasic carcinoma, and 14% were well differentiated biphasic carcinoma. The molecular signatures of these tumors showed a significant association with human sporadic ER-negative tumors (94). These tumors closely mimic human sporadic basal-like breast cancer. Lin et al. generated a mouse breast cancer model with inactivated p53 (deletion of exon 2–10 of the gene with Cre/loxp) in mammary epithelial cells (99). The tumors are heterogeneous, including adenocarcinoma, myoepithelial adenocarcinoma, spindle cell tumor, and adenosquamous carcinoma, and most were poorly differentiated invasive adenocarcinomas, which share the most histopathological similarity with human breast cancer. A total of 35% had c-myc amplification, and 66% had erbB2 overexpression. The tumors were initially ERα-positive but progressed to ERα-positive and -negative tumors (99), similar to human breast cancer. Multistep histopathological changes and alterations in the ERα expression pattern are observed during progression of mammary carcinogenesis in these models.

PTEN is a tumor suppressor that is frequently mutated in breast cancers. Germline PTEN mutations cause inherited syndromes that lead to an increased risk of breast cancer. Wu Hong and colleague generated PTENΔ5 allele (flanking exon 5 of PTEN with loxP sites) and established mammary-specific PTEN deletion mice (100, 101). PTEN null mammary epithelial cells were hyperproliferative and showed decreased apoptosis. Mutant females developed mammary tumors with upregulated populations of cells expressing cytokeratin 5 and 6 within 400 days (101). When a PTEN conditional allele was mated with MMTV-NIC mice, which coupled expression of Cre and activated ErbB2 from the bicistronic transgenic transcript, all female mice developed multifocal mammary tumors and high lung metastases, which displayed histopathological and molecular characteristics of the luminal subtype of primary human breast cancer (102).



Genetic Models of Breast Cancer Based on Intraductal Injection of Virus for Delivery of Oncogenic Mutations to Mimic Human Cancer Formation

Based on molecular biology, breast cancer is highly complicated. Most human cancers are not due to hereditary mutations, and instead, they arise from normal cells that later suffer spontaneous mutations. It is notably difficult to manipulate the spatial and temporal expression of genes in mouse. Genetic models of breast cancer based on intraductal injection of a virus can circumvent selected disadvantages of the typical transgenic or knockout mouse models. Currently, in clinical and basic research, compound techniques of mouse models have more practical applications. The avian leukosis-sarcoma virus (ALSV) and its specific receptor tumor virus A (TVA) play a vital role in this model. Mammalian cells lack the TVA gene sequence, and the transfer of the TVA gene to specific cells in mouse renders them uniquely susceptible to infection by ALSV-based RCAS virus (103). RCAS viruses can be delivered into mice by injection of virus-producing cells or by injection of concentrated virus (103, 104). Harold Varmus and colleagues constructed the RCAS-TVA avian retroviral system, which can carry oncogenes (e.g., K-ras, c-myc), marker genes (e.g., green fluorescent protein, alkaline phosphatase), dominant negative tumor suppressors (e.g., mutant p53), or recombinases (e.g., Cre) (105). This method offers a precise way to manipulate the temporal and spatial expression of genes in the mammary epithelium. A single TVA mouse stain can be used to evaluate the effects of multiple genes, individually or in combination, instead of generating a mouse line for each gene of interest. Yi Li modeled breast cancer in a mouse with the RCAS-TVA system by mammary gland intraductal injection (106) (Figure 1). Precancerous lesions can be detected by 7 days following RCAS-PyMT injection (107). The PyMT oncogene delivered by RCAS-TVA caused multifocal mammary tumors after a notably short median latency of only 12.5 days. The tumors were composed of myoepithelial (basal-like) and luminal epithelial cells and were relatively well differentiated, consisting of many acini and heterogeneous cell types with ER positive expression (8, 108). In mice injected with RCAS-erbB2, precancerous lesions can be detected 14 days after injection (109). The mice developed high grade, poorly differentiated, stroma-rich, and ER-negative mammary tumors (109–111).




Figure 1 | The intraductal injection of retrovirus into mammary glands in vivo with virus vector initiates and promotes carcinogenesis in mouse models. It is a novel mouse mammary gland cancer model which mimics human breast cancer non-invasive-to-invasive progression with virus vector. Most human breast cancers are not due to hereditary mutations, rather they arise from normal cells that later suffered spontaneous mutations. This mouse model was established by intraductal injection of retrovirus carrying the oncogenes with blue dye into one of the fifth mouse mammary glands. The technique of virus-mediated gene transfers into selected mammary cells (such as stem cells and specific progenitor cells) at selected times can overcome many of the shortcomings of the existing mouse models and more closely mimics human breast cancer formation in which only one or a few cells mutate to initiate cancer development. It allows temporal analysis of many processes involved in early breast cancer invasive progression including intraductal cancer cell growth, the cell interactions with the surrounding normal epithelial and myoepithelial cells, and their escape into the surrounding stroma. Photo of nipple injection -- courtesy of Wen Bu (Baylor College of Medicine).






Challenges in Modeling ER+ Breast Cancer

Majority GEMMs are ER negative and most xenograft mouse models are based on few ER+ cancer cell lines (112). And there are no reliable mouse models of ER+ breast cancer that are also estrogen-dependent (113, 114). For example, STAT1−/− mice express abundant amounts of ER and PR (115), but tumor development is not hormone-dependent (116). A K-Ras mutant has been reported to induce ER+ tumors in mice (114), but the resulting tumors have not been thoroughly tested for estrogen dependency. As we previous indicated that the RACS-TVA approach can especially introduce genetic alterations into only a small number of the mammary cells (103). Lentiviral PyMT produces both luminal and basal-like tumors (55). TVA-PyMT mice and TVA-erbB2 mice had ER expression in greater than 10% of mammary tumor cells (117). And PyMT-induced tumors exhibited a two-fold increased ER-positivity versus erbB2-induced tumors. Compare with mice mammary glands, rats are more similar to the human breast, rats mammary glands had a ductal tree terminates in TDLUs with connective tissues and organized fibroblasts as sheath around and shows extensive alveolar development (118). Oral DMBA or intravenous or subcutaneous of NMU induced ER+ and PR+ tumors in rats (119), and many of these tumors harbor Ras mutations (49, 120). Ras signaling is frequently activated in human breast cancer, usually not by mutations in a Ras gene per se, but by mutations and overexpression of upstream signaling components such as receptor tyrosine kinases and NF1 mutations (121). Wang et al. found that intraductal injection of retrovirus expressing activated versions of Ras or erbB2 into Sprague/Dawley rats led to ER+ tumors (122). This intraductal model has a defined genetic mutation and is more relevant to human breast cancer etiology than DMBA models. NF1 mutations are enriched in ER+ breast cancers of patients. Crispr-mediated germline knockout of NF1 has been reported to induce ER+ tumors that are estrogen dependent (123). The CRISPRs technology is already widely used to edit somatic cells, and CAS9 rats are already commercially available. Therefore, intraductal injection of a virus carrying gRNA could be used to mutate NF1 and other genes associated with human ER+ cancer to generate somatic models of ER+ cancer in rats. Wen and Yi also described the intraductal injection of lentiviral vector FUCGW carrying the mutated oncogene HrasQ61L to Sprague/Dawley rats led to mammary tumors with high positive expression of both ER and PR (124). This technique is an efficient tool for modeling formation, prevention, and treatment of human breast cancer, especially ER+ breast cancer.



Translational Application of Rodent Models for Breast Cancer Treatment

Actually, to mimic human breast cancer accurately is very difficult, especially in breast cancer therapy. CDX or PDX models are widely used because of its easy application, large and rapid tumor cohort generation, and simple preclinical data assessment. They can’t recapitulate tumorigenicity and treatment response in immunocompromized or immune-competent host system. In clinic, cyclin dependent kinase 4/6 (CDK4/6) inhibitors PD0332991 (palbociclib) has shown great efficacy in the treatment of hormone receptor-positive breast cancer, has received conditional approval from the FDA for metastatic breast cancer. Roberts et al. indicated that palbociclib is effective in a HER2-positive mouse model of breast cancer (MMTV-c-neu) but had no effect in the basal-like breast model C3-TAg (125, 126). The combination of carboplatin plus PD0332991 decreased antitumor activity compared with carboplatin alone in MMTV-c-neu with hematopoietic stem cell dormancy (125). It mimicked the therapy response of palbociclib in different subtype breast cancer. Usary et al. examined a range of therapeutics focused on MEK, mTOR, and PIK3CA/mTOR inhibitors in basal-like (C3-TAg), luminal B (MMTV-c-neu), and claudin-low (T11/TP53−/− OST) GEMM (127). They found variable responses in different GEMM. The MMTV-c-neu and basal-like breast model C3-Tag was the most responsive in general and claudin-low T11/TP53−/− model was the most resistant with only small responses. GEMMs recapitulated characteristics of human breast cancer have become a promising tool in cancer research to predict clinical outcome. A successful GEMM is very slow and laborious so that it has not been widely used. And there are still a lot of deficiencies with GEMM in preclinical research. The “co-clinical” trials which are validated in vivo models to pursue high-throughput drug screening and rapid translation of effective anticancer drugs into the clinical setting (128, 129). The co-clinical trials are underway in breast cancer, and we are looking forward to better rodent models for therapeutic testing of breast cancer.



Summary

The selection of appropriate rodent models for investigation of breast cancer is an important experimental decision. Every mouse model has advantages and disadvantages, and thus it is highly important to design a suitable mouse model for each research purpose based on integration of the advantages and disadvantages of different models, and compound techniques of mouse models have more practical application. The rodent models may help to improve the knowledge of breast carcinogenesis mechanism and genetic pathways, as well as creating therapy for modeling clinical breast cancer subtypes and develop innovative cancer therapy.
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Opioids are a potential adjuvant treatment for certain cancers; while they are primarily used to relieve chronic pain, these drugs may also affect cancer progression and recurrence. Dezocine is one opioid commonly used in China, but its effects on cancer cells are unknown. Here, we demonstrated the inhibitory effect of dezocine on triple-negative breast cancer (TNBC) cells, and determined the underlying molecular mechanism. We found that dezocine suppressed cell proliferation, migration and invasion, and induced apoptosis in TNBC cells. Xenograft models demonstrated the inhibitory effects of dezocine treatment on TNBC tumor growth in vivo. The anticancer effects of dezocine were independent of opioid receptors, which are not highly expressed by normal breast or breast cancer tissues. A pull-down assay and LC-MS/MS analysis indicated that dezocine directly targets NAMPT: computer modeling verified that the free energy of dezocine kinetically bound into the pocket of NAMPT was −17.4 kcal/mol. Consequently, dezocine treatment inhibited NAMPT enzyme activity, resulting in cellular NAD abolishment. We confirmed the dezocine-induced inhibition of cell proliferation by both NAMPT knockdown and upon treatment with the inhibitor FK866. Our results suggest that both dezocine and NAMPT might represent novel therapeutic targets for TNBC.
Keywords: triple-negative breast cancer, dezocine, opioid, NAMPT, proliferation, metastasis
INTRODUCTION
Breast cancer is the most common malignancy suffered by women, accounting for 30% of all diagnosed cases (Siegel et al., 2019). Advances in disease treatment and management have improved survival rates, but breast cancer patients still experience the second highest mortality rate of all female cancer patients. However, mortality rate differs depending on breast cancer subtype, with some being more aggressive and difficult to treat than others. One example is triple negative breast cancer (TNBC), which accounts for 15% of all diagnosed breast carcinomas and is characterized by a lack of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) expression (Waks and Winer, 2019). This means that traditional treatments that target these biomarkers are largely ineffective, and patients with TNBC typically experience an unfavorable prognosis. At present, TNBC is treated with standard chemotherapy combined with PARP inhibitors or DNA-targeting platinum drugs, such as carboplatin (Aggarwal et al., 2019). However, the heterogenous nature of the disease means that even these aggressive, combination treatment regimens are often ineffective, and novel treatment approaches are urgently required to improve prognosis for patients with TNBC.
For this reason, our group sought to investigate the potential of opioid drugs as an adjuvant treatment for TNBC. Opioids are widely used for relieving moderate to severe pain in the clinic, including chronic cancer pain, but previous studies have suggested that regional anesthesia and analgesia may also impact cancer progression and recurrence (Tedore, 2015; Forget et al., 2019; Wall et al., 2019). Furthermore, both agonistic and antagonistic opioid ligands have been found to affect cancer growth and development (Boland et al., 2014; Szczepaniak et al., 2020). For example, the mu opioid receptor (MOR) serves an important role in cancer progression by regulating angiogenesis, EMT, mTOR, Src and other signaling pathways (Singleton et al., 2015). MOR is highly expressed in human non-small cell lung cancer (NSCLC) tumor tissues, and the MOR agonist morphine increases Lewis lung carcinoma (LLC) cell proliferation, while MOR knockout mice or the opioid antagonist MNTX infusion attenuates LLC tumor growth and reduces lung metastasis (Mathew et al., 2011). In addition, increased MOR expression is associated with shorter progression-free survival (PFS) and overall survival (OS) in patients with metastatic prostate cancer (Zylla et al., 2013). Recent studies have also linked MOR overexpression to hepatocellular carcinoma (HCC) progression and poor prognosis in HCC patients, while MOR silencing is found to reduce HCC-associated tumorigenesis (Chen et al., 2019; Li et al., 2019). Morphine promotes triple negative breast cancer (TNBC) progression, angiogenesis and metastasis in xenograft mouse models and in vitro studies (Bimonte et al., 2015; Liu et al., 2020), but the effect of morphine in published literature remains controversial (Bimonte et al., 2013). Another opioid analgesic, dezocine, is a MOR and kappa receptor (KOR) mixed agonist-antagonist, with a stronger affinity to MOR (Wang et al., 2018). It also acts as a norepinephrine and serotonin reuptake inhibitor via the norepinephrine transporter (NET) and serotonin transporter (SERT) (Liu et al., 2014). It is widely used in China, particularly for the relief of chronic cancer pain. The link to MOR suggests that dezocine treatment may also affect cancer progression and metastasis; however, the effect of dezocine on cancer cells remains unknown.
In the present study, we found that dezocine inhibited cell growth, induced apoptosis, and suppressed metastasis in TNBC cell lines. Furthermore, we determined that dezocine exerted these anticancer effects by directly targeting nicotinamide phosphoribosyltransferase (NAMPT), which triggered the downregulation of NAMPT enzyme activity and NAD levels. Importantly, Xenograft models indicated the inhibitory effects of dezocine in vivo. These findings suggest that dezocine may have potential as a novel adjuvant treatment to inhibit TNBC progression.
MATERIALS AND METHODS
Cell Lines and Reagents
SH-SY5Y and U937 cell lines were obtained from the Beijing Stem Cell Bank, Chinese Academy of Sciences (Beijing, China). All other cell lines were purchased from the American Type Culture Collection (Manassas, VA, United States). MDA-MB-231, BT549, MDA-MB-468 and MCF7 cells were cultured in DMEM (HyClone; GE Healthcare, Chicago, IL, United States) containing 10% fetal bovine serum (FBS; PAN-Seratech GmbH, Aidenbach, Germany). HCC1937 and U937 cells were cultured in RPMI medium (HyClone; GE Healthcare) containing 10% FBS. MCF10A cells were cultured using the MEGM Bullet kit (Lonza Group, Basel, Switzerland) and 10 ng/ml cholera toxin. SH-SY5Y cells were cultured in DMEM/F12 (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, United States) containing 10% FBS. All cell lines were propagated at 37˚C with 95% humidity in a 5% CO2 incubator.
Dezocine was obtained from Yangzi River Pharmaceuticals Group (Taizhou, Jiangsu, China). FK866 and NMN were purchased from Selleck Chemicals LLC, Houston, TX, United States). Morphine was obtained from Northeast Pharmaceutical Group Shenyang No.1 Pharmaceutical Co. Ltd (Shenyang, Liaoning, China). Morphine, dezocine and NMN were dissolved in ddH2O. FK866 was dissolved in ethanol. All compounds were diluted in appropriate media for cell culture studies.
Cell Viability Assay
Cell viability was measured using Cell Counting Kit-8 (CCK-8; Dalian Meliun Biotech Co., Ltd., Dalian, Liaoning, China) according to the manufacturer’s protocol. Cells were seeded in 96-well plates at a density of 5000 cells/well, and were incubated in a final volume of 100 μL culture medium per well. After 24 h, the cells were treated with dezocine or FK866 for 48 h and cell viability was tested via the addition of CCK-8 reagent. To determine the half maximal inhibitory concentration (IC50), cells were treated with different concentrations of dezocine (0–320 μg/ml) for 48 h, and cell viability was measured.
Colony Formation and Proliferation Assays
Cells were seeded in 6-well plates at a density of 1000 cells/well and were incubated in a final volume of 2 ml/well culture medium containing different concentrations of dezocine (0, 10, 20 μg/ml). After 8–10 days incubation, the plates were washed with PBS and the cells were fixed with 100% methanol at 4˚C for 10 min. Then, cells were stained with 0.05% crystal violet for 10 min at room temperature, and washed twice with ddH2O.
DNA synthesis was detected in MDA-MB-231 and BT549 cells using the Cell-Light EdU Apollo488 In Vitro kit (Guangzhou RiboBio Co., Ltd., Guangzhou, Guangdong, China), according to the manufacturer’s protocol. Briefly, cells were seeded in a 96-well plate at a density of 5000 cells/well, and were incubated in a final volume of 200 ml/well culture medium containing different concentrations of dezocine (10–40 μg/ml) for 48 h. The cells were then stained with Apollo488 and Hoechst33342. Images in 5 fields for each sample were randomly captured, and EdU-positive and Hoechst 33,342-positive cells were counted using Image-Pro Plus 6.0 software (Media Cybernetics, lnc., Rockville, MD, United States)
Cell Apoptosis Analysis
MDA-MB-231 and BT549 cells were seeded into 6-well plates. After 24 h, the cells were treated with dezocine at 0, 10, 20, 40 μg/ml for 48 h. The cells were then labeled with Annexin V and PI using the Annexin V-FITC Apoptosis Detection kit (BioVision, Inc., Milpitas, CA, United States) and were analyzed using FACSCalibur platform (BD Biosciences, Franklin Lakes, NJ, United States).
Wound Healing Assays
Cells were seeded into 6-well plates, cultured until they reached 90% confluence, then starved in serum-free medium overnight. Following this, the cell monolayer was scratched using a sterile 200 μL tip and the plates were washed with PBS 2–3 times to remove floating cells. Then, DMEM containing 10% FBS and dezocine at 0, 10, 20, 40 μg/ml was added. Wound healing was monitored using an Olympus IX73 inverted microscope (Olympus Corporation, Tokyo, Japan) to capture photos of the migrating cells at 0, 24 and 48 h.
Transwell Assays
A total of 5 × 105 cells suspended in 200 μL serum-free medium were seeded in the upper chamber of 24-well Transwell inserts (8-μm pores, Corning; Thermo Fisher Scientific, Inc.) coated with or without Matrigel (BD Biosciences) for invasion and migration assays, respectively. The lower chamber contained 600 μL DMEM with 10% FBS. After incubation for 18 h, non-migrating cells on the upper side of the membrane were removed with a cotton swab, and the remaining cells were fixed and stained with 0.5% crystal violet. Images of 5 random fields were then captured using an Olympus IX73 inverted microscope (Olympus Corporation).
Western Blot
MDA-MB-231 and BT549 cells cultured in 60 mm dishes were treated with dezocine at 0, 10, 20, 40 μg/ml for 48 h. The cells were collected with sample buffer containing protease inhibitors, and protein concentration was determined using a BCA Protein Assay kit (Thermo Fisher Scientific, Inc.). Protein samples were separated by SDS-PAGE, and then transferred onto polyvinylidene fluoride membranes. Then, the membranes were labeled with corresponding primary antibodies and horseradish peroxidase-conjugated secondary antibodies. Protein expression was then detected using the Pierce ECL western blot substrate (Thermo Fisher Scientific, Inc.). The antibodies used are listed in Supplementary Table S1.
Total Ribonucleic Acid Isolation and RT-qPCR
Total RNA was extracted from the cultured cells and the concentration was measured with a Nanodrop spectrometer N1000 (Thermo Fisher Scientific, Inc.). The extracted RNA was then reverse-transcribed to cDNA using the Revert Aid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). The cDNA was then diluted 10-fold and prepared according to the SYBR Green Reagent specification (Takara Bio, Inc., Kusatsu, Japan). The protocol was as follows: 95˚C for 10 min; 40 cycles of 95˚C for 15 s and 60˚C for 30 s. mRNA expression of the target genes was analyzed using the 2-ΔΔCq method. Each real-time PCR reaction was repeated three times and normalized to the internal reference GAPDH. The primers used are listed in Table 2.
In Vitro Dezocine Pull Down Assay
2.5 mg Dezocine was incubated with Sepharose 4B beads (200 ml/g; GE Healthcare Life Sciences) in binding buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM dithiothreitol, 0.01% Nonidet P-40, 4 μg/ml bovine serum albumin, 0.02 mM PMSF, 1X protease inhibitor mixture) with gentle rocking overnight at 4˚C to form dezocine-Sepharose 4B. The dezocine-Sepharose 4B beads were then washed three times with washing buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM dithiothreitol, 0.01% Nonidet P-40, 0.02 mM PMSF). MDA-MB-231 cellular supernatant fraction (1 mg) was then incubated with 200 μL dezocine-Sepharose 4B or Sepharose 4B (as a negative control) in binding buffer. After incubation overnight at 4˚C with gentle rocking, the beads were washed five times with washing buffer, and the proteins bound to the beads were analyzed by LC-MS/MS and western blotting.
Protein In-Gel Digestion
The proteins from dezocine pull down assay was separated and then Coomassie-stained bands on the polyacrylamide gel were excised and transferred into a 1.5 ml microcentrifuge tube, where they were rinsed twice with Mill-Q water. The spots were then de-stained with 100 μL 50 mM ammonium bicarbonate/acetonitrile (1:1, vol/vol) and incubated with occasional vortexing for 30 min, depending on the intensity of the staining. Then, the de-staining solution was discarded and the tubes were washed twice with 200 μL of Mill-Q water. Next, 400 μL 100% acetonitrile was added to dry the gel spots in a SpeedVac for 10 min. Finally, the gel spots were rehydrated in a minimal volume of sequencing-grade porcine trypsin or chrymotrypsin solution (Promega Corporation, Madison, WI, United States; 20 μg/ml in 25 mM NH4HCO3) and incubated at 37˚C overnight. Supernatant was transferred into a 200 μL microcentrifuge tube, and the gels were extracted with extraction buffer (67% acetonitrile containing 1% trifluoroacetic acid). The peptide extract and gel spot supernatant were combined and then completely dried in a SpeedVac.
Mass Spectrometry and nanoLC-Electrospray Ionization-Mass Spectrometry Analysis
The lyophilized peptide was re-suspended in 2% acetonitrile containing 0.1% formic acid and then 4 μL aliquots was loaded into a ChromXP C18 (3 μm, 120 Å) trap column. Online chromatography separation was performed on the Ekspert nanoLC 415 system (SCIEX, Concord, ON, Canada). Trapping and desalting were performed at a flow rate of 4 μL/min for 5 min, with 100% solvent A (water/acetonitrile/formic acid (98/2/0.1%; B, 2/98/0.1%)). Then, an elution gradient of 8–38% solvent B was used on an analytical column (75 μm × 15 cm C18–3 μm 120 Å; ChromXP, Eksigent) for 30 min. Information-dependent acquisition (IDA) MS techniques were used to acquire tandem MS data on a Triple TOF 6600 tandem mass spectrometer (SCIEX), fitted with a Nanospray III ion source. Data were acquired using an ion spray voltage of 2.4 kV, curtain gas of 35 PSI, nebulizer gas of 12 PSI, and an interface heater temperature of 150˚C. The MS was performed with TOF-MS scans. For IDA, survey scans were acquired in 250 ms and up to 40 product ion scans (50 ms) were collected if a threshold of 260 cps with a charge state of 2-4 was exceeded. A rolling collision energy setting was applied to all precursor ions for collision-induced dissociation. Dynamic exclusion was set for 16s.
The MS/MS data were analyzed for protein identication and quantication using ProteinPilot Software v.5.0 (SCIEX). The local false discovery rate was estimated with the integrated PSPEP tool in the ProteinPilot Software as 1.0%, after searching against a decoy concatenated uniprot human protein database (20,191 entries). The following settings were then selected: sample type, identification; cystine alkylation, iodoacetamide; digestion, trypsin; instrument, TripleTOF 6600; species, none; search effort, thorough ID. For each identified peptide confidence should be >95%, and the proteins should have at least 2 unique peptides.
Computer Modeling Analysis
The initial protein structure was built based on its X-ray crystal structure (PDB code: 2GVJ) (Khan et al., 2006). Computational docking was performed using the program Autodock Vina (Trott and Olson, 2010). The search space for docking was large enough to include the default pocket of the protein and for the ligand to rotate in. Potential binding configurations were then selected based on their binding affinity energy. Molecular dynamic simulations were performed from the selected docking conformation with Amber18 software using FF14SB force filed for the protein, GaFF2 forcefield for the ligand, and the TIP3P water model (Jorgensen et al., 1983; Maier et al., 2015). The protein was solvated in a rhombic octahedral box with periodic boundary conditions and a distance of 10 Å between the boundary and the nearest protein atoms. Sodium and chloride ions were added to neutralize the simulated system. The system was minimized for 10,000 steps using a steepest descent algorithm, followed by a 1 ns heating process to increase the temperature from 10 to 310 K, and 1 ns of NPT simulation with weak restraints on heavy atoms. The 20 ns of NPT MD production simulation was performed at 310 K, and snapshots from the last 10 ns were used for MM/GBSA calculations.
In Vitro Nicotinamide Phosphoribosyltransferase Inhibition Assays
Dezocine (40 μg/ml), 10 nM FK866 and 20 μM NMN in ddH2O were prepared, and in vitro NAMPT enzyme inhibitory activity assays were performed using the NAMPT Colorimetric Assay kit (Abcam, Cambridge, United Kingdom), according to manufacturers’ protocol.
Determination of Intracellular NAD+ Levels
MDA-MB-231 and BT549 cells, cultured in 6-well plates, were treated with dezocine at 0, 10, 20, 40 ug/ml or 10 nM FK866 for 48 h. Cells were then collected using a NAD+/NADH extraction buffer. Intracellular NAD+ content was determined with a NAD+/NADH Assay kit with WST-8 (Beyotime Institute of Biotechnology, Beijing, China), according to the manufacturer’s protocol. The resultant value was normalized to total cell number.
Knockdown of Nicotinamide Phosphoribosyltransferase
NAMPT-knockdown cells were generated through lentiviral-mediated delivery of NAMPT small hairpin (sh)RNA. The shRNA oligos were synthesized by GENEWIZ (South Plainfield, NJ, United States) and cloned into the pLKO.1 expression construct (using pLKO.1-scramble shRNA as control). The shRNA sequences used were provided in Supplementary Table S3. The resultant pLKO.1-shRNA plasmids were co-transfected into HEK293T cells with the pCMV-VSV-G packaging plasmids and envelope pCMV-delta-8.2 envelope plasmids for production of the shRNA lentivirus, as described below. After 48 h, the supernatant fractions from the cell cultures were collected and filtered through a 0.45 μm filter. Cells were then infected with the viral supernatant fractions and supplemented with polybrene. The culture medium was replaced with fresh growth medium 16 h post-infection, with 2 μg/ml puromycin for 48 h-selection. The cells were cultured in this medium until the control cells died. Knockdown efficiency was then evaluated by qPCR and western blot analysis. The shRNA sequences used are listed in Supplementary Table S3.
Transient Transfection
The MOR and KOR expression plasmids, OPRM1-Tango and OPRK1-Tango, were obtained from Addgene (Watertown, MA, United States). A total of 5 × 105 MDA-MB-231 or BT549 cells were inoculated in a 100-mm dish. When the cells reached 70% confluence, they were transfected with the target plasmids and Lipofectamine 3000™ (Life Technologies; Thermo Fisher Scientific, Inc.) and configured in Opti-MEM for 10 min at room temperature. The transfection mixture was incubated with TNBC cell lines for 48 h, and protein and gene expression were detected by western blot or qPCR, respectively.
Xenografts in Nude Mice
All animal research procedures were performed according to the protocols of the Animal Care and Use Ethics Committee of Shenzhen University Health Science Center and all animals were treated in strict accordance with protocols approved by the Institutional Animal Use Committee of the Health Science Center, Shenzhen University. Female NU/NU mice (Charles River. Beijing, China, ∼4–6 weeks old; n = 10) were subcutaneously injected with 10X106 MDA-MB-231 cells in 200 uL PBS supplied with 25% of Matrigel (Corning, NY, United States) on the right side of the back. 3 weeks after inoculation, these mice were then randomly allocated into control group (n = 5) and experimental groups (n = 5) for treatment. PBS (control group) or dezocine (30 mg/kg; experimental group) was daily intraperitoneally injected for 4 weeks. The tumor growth was monitored by measurement of tumor diameter twice a week, and the tumor volume was calculated with the formula: volume = (length x width2)/2. At the end of treatment, the mice were sacrificed and tumor xenografts were excised and weighted.
Statistical Analysis
All experiments were performed at least in triplicate. Data were analyzed using GraphPad Prism 7 statistical software (GraphPad Software, Inc., La Jolla, CA, United States). Data are presented as the mean ± standard deviation. Two-tailed, unpaired Student’s t-tests were used to compare the difference between two groups with similar variance. For all tests, P < 0.05 was considered to indicate a statistically significant difference.
RESULTS
Dezocine Exerts Anti-Tumor Effects on Triple-Negative Breast Cancer Cancer Cells
Dezocine (Figure 1A) is an opioid analgesic used to relieve pain in cancer patients, but its direct influence on cancer cells remains to be determined. In the present study, we initially tested the effect of dezocine treatment on cell viability in a range of cell lines, which included TNBC, ER-positive breast cancer and mammary epithelial cell lines. The viability of all the cell lines was inhibited in a dose-dependent manner by treatment with dezocine for 48 h (Figure 1B). The IC50 values for all cell lines was in the 30–50 μg/ml range, suggesting that dezocine does not exhibit cell type specificity. Immortalized MCF10A mammary epithelial cells were also sensitive to dezocine (IC50 = 32.12 μg/ml; Table 1). Colony formation assays further confirmed the dose-dependent, dezocine-induced inhibition of MDA-MB-231 and BT549 TNBC cell proliferation, with fewer cells visible on the plates as the dose increased from 10 μg/ml to 20 μg/ml (Figures 1C,D). Furthermore, EdU assays were conducted to analyze the impact of dezocine treatment on DNA synthesis in MDA-MB-231 and BT549 cells. Dezocine significantly decreased DNA synthesis in both MDA-MB-231 and BT549 cells in a dose-dependent manner (Figures 1E,F); consistent with the results of cell viability and clonogenic assays.
[image: Figure 1]FIGURE 1 | Dezocine inhibits breast cancer cell viability, colony formation and DNA synthesis. (A) The molecular structure of dezocine. (B) MDA-MB-231, BT549, MDA-MB-468, and MCF7 cells were treated with the indicated concentrations of dezocine for 48 h, and cell viability assays were performed. (C) Representative images of colony formation assays performed with dezocine-treated MDA-MB-231 and BT549 cells, with (D) quantification. (E) DNA synthesis was measured in dezocine-treated MDA-MB-231 and BT549 cells using EdU incorporation assays, with (F) quantification. Percentages of EdU-positive cells out of total cells are shown. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. negative control.
TABLE 1 | IC50 of dezocine in TNBC, ERα+ breast cancer and mammary epithelial cell lines.
[image: Table 1]Dezocine Induces Apoptosis in MDA-MB-231 and BT549 Cells
Flow cytometry revealed that dezocine treatment (10–40 μg/ml; 48 h) significantly increased the proportion of Annexin V-positive apoptotic cells, and this effect was dose-dependent (Figures 2A,B). Furthermore, the protein expression of apoptotic markers was upregulated after dezocine treatment (Figures 2C,D), which was consistent with the flow cytometry results.
[image: Figure 2]FIGURE 2 | Dezocine induces apoptosis in MDA-MB-231 and BT549 cells. (A) Apoptosis was measured with Annexin V and PI staining in MDA-MB-231 and BT549 cells treated with dezocine for 48 h, followed by flow cytometry. (B) Quantification of flow cytometry data. (C) Apoptosis-related protein expression was detected by western blot. (D) Quantification of western blot data. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. control.
Dezocine Inhibits Cell Migration and Invasion in MDA-MB-231 and BT549 Cells
The results of the wound healing assay revealed that both MDA-MB-231 and BT549 cell migration was suppressed by dezocine treatment for 24 or 48 h (Figures 3A–D). This effect was once again dose-dependent. Transwell migration assays confirmed this result, as well as its dose-dependent nature (Figures 3E–G). Similar results were also obtained from Transwell assays using Matrigel, suggesting that MDA-MB-231 and BT549 cell invasion was also inhibited by 10 or 20 ug/ml dezocine treatment (Figures 3H–J). Furthermore, protein expression of the mesenchymal markers N-cadherin, vimentin, TCF8 and beta-catenin was downregulated by dezocine treatment for 48 h (Figures 3K,L). Taken together, these results clearly demonstrate the inhibitory effect of dezocine on the migration and invasion of TNBC cell lines in vitro.
[image: Figure 3]FIGURE 3 | Dezocine inhibits MDA-MB-231 and BT549 cell migration and invasion. (A) Wound healing assays revealed that dezocine inhibited MDA-MB-231 cell migration, with (B) quantification; similar results were found for (C) BT459 cells, with (D) quantification. (E) Transwell assays were performed to detect cell migration following dezocine treatment, with quantification of (F) MDA-MB-231 cells and (G) BT549 cells. (H) Transwell assays with Matrigel were performed to detect cell invasion following dezocine treatment, with quantification in (I) MDA-MB-231 and (J) BT549 cells. (K) MDA-MB-231 and BT549 cells were treated with dezocine for 48 h, and the expression levels of epithelial and mesenchymal markers were detected by western blot. (L) Quantification of western blot data. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. control.
Dezocine Suppresses the Progression of Triple-Negative Breast Cancer in An Opioid Receptor Independent Manner
Dezocine functions as an analgesic via opioid receptors, but whether the mechanism underlying the dezocine-induced inhibition TNBC occurs via these receptors remains unknown. We first detected the mRNA expression of opioid receptors (MOR, KOR and DOR) with RT-qPCR in breast cancer cell lines and normal MCF10A breast epithelial cells, using the SH-SY5Y neuroblastoma cell line and U937 monocyte cell line as controls. The mRNA expression levels of opioid receptors were comparatively low in both normal breast and breast cancer cell lines, with MOR expression levels being particularly reduced (Figure 4A). Furthermore, we tested the effect of opioid receptor overexpression in TNBC cells, and found that MOR and KOR overexpression inhibited MDA-MB-231 and BT549 cell proliferation (Figure 4B). To further investigate whether dezocine works as an opioid receptor agonist here, MDA-MB-231 and BT549 cells were incubated with 40 μg/ml dezocine for 48 h after pretreatment for 15 min with 10 uM NAL/NTX, which are opioid receptor antagonists. However, neither NAL nor NTX rescued MDA-MB-231 and BT549 cell viability following dezocine treatment (Figures 4C,D). Considering dezocine also acts as an antagonist of opioid receptors, TNBC cells were treated with 40 μg/ml dezocine for 48 h after pretreatment for 15 min with 20 ug/ml morphine, which acts as an agonist of opioid receptors. The inhibitory effect of dezocine on cell viability was not reversed by morphine (Figure 4E), and these data together implied that dezocine exerts its anti-tumor effect on TNBC cells in an opioid receptor-independent manner.
[image: Figure 4]FIGURE 4 | Dezocine suppresses TNBC progression in an opioid receptor-independent manner. (A) mRNA expression levels of the opioid receptors MOR, KOR and DOR were determined in the indicated cell lines, including breast cancer cells and MCF10A breast epithelial cells, with SH-SY5Y and U937 as controls. (B) MDA-MB-231 and BT549 cells were transiently transfected with MOR or KOR plasmids, and cell proliferation was determined. MDA-MB-231 and BT549 cells were pre-treated with (C) NAL or (D) NTX or (E) morphine for 15 min prior to treatment with dezocine for 48 h, and cell viability was measured with a CCK8 assay. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. control.
Dezocine Inhibits Nicotinamide Phosphoribosyltransferase Enzyme Activity and Reduces Cellular NAD Content Through Targeting Nicotinamide Phosphoribosyltransferase
To reveal the direct target and molecular mechanisms underlying the effects of dezocine, a pull-down assay and HPLC-MS/MS were performed. The proteins pulled down from MDA-MB-231 lysate by dezocine-sepharose 4B beads were separated by SDS-PAGE, and LC-MS/MS was performed to compare them with those pulled down by sepharose 4B beads (Supplementary Figure 1A). Among these candidate targets from LC-MS/MS (Supplementary Table S3), NAMPT was confirmed to be captured by dezocine-conjugated beads in both MDA-MB-231and BT549 cells through western blot analysis, suggesting that dezocine targeted NAMPT directly (Figure 5A). Furthermore, computer modeling analysis indicated that dezocine binds in the NAMPT pocket, and the free energy of dezocine kinetically bound into this pocket was −17.4 kcal/mol (Figure 5B). This data further confirmed that NAMPT is the direct target of dezocine.
[image: Figure 5]FIGURE 5 | Dezocine inhibits NAMPT enzyme activity, which reduces cellular NAD content. (A) A pull-down assay with dezocine-sepharose 4B beads was performed in MDA-MB-231 and BT549 cells, and NAMPT protein expression was detected with western blot analysis. (B) Computer modeling analysis revealed that dezocine binds to NAMPT. NAMPT is presented as a graphic, with the residues nearby to dezocine represented as sticks in the left. NAMPT is presented as the surface in the right. (C) MDA-MB-231 and BT549 cells were treated with dezocine for 48 h, and NAMPT expression levels were detected. FK866 was used as the control. (D) NAMPT enzyme activity was examined in vitro. NAD content was then detected in (E) MDA-MB-231 and (F) BT549 cells. **P < 0.01 and ***P < 0.001 vs. control, with additional comparisons indicated by lines.
Next, NAMPT mRNA expression was confirmed in breast cancer cell lines by RT-qPCR, and higher NAMPT expression levels were observed in MDA-MB-231 and BT549 cell lines (Supplementary Figure 2A). However, following dezocine treatment for 48 h, NAMPT protein expression did not change in MDA-MB-231 and BT549 cells (Figure 5C). This indicated that dezocine did not affect NAMPT protein stability.
NAMPT is a rate-limiting enzyme involved in the nicotinamide adenine dinucleotide salvage pathway. To determine the activity of the enzyme with dezocine binding, an NAMPT activity assay was performed and the NAMPT inhibitor FK866 was used as a control. Both dezocine and FK866 inhibited NAMPT enzyme activity, while NMN rescued NAMPT activity in vitro (Figure 5D). Furthermore, as demonstrated with an NAD/NADH assay, dezocine reduced NAD production in a dose-dependent manner in both MDA-MB-231and BT549 cells (Figures 5E,F). Together, these results suggested that dezocine bound directly to NAMPT and inhibited the activity of the enzyme.
FK866T is an NAMPT inhibitor that reduces cell proliferation by decreasing intracellular NAD levels. In TNBC cells, the inhibitory effects of FK866 were confirmed by cell viability assays, while dezocine showed a similar inhibitory effect (Supplementary Figures 2B,C). The suppression of cell growth was further confirmed by knockdown of NAMPT (knockdown efficiency was detected, Supplementary Figure 2D) in MDA-MB-231and BT549 cells (Supplementary Figures 2E,F).
Dezocine Inhibits Triple-Negative Breast Cancer Tumor Growth In Vivo
Having shown the effects of dezocine in vitro, we subsequently wanted to determine the inhibitory effects of dezocine in vivo. We subcutaneously injected MDA-MB-231 cells (10 × 106) into the right flanks of nude mice. 3 weeks after inoculation, the mice were exposed to PBS or dezocine (30 mg/kg) treatment for 4 weeks (Figure 6A). Xenografts taken from mice in the dezocine-treated group were significantly smaller than those taken from the PBS-treated group (Figures 6B,C). Indeed, we measured the tumor volume twice a week after injection of MDA-MB-231 cells, and found that it was significantly reduced in the dezocine-treated group compared to the PBS-treated group (Figure 6D). However, there was no significant difference in the body weights between the two groups of mice (Supplementary Figure S3), suggesting the dosage of dezocine we used was systemic safety.
[image: Figure 6]FIGURE 6 | Dezocine exhibits anti-tumor effects on xenografts in vivo. (A) MDA-MB-231 cells (10 × 106 cells) was subcutaneously injected into the flank of mice. 3 weeks after tumor cells inoculation, a total of 30 mg/kg dezocine in PBS solution was daily injected intraperitoneally for 4 weeks. (B) The photographs of tumors from mice treated with PBS or dezocine. (C) The mean of tumor weights was measured after PBS or dezocine treatment (p = 0.03). (D) The tumor volumes from mice were measured twice a week post-injection (p = 0.02). *P < 0.05 vs. control.
DISCUSSION
Pain remains a prevalent concern for patients with cancer, and has a significant impact on clinical outcome. Opioids are widely used as clinical analgesic agents for cancer patients. Dezocine is a synthetized opioid analgesic and is broadly prescribed for pain relieving in China, occupying over 45% of the domestic market of opioid analgesics. Thus, it is very important to understand the role of dezocine in cancer treatment. However, the effect of dezocine on cancer cells remains unknown. In the present study, we demonstrated that dezocine inhibited DNA synthesis, cell proliferation, cell migration and invasion in TNBC cell lines in vitro. Dezocine treatment also induced apoptosis in TNBC cells, confirmed by the upregulation of pro-apoptotic proteins, such as cleaved PARP and cleaved caspase 3. Importantly, our xenograft models demonstrated the inhibitory effects of dezocine treatment on TNBC tumor growth in vivo. These results clearly demonstrate the anticancer effects of dezocine in TNBC.
Dezocine is a MOR and KOR mixed agonist-antagonist, with a higher affinity for MOR (Liu et al., 2014; Wang et al., 2018). MOR overexpression has been observed in human NSCLC, prostate cancer and HCC, and is regarded as a molecular marker for poor prognosis. For example, MOR silencing and MOR antagonists treatment have previously been demonstrated to suppress carcinoma progression (Mathew et al., 2011; Zylla et al., 2013; Chen et al., 2019; Li et al., 2019). However, the results of our study indicated that opioid receptor expression in breast cancer cell lines and mammary epithelial cell lines is relatively low compared with SH-SY5Y and U937 cells. This suggested that the expression pattern of opioid receptors in breast cancer is completely different from that in lung cancer and HCC. When MOR and KOR were overexpressed in TNBC cells, cell proliferation was suppressed; but this is not consistent with the results seen in lung cancer and HCC. Furthermore, neither NAL/NTX, which acts as an antagonist, nor the agonist morphine, managed to suppress the inhibitory effects of dezocine. This indicated that dezocine acts in an opioid receptor independent manner, suggesting that opioid receptor function depends on cancer type and tissue specificity.
Our pull-down assay followed by LC-MS/MS found that dezocine targeted NAMPT directly; and computer modeling analysis confirmed that dezocine bound to NAMPT. NAMPT, also known as pre-B-cell colony-enhancing factor 1 (PBEF1) or visfatin, acts as a rate-limiting enzyme in the nicotinamide adenine dinucleotide (NAD+) salvage pathway. It catalyzes the condensation of nicotinamide and 5-phosphoribosyl-1-pyrophosphate to nicotinamide mononucleotide during NAD+ biosynthesis, and extracellular NAMPT exerts additional cytokine-like activity (Garten et al., 2015). NAD is a co-enzyme that participates in a number of cell metabolic pathways, including glycolysis, with increased NAD levels enhancing glycolysis. This can provide cancer cells with energy and promote tumor progression. Furthermore, NAD is a substrate of NAD-dependent enzymes such as poly (ADP-ribose)polymerase (PARP), sirtuins, and NAD glycohydrolase, which regulate DNA repair, gene expression and stress responses, all of which have implications for cancer (Yaku et al., 2018). Thus, through its control of NAD biosynthesis, NAMPT has a crucial role in cancer cell metabolism. NAMPT overexpression has been observed in multiple malignant tumors, including breast, ovarian, thyroid, gastric, prostate and colorectal cancers, gliomas, and malignant lymphomas (Tan et al., 2015). NAMPT promotes the proliferation and survival of rapidly dividing cancer cells by elevating NAD levels and enhancing glycolysis (Tan et al., 2013; Yamamoto et al., 2017). As a result, NAMPT is considered a promising novel therapeutic target for cancer treatment. NAMPT inhibitors such as FK866, GMX1777, and GMX1778, have been developed as a candidate novel therapeutic strategy for cancer (Yaku et al., 2018). In our study, NAMPT expression was verified in breast cancer cell lines and mammary epithelial cell lines, and the results were in accordance with those previously obtained in a range of solid tumors, including breast cancer (Shackelford et al., 2013). A study including 176 breast cancer patients also demonstrated that higher NAMPT levels are correlated with poorer survival, with high-grade tumors having significantly higher NAMPT/p73 mRNA ratios (Sharif et al., 2016). Furthermore, NAMPT has been found to induce breast cancer cell proliferation through the AKT/PI3K and ERK/MAPK signaling pathways, and to protect against apoptosis (Gholinejad et al., 2017). In the present study, MDA-MB-231and BT549 cell proliferation was suppressed by NAMPT knockdown, which are similar to those results found previously.
Furthermore, we found that dezocine treatment led to the inhibition of NAMPT activity and the reduction of cellular NAD, and this effect was dose-dependent. As a result, TNBC cell proliferation was suppressed. Similar results were observed following FK866 treatment in our study. FK866 was the first inhibitor of NAMPT to be developed, and is regarded as a candidate novel therapeutic drug through blocking NAMPT activity. FK866 induced apoptosis-mediated cell death in chronic lymphocytic leukemia cells and HepG2 liver carcinoma cells (Hasmann and Schemainda, 2003; Gehrke et al., 2014), inhibited the epithelial-mesenchymal transition in hepatocarcinoma MHCC97-H cells (Zhang et al., 2018). However, NAMPT has also been reported to induce the epithelial-to-mesenchymal transition independently of its enzymatic activity (Soncini et al., 2014). Furthermore, NAMPT knockdown has been found to increase the aggressiveness of human breast cancer metastasis through the regulation of integrins (Santidrian et al., 2014). The results of the present study suggested that dezocine suppresses cell migration and invasion in TNBC cells, however, the underlying molecular mechanisms require to be further elucidated.
In summary, the present study is the first to report the efficacy of dezocine against TNBC in vitro and in vivo. Furthermore, we demonstrated that dezocine binds directly to NAMPT, inhibiting its enzyme activity and downregulating NAD in TNBC cells. The lack of effective treatments for TNBC is a global health concern, and the development novel treatment strategies is urgently required. Drug repurposing has emerged as a novel strategy for cancer therapy. Dezocine represents a potential candidate treatment for TNBC and perhaps other cancers, and, furthermore, NAMPT may represent a candidate therapeutic target in TNBC. Notably, previous study has shown that the combination of NAMPT inhibitor FK866 with olaparib inhibited TNBC growth in vivo than either single agent alone (Bajrami et al., 2012), supporting the potential use of dezocine alongside Olaparib or other therapeutic agents, to increase overall efficacy in TNBC. The further investigation is warranted in future studies.
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Breast cancer is a common malignant tumor in women, with a highest incidence and mortality among all of the female malignant tumors. Notably, targeted therapy has achieved impressive success in the treatment of breast cancer. As one class of the anti-tumor targeted therapeutics, Cyclin-Dependent Kinases 4/6CDK4/6inhibitors have shown good clinical activity in treating breast cancer. Nevertheless, despite the promising clinical outcomes, intrinsic or acquired resistance to CDK4/6 inhibitors has limited the benefits of this novel target therapy. In the present review, we provide an overview of the currently known molecular mechanisms of resistance to CDK4/6 inhibitors, and discuss the potential strategies to overcoming drug resistance improving the outcomes for breast cancer patients treated with CDK4/6 inhibitors.
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Introduction

Cyclin-dependent kinases (CDKs) are serine/threonine kinases that play key roles in regulating cell cycle (1). CDK 4 and 6, two critical kinases among CDKs mediate the cellular transition from G0/G1 phase to S phase during cell cycle: dysregulation of CDK 4/6, result in uncontrolled cell division. The main effect of CDK4/6 inhibitor is to bind with cyclin D specifically, block cell cycle transformation, and stop cell cycle in G1 phase, thereby inhibiting tumor cell proliferation (2). Importantly, CDK4/6 inhibitors have showed great efficacy in treatment of breast cancer. Based on the PALOMA-1trail, FDA approved palbociclib, the first CDK 4/6 inhibitor, in combination with letrozole as first-line treatment for patients with ER-positive, HER2-negative advanced breast cancer (ABC) or metastatic breast cancer (MBC) (3). At present, three selective CDK4/6 inhibitors (palbociclib, ribociclib, and abemaciclib) have been approved by FDA (4, 5). These three CDK4/6 inhibitors are used in combination with endocrine therapies or fulvestrant for patients with ER+ Her− metastatic breast cancer. Clinical trials PALOMA-2, MONALEESA-2, and MONARCH-3 have showed that when combined with aromatase inhibitors, CDK4/6 inhibitors could significantly prolong the progression-free survival in postmenopausal women with HR-positive metastatic breast cancer (6–8). Nevertheless, despite promising clinical outcomes, acquired or intrinsic resistance to CDK4/6 inhibitors often occurs, and this constitutes a major hindrance to successful treatment and limits the therapeutic benefits of those targeted therapeutics for patients with this disease. Therefore, understanding the molecular mechanisms and pathways involved in resistance to CDK4/6 inhibitors may help develop effective strategies to circumventing drug resistance and selecting patient populations who can benefit from this targeted therapy. Here, we review and discuss the known molecular mechanisms and pathways that modulate the cellular sensitivity or resistance to CDK4/6 inhibitors, and provide our outlook on this subject (6–8).



Potential Resistance Mechanisms

Breast cancer cells can be intrinsically resistant to CDK4/6 or develop acquired resistance to those agents. CDK4/6 can phosphorylate retinoblastoma protein (Rb1), and the phosphorylation leads to Rb1 functional inactivation, then Rb1 uncoupling from E2Fs transcription factors and release E2Fs. CDK4/6 inhibitors exert their effects through breaking the CDK4/6-Rb-E2F pathway (9, 10). The tumor cells with loss of Rb1 and lack of the major targets, intrinsic resistance to CDK4/6 inhibitors may occur (11, 12). The major obstacle to successful treatment with CDK4/6 inhibitors is the acquired resistance that frequently occurs in the patients who have received this therapy. Tumor cells can acquire the ability to escape CDK4/6 action (13). Understanding potential mechanisms of acquired resistance to CDK4/6 inhibitors may help find effective ways to preventing or overcoming drug resistance to this class of therapeutics (Figure 1).




Figure 1 | The role of CDK4/6-cyclin D and CDK4/6 inhibitor. CDK4 and CDK6 play key roles in cell proliferation. Cyclin D is regulator of the CDK4 and CDK6 kinases. CDK4/6 and cyclin D together form active complexes, which phosphorylates Rb1 protein. Rb1 is an onco-suppressor which repress the transcription of genes required for the cell cycle, limit the expression of transcription factor E2F target genes which are involved in cell cycle progression. Phosphorylated Rb1 releases E2F. Release from Rb1 allows for E2F-driven genes triggering the cell cycle progression. CDK4/6 inhibitors bind to the cyclin D specifically, thereby block CDK4/6-mediated phosphorylation of Rb1. Non-phosphorylated Rb1 still binds to E2F in an inactive complex, which leading to cell cycle arrest in G0/G1 phase and impossible to entry cell division, thereby inhibiting tumor cell proliferation (1, 9, 10, 13).





Direct Cell Cycle Mechanisms


Loss of Drug Target Genes


RB1

The tumor suppressor Rb1 is a key checkpoint in the cell cycle and a major target of CDK4/6 inhibitors. In both of preclinical and clinical settings, Rb1 mutations were found (14). In the tumor cell line with acquired resistance to palbociclib, it was demonstrated that resistance to CDK4/6 inhibitors was mediated through Rb1 loss, and restoration of Rb1 expression rendered tumor cells sensitivity to the CDK4/6 inhibitor (15). Chronic loss of Rb1 was found to be a cause of resistance to CDK4/6 inhibitors in breast cancer (16, 17). Using the breast cancer cell lines sensitive or resistant to palbociclib, it was showed that the complex change of Rb1 pathway was related to resistance to CDK4/6 inhibitor, Rb1 deficient in function is an important factor that contributes to palbociclib and abemaciclib resistance in breast cancer patients (18, 19). In clinical settings, researchers sequenced the somatic genomic mutations of three HR+ breast cancer samples before and after drug resistance to CDK4/6 inhibitors occurred and found that Rb1 mutation, allele substitution or exon deletion only existed in the blood samples after but not before drug resistance (20). Many researches showed that Rb1 loss could activate bypass of cyclin D1-CDK4/6-dependent pathway, leading to acquired resistance to CDK4/6 inhibition (14). These observations suggest that despite loss of Rb1, progression of the cell cycle continues via the activation of other cell cycle machinery, and inhibition of the bypass axis in combination with the CDK4/6 inhibitors may be effective in overcoming resistance to these targeted therapies. However, in the PALOMA-3 randomized phase III trial, the circulating tumor DNA sequencing from patients showed that Rb1 mutations occurred only in 6 of 127 (4.7%) patients (21). Thus, further clinical evidence is needed to analyze the frequency of Rb1 mutation in breast cancer patients receiving CDK 4/6 treatment (Figure 2, Table 1).




Figure 2 | Resistance to CDK4/6 inhibitors: Direct Cell Cycle Mechanism: 1. Loss of drug target genes: APC/CFZR1 promote the phosphorylation of Rb1 and regulate cell transition from G1 to S. knockdown of Rb1 and FZR1 synergistically bypassed cell division arrest induced by the CDK4/6 inhibitor (14–23); 2. Increased activity of the CDK4 and CDK6: amplification of CDK4/6 account for a decreased CDK4/6 targeted phosphorylation of Rb1 and a decreased sensitivity of breast cancer cells to CDK4/6 inhibitor (2, 24–34); 3. Abnormal regulations of upstream and Downstream kinases: CCNE1/CDK2, CDK7, E2F, INK, PTEN, Smad-TGF-β pathway which are involved in the progression of cell cycle, as shown in Figure 1, are responsible for resistance to CDK4/6 inhibitors (12, 15, 17, 26, 35–60); 4. Activation of alternate genes like HDACS, WEE1, MDM2, partly help the cancer cell escape from the drugs work (61–67).




Table 1 | Mechanisms of acquired resistance to CDK4/6 inhibitors: Direct cell cycle mechanisms.





APC/CFZR1

Similar to Rb1, the ubiquitin ligase anaphase promoting complex/cyclosome (APC/C) play an important role in cell cycle regulation. APC/C and pRb interact via the co-activator of APC/CFZR1, providing an alternative pathway to regulate transition from G1 to S by pRb through a post-translational mechanism (22). FZR1 is a candidate CDK4/6-cyclin D substrate and as an important determinant in response to CDK4/6 inhibitors. It was found that the loss of FZR1 resulted in uncontrolled cell cycle progression from G1 to S phase. In human breast cancer cell lines, simultaneous knockdown of Rb and FZR1 synergistically bypassed cell division arrest induced by the CDK4/6 inhibitor PD-0332991 (23). The precise mechanism of resistance to CDK4/6 inhibitors associated with the loss of FZR1 remains unclear. It is likely that loss of FZR1 corresponds with the loss of Rb; however, this possibility remains to be further investigated (Figure 2, Table 1).




Increased Activity of the Target Genes


CDK4

CDK4 is an important component of the cyclind-CDK4/6-Rb1 pathway, and was observed in 25% luminal B and 14% Luminal A breast cancers (24). In addition, aberrant expression of CDK4 activates the cyclind-CDK4/6-Rb1 pathway and results in drug resistance (25). It has been demonstrated that CDK4 was elevated in palbociclib resistant cell lines (26). Also, amplification of CDK4 has been reported in melanoma, glioma, rhabdomyosarcoma, and lung cancer and confers resistance to CDK4/6 inhibitors in these malignancies (27–30). The researchers found that increasing phosphorylation of p27 could inhibit CDK4 and regulate the cyclin D/CDK4/p27 complex activity, which could make breast cancer cells more resistant to palbociclib (2, 31), above study suggesting a potential strategy to prevent adaptation to CDK4/6 inhibitors (Figure 2, Table 1).



CDK6

The functions of CDK6 are both kinase-dependent and non-kinase-dependent (32). After a prolonged exposure to CDK4/6 inhibitor LY2835219, a significant amplification of CDK6 was found in several breast cancer cell lines, and this may account for a decreased CDK4/6 targeted phosphorylation of Rb1 and a decreased sensitivity of breast cancer cells to CDK4/6 inhibitor (32). Further experiments confirmed that forced overexpression of CDK6 indeed mediated drug resistance. Overexpression of CDK6 not only mediates resistance to CDK4/6 inhibitors, but also leads to decreased expression of estrogen and progesterone receptors. These studies also suggest that the efficacy of CDK4/6 inhibitors in breast cancer cells is modulated by ER. Therefore, CDK6 amplification can decrease the tumor cell sensitivity to both ER antagonists and CDK4/6 inhibitors. Knockdown of CDK6 can restore sensitivity, while enforced overexpression of CDK6 can confer resistance to CDK4/6 inhibitors

A decrease in ER/PR expression was observed in the tumor specimens from patients receiving treatment of CDK4/6 inhibitor and showing insensitivity to CDK4/6 inhibitors (33). The non-kinase dependent function of CD6 lies in its transcriptional regulation function. In the STAT3 and Cyclin D pathways, CDK6 could up-regulate the transcription of P16 and the expression of VEGF-A that can promote angiogenesis, contributing to the progression and drug resistance of breast cancer (32, 34) (Figure 2, Table 1).




Abnormal Regulations of Upstream and Downstream Kinases


CCNE1/CDK2

The cyclin E (encoded by CCNE1 gene)-CDK2 complexes play a key role in the cell cycle from G1 to S phase. Cyclin E-CDK2 can phosphorylate Rb1, release E2F, and promote entry into the S phase (35, 36). In an analysis of global gene expressions, increased expression of CDK2 was found in the palbociclib-resistant breast cancer cell lines. Also it was suggested that loss of p21 and p27, which has an inhibitory effect function on CDK2, may represent a mechanism leading to bypass of palbociclib (17). It has been reported that when combined CDK2 and CDK4 inhibitors, resistance to palbociclib was no longer obvious, suggesting that cyclin E-CDK2 complexes protein might mediate resistance to CDK4/6 inhibitors (37). Hopefully, next generation CDK inhibitors can target CDK2 to prevent or conquer drug resistance (Figure 2, Table 1).



CDK7

CDK7, one of the major cell cycle regulators, acts as a CDK-activating kinase (CAK) by maintaining CDK1 and CDK2 activity. CDK7 promotes the cell transition from G2 phase to M phase (38). It has been demonstrated that CDK7 overexpression occurred in the estrogen receptor-positive, palbociclib-resistant breast cancer cells (26), suggesting that CDK7 is involved in cellular resistance to CDK4/6 inhibitors. The CDK7 selective inhibitor, THZ1, can significantly inhibit the proliferation of triple negative breast cancer cells at the nmol/L concentration (39, 40). Also, the sensitivity of breast cancer cells to CDK7 inhibitors appears to be associated with the loss of ER and Rb1 CN expression (26). Thus, CDK7 inhibitors may play an important role in both of the targeted therapy and cellular resistance to CDK4/6 inhibitors (Figure 2, Table 1).



E2F

The CDK-Rb-E2F pathway plays a critical role in the control of cell cycle in breast cancer. At the early stage of G1, E2F binds to Rb1 protein and forms a functional complex. Phosphorylation of Rb1 protein by CDK activates E2F. Activation of E2F can promote the transition of cells from G1 phase to S phase. It has been reported that in the CDK4/6 inhibitor-resistant cell lines, the CDK-Rb-E2F pathway reactivate (41). Researchers found that in tumor biopsies resistant to palbociclib, CCND3, CCNE1, and CDKN2D are persistently elevated before palbociclib used, all three genes are known E2F1 transcription targets, suggesting persistent E2F activity in resistant tumors (42). It was also revealed that E2F1 was up-regulated in patients with tumor lymph node metastasis and advanced stage (43) and patients with increased E2F expression was associated with lower overall survival (OS), relapse-free survival (RFS), distant metastasis-free survival (DMFS) (44). Therefore, E2F might be exploited as a therapeutic target both for suppressing drug resistance to CDK4/6 inhibitors and biomarkers and therapeutic targets for breast cancer in breast cancer.



INK

CDK4/6 activity is regulated by the INK4 family proteins (p16INK4A, p15INK4B, p18INK4C, and p19INK4D), can inhibit the expression of CDK4 and lead to cell cycle arrest in the G1/S phase, thus considered as a natural tumor inhibitor (45). The P16 (p16INK4A) protein, encoded by the CDKN2Aink4a gene, play an important role of the INK4 family. It has been reported that CDK4/6 inhibitors can inhibit cancer cell cycle progression because of P16 gene deletion (46). Cancer cells with P16 methylation are more sensitive to palbociclib than those control (47, 48). It has been found that overexpression of p16 and loss of Rb1 often occur simultaneously. When p16 overexpression is accompanied by Rb1 deficiency, CDK4/6 inhibitors are inactive due to the Rb1 deficiency. With the presence of Rb1, overexpression of p16 (be consistent) leads to a decrease of CDK4 and resistance to CDK4/6 inhibitors (12). Further studies are needed to delineate the precise mechanistic association between Rb1 loss and P16 overexpression, which may help design novel therapeutic strategies to overcoming the acquired resistance to CDK4/6 inhibitors (Figure 2, Table 1).



PTEN

PTEN a tumor suppressor gene, is one of the frequently mutated genes in human cancers (49). The increased expression of PTEN leads to the inactivation of CDK, which enables the Rb1 keep dephosphorylating, while binding to transcription factor E2F, which ultimately inhibits cell proliferation. these ways may influence the effect of CDK4/6 inhibitors (49). Researchers analyzed serial biopsies from breast cancer patients treated with the combination of ribociclib and letrozole and found that ablation of PTEN was sufficient to promote resistance to CDK4/6 inhibition (50). The increased AKT expression could reduce PTEN expression and render breast cancer cells resistant to CDK4/6 inhibitors (51). In breast cancer cells, loss of PTEN also conferred resistance to alpelisib. Moreover, loss of PTEN expression can cause dual resistance to CDK4/6 inhibitors and PI3K inhibitors (52) (Figure 2, Table 1).



Smad-TGF-β Pathway

Smad–transforming growth factor β (TGF-β) pathway contributes to G1 arrest in breast cancer cells (53). TGF-β signaling is transduced through Smad2 and Smad3 and forms a complex with Smad4 to regulate target gene expression relevant to cell growth and differentiation (54, 55). Smad3, which has antiproliferative effects, has a key role in TGF-β signaling cascade. Smad3 can regulate cell cycle arrest, and has been shown to be correlated with resistance to CDK4/6 inhibitors (53). Mechanistically, cyclin E-CDK2 and cyclin D1-CDK4/6 complexes can suppress Smad3 through its phosphorylation, and the suppression of Smad3 releases the Rb1-E2F blockade and restore cell cycle arrest in breast cancer cells (53, 56). TGF-β can phosphorylate and activate Smad2 and Smad3 and form a complex with Smad4, and this contributes to the induction and progression of EMT. EMT can promote invasion and metastasis of cancer cells and increase drug resistance (57). Consistently, inhibition of the CDK2-mediated phosphorylation of Smad3 reduces TNBC cell migration and invasion through changes in EMT-related signaling factors (58). According to these findings, resistance of tumor cells to CDK4/6 inhibitors may result from suppression of Smad3 that is associated with the activated cyclin E-CDK2 axis and EMT (15, 36, 59, 60). Thus, the Smad-TGF-β pathway might be considered as a potential therapeutic target for overcome drug resistance to CDK4/6 inhibitors (Figure 2, Table 1).




Activation of Alternate Genes Are Involved in the Progression of Cell Cycle


WEE1

WEE1 is a protein tyrosine kinase that phosphorylates CDK1 and CDK2 and causes their inhibition (61). WEE1 inhibits CDK1 to maintain the cell in an inactive state and prevent mitosis. WEE1 also inhibits CDK2 to delay the replication process and allow time for DNA repair. Both of these events occur in breast cancer cells (61, 62). Inhibiting the expression of WEE1 can sensitize the drug resistant cancer cells to CDK4/6 inhibitors, probably because that inhibiting WEE1 can increase the expression of CD4 (63). In the ribociclib-resistant cancer cells, a down-regulation of the G2/M checkpoint was observed (64). Drug resistant cancer cells exhibited collateral sensitivity to the Wee-1 inhibitor, adavosertib (AZD1775). Combined treatment with ribociclib and adavosertib can elicit significantly stronger antiproliferative effect on drug resistant tumor cells cells than ribociclib alone (64) (Figure 2, Table 1).



MDM2

Mouse double minute 2 homolog (MDM2) is a negative regulatory protein of tumor suppressor p53 and can inhibit cellular senescence. MDM2 binds to p53 protein and inhibits the function of this tumor suppressor (65). Overexpression of MDM2 drives breast oncogenesis and blocks apoptosis of breast cancer cells, resulting in resistance of tumor cells to CDK4/6 inhibitors. Therefore, the use of MDM2 inhibitors may reverse cellular resistance to CDK4/6 inhibitors, and this has been in human liposarcoma (66). Indeed, the MDM2 inhibitor, CGM097, in combination with a CDK4/6 inhibitor palbociclib and fulvestrant has shown promising therapeutic benefits in reversing the tumor resistance to CDK4/6 inhibitors and to endocrine therapy (67) (Figure 2, Table 1).





Indirect Cell Cycle Mechanisms


Bypass Pathways of the Cell Cycle


mTOR Pathway

Abnormal activation of mammalian target of rapamycin (mTOR) pathway is an important target for development of anti-cancer drug, the most common mechanism of mTOR activation in breast cancer is via phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling, PI3K/AKT/mTOR pathway is closely associated with cellular resistance to CDK4/6 inhibitors (15, 68–70). It was reported that mTOR signaling is dysregulated in breast cancer patients following abemaciclib treatment (70) and PI3K/mTOR pathway has been shown to be upregulated in response to chronic exposure to CDK4/6 inhibitors (71). Also, pre-treatment with mTOR inhibitors was shown to prevent or delay the resistance to CDK4/6 inhibitors (72). In a kinome-wide siRNA screen, it was found that the AKT pathway is highly activated in the ribociclib resistant breast cancer cells (73). Combination of PI3K and CDK 4/6 inhibitors could reduce cell viability and overcome intrinsic and adaptive resistance leading to tumor regressions (74). Further studies demonstrated that ribociclib in combination with an AKT inhibitor or PI3K inhibitor has a significantly stronger inhibitory effect on the growth of transplanted tumor in mouse models, as compared with ribociclib alone, supporting the role of PI3K signaling pathway in mediating resistance to the CDK4/6 inhibitor (73). Thus, coinhibition of the PI3K/mTOR and CDK4/6 pathways may prevent induction of drug resistance. Furthermore, it has been showed in a preclinical model that a PI3K inhibitor combined with a CDK4/6 inhibitor has a significant stronger inhibitory effect on proliferation of breast cancer cells than the single drug (41). Taken together, the PI3K/AKT/mTOR inhibitors may represent a class of sensitizers in CDK4/6-targeted therapy (Figure 3, Table 2).




Figure 3 | Resistance to CDK4/6 inhibitors: Indirect Cell Cycle Mechanism Bypass pathways of the cell cycle: mTOR activation is via phosphoinositide PI3K/AKT signaling. The PI3K/AKT/mTOR pathway regulate cell signal transduction, have extensive links with other bypasses, for example EMT and TGF-β pathway (15, 41, 68–74). High expression of AP-1 (75–78), FGFR amplification (79–82), loss of ER or PR (13, 16, 26, 72) expression drives cells to escape CDK4/6 inhibition and act as bypass pathways for the progression of the cell. Other mechanisms include EMT (10, 83–87), immune mechanisms (88–91) and autophagy directly or indirectly influence drug resistance shown in the figure (10, 92–96).




Table 2 | Mechanisms of acquired resistance to CDK4/6 inhibitors: Indirect cell cycle mechanisms.





AP-1

High expression of AP-1 can lead to resistance to CDK4/6 inhibitors. AP-1 family consists of C-FOS, C-Jun, ATF, and MAF, and is involved in the regulation of a variety of genes, including cyclinD (75). The high expression of C-Jun is common in breast cancer and affects the expression of ER (76). It was found in breast cancer cells that are resistant to palbociclib which the transcriptions of AP-1 and C-FOS were increased, and AP-1 blockade in combination with palbociclib could effectively inhibit cell proliferation and reduce pRb and CDK2 levels as compared to single agent treatment (77). These observations suggest that co-treatment with Ap-1 specific inhibitors and CDK4/6 inhibitors may elicit anti-tumor synergistic effects. AP-1 and c-FOS inhibitors have entered Phase II clinical trial (T-5224) (78) (Figure 3, Table 2).



FGFR

The fibroblast growth factor receptor (FGFR) is growth factor receptor tyrosine kinases (79). Development of normal mammary gland requires active transcription of FGFR mediated proto-protein kinase and FGFR is closely associated with the development and progression of breast cancer (80, 81). Based on the combination of letrozole with ribociclib, the clinical trial MONALESA-2 observed that FGFR1 amplification was related to a lower PFS (79). It was also demonstrated that FGFR1 expression was increased in breast cancer MCF-7 cells treated with fulvestrant and palbociclib (82), and lucitanib, an anti-FGFR drug, can decrease drug resistance. As FGFR1 can stimulate the proliferation capacity of cancer cells, inhibiting both FGFR/FGF and the CDK4/6 pathways might be an effective approach to preventing or circumventing resistance to a single agent (Figure 3, Table 2).



ER and PR

ER and PR are the major factors that mediate cyclinD-CDK4/6 activity in estrogen receptor-positive (ER+) and progesterone receptor-positive (PR+) breast cancer cells (13). Effect of ER on resistance to CDK4/6 inhibitors involves both cell cycle and non-cell cycle mechanisms. In a preliminary clinical study, it was found that the expressions of ER/PR were lost in the palbociclib resistant tumor samples and down-regulated in the palbociclib resistant breast cancer cells (16, 26). Chip-seq analysis uncovered that ER was deficient in binding to ESR1 and FOXA1, but enriched in binding to SP1 and AP2, and these were accompanied by decreased expression of regulatory genes such as PDZK1 and TFF1.These data indicate that drug-resistant cells are genetically altered by chromosome remodeling. In other pathways discussed above, high expression of AP-1 leads to overexpression of C-Jun, which inhibits ER activity and modulates the efficacy of CDK4/6 inhibitors (76). Similarly, CDK4/6 blockade can lead to up-regulation of EGFR/ERBB and down-regulation of ER signaling pathway, and this negative feedback regulation can impact the efficacy of CDK4/6 inhibitors (26) (Figure 3, Table 2).




Other Mechanisms


EMT

Epithelial-mesenchymal transformation (EMT) is a biological process in which epithelial cells lose their polarity obtain the ability to invade and migrate. EMT has important roles in tumor cell metastasis, tumor stem cell formation, drug resistance, and other malignant phenotypes. A number of EMT-related signaling pathways are involved in drug resistance in cancer cells (83–85). The gene set enrichment analysis (GSEA) revealed enrichment of pathways that regulate EMT and cancer stem cells (IL-6/Stat3, IL-2/STAT-5, Notch, Wnt) in the cells resistant to palbociclib (10). Indeed, anti-CDK4/6 therapy can induce EMT and enhance cell invasion through activating TGF-β signaling (60, 86). It was suggested that EMT is an important determinant of success/failure of targeted therapies by interfering with the compensatory changes such as deregulation of CDK2 activity (87). Low cyclin D1 (CCND1) expression displays increased expression of EMT markers, increased migration of breast cancer cells and drug resistance (86) (Figure 3, Table 2).



Immune Mechanisms

CDK4/6 inhibitors not only induce tumor cell cycle arrest, but also promote anti-tumor immunity (88–90). In murine models of breast carcinoma, it was found that CDK4/6 inhibitors can activate tumor expression of endogenous retroviral elements that enhance tumor antigen presentation. CDK4/6 inhibitors also suppress the proliferation of suppressive regulatory T cells (Tregs) and enhance the cytotoxic T cell-mediated killing of tumor cells. It was also found that CDK4/6 inhibitors could promote anti-tumor immunity by phosphorylating NFAT4, a transcription factor of T cells, thereby increasing IL-2 levels (91). CDK4/6 inhibitors reduced the proliferation of T cells, but increased tumor infiltration and activation of effector T cells. In addition, CDK4/6 inhibition can augment the response to PD-1 blockade in multiple in vivo murine syngeneic tumor models (91). These studies provide a rationale for combining CDK4/6 inhibitors with immunotherapy to more effectively killing tumor cells and preventing drug resistance (Figure 3, Table 2).



Autophagy

Autophagy is a cellular process that eliminates the damaged or aged cells and is the key machinery for bulk degradation of superfluous or aberrant cytoplasmic components. Autophagy is a double-edged sword in drug sensitivity/drug resistance (92–94). Autophagy could elevate the maintenance of cancer stem cells which may enhance drug resistance, while autophagy may help tumor cells to clear the drug-induced damage which decreasing the impact of chemotherapy and enhances therapeutic response (95, 96). It was demonstrated that CDK4/6 inhibition induces ROS mediated senescence and autophagy, blockade of autophagy significantly improves the efficacy of CDK4/6 inhibition (10). It was reported that high expression of autophagy proteins like LC3B can be utilized to combat resistance to cell-cycle-targeted therapies, such as CDK4/6 inhibitors (94). More research is needed to clarify the relationship between the CDK4/6 inhibitor and autophagy, this will provide a better prospect for the clinical application (Figure 3, Table 2).





Summary and Perspectives

CDK4/6 inhibitors are an effective therapeutic option for patients. A number of clinical trials have demonstrated the effectiveness and benefits of CDK4/6 inhibitors in improving the progression-free survival (PFS) of patients with ER-positive, HER2-negative advanced breast cancer (ABC) or metastatic breast cancer (MBC) when combined with endocrine therapy. The approval of palbociclib was based on the results from the PALOMA-1/TRIO-18, PALOMA-2, and PALOMA-3 trials. In the PALOMA-1 trail, combined therapy of letrozole with palbociclib significantly improved PFS as compared with single-agent letrozole. The PALOMA-2 trial confirmed the clinical activity of combination of palbociclib with letrozole. In PALOMA-3 trial, combined treatment of palbociclib with fulvestrant has shown benefits in patients with HR-positive, HER2-negative ABC or MBC. Thus, FDA approved the combined use of palbociclib with fulvestran based on this trial (3, 6, 21, 97). Abemaciclib was approved based on the results of MONARCH 1, MONARCH2, and MONARCH3, and combination of abemaciclib with fulvestrant has been approved for treatment of patients with HR-positive, HER2-negative ABC or MBC. MONARCH 3 trial showed that abemaciclib plus anastrozole or letrozole produced a significantly longer median PFS than the placebo plus anastrozole or letrozole. FDA has approved the combined therapy of abemaciclib in with an aromatase inhibitor as first-line treatment for postmenopausal women with HR-positive, HER2-negative ABC (8, 98, 99). In addition, ribociclib in combination with letrozole was approved as the first-line treatment for postmenopausal women with HR-positive and HER2-negative ABC or MBC, and the combination of ribociclib with fulvestrant was approved for the treatment of postmenopausal women with HR-positive and HER2-negative ABC, based on the outcomes from clinical trials. MONALEESA-7 trial compared patience received ovarian function suppression and endocrine therapy plus ribociclib or not, in the ribociclib group, the PFS and overall survival (OS) was significantly long than placebo group (100–102). The recent study SOLAR-1, indicated that when alpelisib was combined with fulvestrant to treat the patients with PIK3CA-mutated, HR+, HER2- ABC patients, the PFS was increased from 5.7 to 11.2 months, a statistically significant prolongation (103). In China, the CDK4/6 inhibitors have been introduced into the first-line treatment for patients with advanced estrogenic receptor positive breast cancer. While this new targeted therapy has benefited numerous patients with advanced breast cancer, drug resistance to CDK4/6 inhibitors remain to be a major impediment to successful treatment of the disease. Novel approaches to preventing or overcoming the resistance to CDK4/6 inhibitors would certainly increase the value and benefits of these agents to breast cancer patients. However, to reach this goal, we need to have a better understanding of the multiplicity and complexity of the molecular mechanisms involved in resistance to CDK4/6 inhibitors. Also, despite enormous advances in this targeted therapy in treating breast cancer, its clinical efficacy and benefits are limited by the patient populations that do not benefit from this remedy, and this might be associated with a variety of factors such as tumor heterogeneity and target alterations. Identification and development of predictive and reliable biomarkers for the response to CD4/6 inhibitors shall significantly improve the outcome and value of the CD4/6-targeted therapy through better selecting appropriate patients for specific therapeutic regimens, thus are urgently needed. With a better understanding of the molecular mechanism behind resistance to CDK4/6 inhibitors, we could anticipate that patients can better benefit from novel therapeutic strategies that prevent and circumvent drug resistance and reinforce the efficacy of this targeted therapy.
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The proviral integration site for moloney murine leukemia virus 1 (Pim1) is a serine/threonine kinase and able to promote cell proliferation, survival and drug resistance. Overexpression of Pim1 has been observed in many cancer types and is associated with the poor prognosis of breast cancer. However, it remains unclear whether Pim1 kinase is a potential therapeutic target for breast cancer patients. In this study, we found that Pim1 expression was strongly associated with HER2 expression and that HER2-overexpressing breast cancer cells were more sensitive to Pim1 inhibitor-induced inhibitions of cell viability and metastatic ability. Mechanistically, Pim1 inhibitor suppressed the expression of HER2 at least in part through transcriptional level. More importantly, Pim1 inhibitor overcame the resistance of breast cancer cells to HER2 tyrosine kinase inhibitor lapatinib. In summary, downregulation of HER2 by targeting Pim1 may be a promising and effective therapeutic approach not only for anti-cancer growth but also for circumventing lapatinib resistance in HER2-positive breast cancer patients.
Keywords: HER2, lapatinib, drug resistance, breast cancer, PIM1
INTRODUCTION
Breast cancer is the most common cancer type and ranks second among causes for cancer death in women (Fahad Ullah, 2019). According to the expression pattern of biomarkers, including estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2, also known as Neu, ErbB2, EGFR2), breast cancer can be classified into several subtypes (Raica et al., 2009). Among these biomarkers, HER2 overexpression is correlated with poor prognosis prior to the advent of anti-HER2 therapies (Barros et al., 2010; Santa-Maria et al., 2016).
HER2 is a member of human epidermal growth factor receptor (HER/EGFR) tyrosine kinase family, which is frequently overexpressed in many cancer types (Wang, 2017). HER family includes EGFR, HER2, HER3, and HER4. The overexpressed HER2 form either homo-dimer or hetero-dimer with other members of EGFR family. Thereafter, HER2 is activated through autophosphorylation and transduces the downstream signaling pathways, leading to cycle progression, cell proliferation, survival and cancer stemness for tumor progression (Hsu and Hung, 2016; Nami and Wang, 2017). Therefore, targeted therapy against HER2 tyrosine kinase activity has been developed and approved for HER2-positive breast cancer (Riese and Stern, 1998; Iqbal and Iqbal, 2014). There are two types of HER2-targeted therapy, including HER2 antibody trastuzumab and HER2 tyrosine kinase inhibitor (TKI) lapatinib (Ahmed et al., 2015). Furthermore, lapatinib may act as a surrogate treatment for HER2-overexpressing metastatic breast cancer patients who failed to respond to trastuzumab treatment (Brandes et al., 2010; Hicks et al., 2015). Although these drugs indeed show clinical benefits to HER2-positive breast cancer patients, acquired resistance is still developed eventually and remains a hurdle to be overcome (Nahta et al., 2009; Rexer and Arteaga, 2012; Pernas and Tolaney, 2019). However, the mechanisms underlying resistance remain not fully clarified.
The proviral integration site for moloney murine leukemia virus 1 (Pim1) is a serine/threonine kinase. There are three members in human Pim family, including Pim1, Pim2, and Pim3, which are encoded in chromosome 6, X chromosome, and chromosome 22, respectively. Aberrant elevation of Pim1 has been observed in many cancer types and reported to play a crucial role in tumorigenesis due to the interactions with numerous proteins participating in various signaling pathways involved in cell proliferation, survival, and drug resistance (Narlik-Grassow et al., 2014; Warfel and Kraft, 2015). The oncogenic potential of Pim1 was most extensively investigated in prostate cancer (Holder and Abdulkadir, 2014; Ouhtit et al., 2015; Luszczak et al., 2020). It has reported that AKT inhibitor GSK690693 promotes the transcriptional induction of Pim1 kinase, which increased the protein expressions of receptor tyrosine kinase (RTK), including EGFR, HER2, and HER3, and subsequently resulted in the resistance of prostate cancer cells to AKT inhibition (Cen et al., 2013). Furthermore, Pim kinase inhibitor M-110 was shown to reduce the expression of EGFR, leading to the reduction of extracellular signal-regulated kinase (ERK) pathway activity in prostate cancer (Siu et al., 2011). Although overactivation of HER family was observed in many cancers, especially in breast cancer, ovarian cancer, and non-small cell lung cancer, and correlates with poor prognosis and drug resistance (Wang, 2017), it remains unclear whether Pim1 plays a role in the regulations of HER family expression and TKI resistance and functions a potential therapeutic target in breast cancer. In this study, our data showed that Pim1 positively regulates the expressions of HER2 at the transcriptional level and that targeting Pim1 may be a promising and effective therapeutic approach not only for anti-cancer growth but also for circumventing lapatinib resistance in HER2-positive breast cancer patients.
MATERIALS AND METHODS
Cell Lines and Cell Culture
Human HER2-positive (SkBr3, BT474) and HER2-negative (MDA-MB-231, MCF7, and T47D) breast cancer cell lines were obtained from the American Type Culture Collection. HBL-100 cells and HER2-overexpressing clone (HER18) of MCF-7 cells were 5kind gift from Prof. Mien-Chie Hung. Lapatinib-resistant clones (Sk/LR6 and Sk/LR9) were selected from SkBr3 cells by culturing the cells in increasing concentrations of lapatinib (by 2 µM every 2–3 weeks, up to a maintenance concentration of 10 µM for 3 months). All cell lines were maintained in Dulbecco’s Modified Eagle’s Medium/F12 containing 10% fetal bovine serum (GeneDireX), 100 U/ml penicillin, and 100 μg/ml streptomycin (Thermo Fisher Scientific) and incubated at 37°C in a humidified atmosphere of 95% air and 5% CO2. Lapatinib-resistant clones were maintained in the presence of 1 μM lapatinib.
Preparation of Cell Extracts
Cells were washed with 1X phosphate buffered saline (PBS) once and harvested with RIPA buffer (50 mM Tris (pH7.5), 150 mM NaCl, 10 mM EDTA, 1% NP-40, 0.1% SDS, 1 mM PMSF, 10 μg/ml Aprotinin) plus protease inhibitors, followed by homogenization with sonication and centrifugation at 21,500 × g for 15 min. Whole cell lysates were stored at -20°C until used for the experiments (Lee et al., 2019a; Lee et al., 2020).
Western Blot and Antibodies
As described previously (Lee et al., 2019b), the concentration of total proteins was determined by Bradford protein assay (Bio-Rad), and protein levels were examined by western blot analysis with specific antibodies. Antibody against p-Pim1 Tyr309 was purchased from Assay biotech. Antibodies against AKT, p-ERK Thr202/Tyr 204 and ERK were purchased from Cell Signaling. Antibodies against Pim1 (12H8), EGFR, HER3 (C-17), and HER4 (C-18) were purchased from Santa Cruz. Antibodies against α-Tubulin, Flag®M2 and β-Actin were purchased from SIGMA. Antibody against HER2 was purchased from EMD Millipore. Relative protein expressions were quantified by using ImageJ software (Wayne Rasband, National Institute of Health, United States ). The quantification was shown as the relative amounts of each protein normalization with the loading control, and data were represented for three independent experiments.
3-(4,5-Dimethylthiazol-2-yl)-2,5- Diphenyltetrazolium Bromide Assay
Cells were seeded at a density of 3–4 × 103 cells/well in a 96-well plate. The next day, cells were cultured with serum-free medium and treated with Pim inhibitors SMI-4a and SGI-1776 at the concentrations of 0, 0.5, 1, 2, 5, 10, 20 μM for 2 days in three independent experiments. Then, the culture medium was refreshed with 100 μl serum-free medium with 5 mg/ml MTT solution (Sigma) for 3 h followed by wash with PBS 3 times. The formazan in the cells was solubilized in 100 μl DMSO per well, followed by the measurement of absorbance at 570 nm.
Lentivirus Infection of shRNA
Cells were seeded at a density of 2 × 105 cells/well in a 6-well plate overnight. Cells were infected with lentivirus shRNA using a multiplicity of infection of 125 for 24 h. Then, cells were refreshed with the medium containing 2 μg/ml puromycin for 24 h followed by subsequent experiments.
Plasmid DNA Transfection
Cells were seeded at a density of 4 × 105 cells/well in a 6-well plate. The next day, the cells were transfected with 1 μg plasmid DNA per well for 2 days using TransIT-2020 transfection reagent according to the manufacturer’s instruction as described previously (Huang et al., 2013), followed by subsequent experiments.
Cell Migration and Invasion Assays
Cell migration and invasion abilities were examined by in vitro transwell assay as described previously (Huang et al., 2016). For migration assay, cells at a density of 2 × 105/well were seeded on the non-coated membrane of the upper chamber. For invasion assay, the membrane of the upper chamber was coated with 1–2 mg/ml Matrigel (BD Biosciences), followed by cell seeding at a density of 2 × 105/well with treatment of SMI-4a at the indicated concentration. After 48 h incubation, cells were washed with 1X PBS once, followed by fixation with 4% formaldehyde for 30 min. Cells were washed with 1X PBS once again, followed by 1% crystal violet staining for 15–30 min at room temperature. Cells remaining on the upper chamber were removed using cotton swab. The number of migrating or invading cells was shown and quantified by counting for five fields/field of view at ×200 magnification.
Clonogenic Assay
HER2-negative and -positive breast cancer cells were seeded at a density of 1 × 103/well in a 24-well plate. The next day, cells were treated with SMI-4a for 14 days. The cells were refreshed with a medium containing SMI-4a every 7 days. 2 weeks later, the cell viability was determined by 1% crystal violet staining (buffered with 30% ethanol).
Reverse-Transcription-Quantitative Polymerase Chain Reaction
Total RNA extraction was performed using Trizol™ reagent (Roche). 1 μg RNA was subjected to reverse transcription using M-MLV reverse transcriptase according to manufacturer’s instruction (Sigma). The qPCR analysis was performed on Illumina EcoTM system (Bio-genesis Technologies Inc.) using VeriQuest Fast SYBR Green qPCR Master Mix.
Determination of the Half-Maximal Inhibitory Concentration
IC50 of Pim inhibitors was determined by the following equation: lgIC50 = Xm-I (P- (3-Pm-Pn)/4). Xm: lg maximum dose; I: lg (maximum dose/relative dose); p: the sum of the positive reaction rate; Pm: the maximum positive reaction rate; Pn: the minimum positive reaction rate.
Statistical Analysis
Pearson correlation was used to study the correlation between IC50, Pim1, or HER family expression in breast cancer cell lines. All data were displayed as mean ± S.E.M for three independent experiments. The significance of the difference between the experimental and control groups was assessed by Student’s t-test. The difference is significant if p-value is *< 0.05, **<0.01, ***<0.001.
RESULTS
Human epidermal growth factor receptor 2 Expression Was Strongly Associated With the Expression and Inhibitor Sensitivity of Pim1
It is known that induction of Pim1 was accompanied by increases in EGFR expression (Siu et al., 2011; Cen et al., 2013). To address whether Pim1 regulates HER family expression in breast cancer, we first examined the association between Pim1 and HER family protein expressions using a panel of breast cancer cell lines by western blot (Figure 1A). The correlation analysis based on R2 score revealed that Pim1 protein expression significantly and positively correlated with HER2 and HER3, but not HER4, protein expressions and that the correlation between Pim1 and EGFR expressions approaches marginal significance (Figure 1B).
[image: Figure 1]FIGURE 1 | HER2 expression was strongly associated with the Pim1 expression in breast cancer cells. (A) Whole cell lysates of breast cancer cells, including SkBr3, BT474, HER18, MCF7, T47D, HBL-100, and MDA-MB-231 cells, were subjected to protein expression analysis in western blot using the indicated antibodies. (B) The correlations of Pim1 expression with EGFR, HER2, HER3, and HER4 expression were analyzed by regression analysis based on the results shown in (A).
To further address whether the correlation between Pim1 and HER family expressions relies on Pim1 kinase activity, Pim1 kinase inhibitors SMI-4a and SGI-1776 were employed. First, we determined the sensitivity of various breast cancer cell lines to these Pim1 inhibitors in MTT assays and analyzed the correlation of Pim1 protein expression with the IC50 of these two inhibitors. The IC50 of these Pim1 inhibitors in various breast cancer cell lines were listed in Figure 2A. Alteration of protein level is one of the factors contributing to oncogenic function and may determine the sensitivity of cancer cells to their inhibitors, and the target-independent cell-killing effect of SGI-1776 has been reported (Lin et al., 2019). Therefore, we first analyzed the correlation of Pim1 protein expression with the IC50 of these two inhibitors. As shown in Figure 2B, the IC50 of SMI-4a but not SGI-1776 was inversely associated with Pim1 protein expression, indicating that the specific inhibition of Pim1 by SGI-1776 is not the sole mechanism for its anti-cancer activities. We next analyzed the correlation between HER family protein levels and the IC50 of these two inhibitors. We found that the IC50 of SMI-4a significantly and inversely correlated with EGFR, HER2, and HER3 protein levels while the IC50 of SGI-1776 only significantly and negatively correlated with EGFR and HER2 protein level (Figure 2C). Taken together, these results suggest that EGFR and HER2 expressions are strongly associated with Pim1 expression and the sensitivity to Pim1 inhibitors in breast cancer cells.
[image: Figure 2]FIGURE 2 | HER2 expression was strongly associated with the sensitivity of breast cancer cells to Pim1 inhibitors. (A) The summary table of IC50 of Pim1 inhibitors in various breast cancer cell lines. (B,C) The half-maximal inhibitory concentration (IC50) of Pim1 inhibitors, including SMI-4a and SGI-1776 in SkBr3, BT474, HER18, MCF7, T47D, HBL-100, and MDA-MB-231 cells, was determined by MTT assays. The correlations of IC50 of SMI-4a and SGI-1776 with Pim1 (B), EGFR (C), HER2 (C), HER3 (C) and HER4 (C) expressions were determined by regression analysis.
Human epidermal growth factor receptor 2 -Expressing Breast Cancer Cells Were More Sensitive to Pim1 Inhibitor-Induced Cell Death
Since we observed that HER2 expression was associated with Pim1 inhibitor sensitivity, we further examine whether HER2-positive breast cancers are more sensitive to Pim1 inhibitors. As shown in Figure 3A, IC50 values of SMI-4a and SGI-1776 were lower in HER2-positive than in HER2-negative breast cancer cell lines. In order to investigate whether HER2 acts as a determinant for the sensitivity to Pim1 inhibitors, HER2 was overexpressed in different breast cancer cells followed by measuring their sensitivity to SMI-4a. The viabilities of HER2-addicted SkBr3 and BT474 breast cancer cells were suppressed by SMI-4a, and the inhibitory effect was rescued by further increasing HER2 expression in these cell lines (Figure 3B). On the other hand, HER2-negative and Pim1 inhibitor-insensitive MCF7 and T47D cells became sensitive to SMI-4a while these cells were transformed to HER2-positive and addicted (HER18 and T47D-HER2) cells in MTT assay (Figure 3C). Similar results were also observed in clonogenic assays (Figure 3D, Supplementary Figure S1). In addition to cell viability, we also examined the effect of the Pim1 inhibitor on cell migration and invasion. As shown in Figure 4A, SMI-4a reduced the migration and invasion abilities of HER2-positive SkBr3 breast cancer cells in a dose-dependent manner. The quantitative results of migrated and invaded cell numbers were shown in Figure 4B. Collectively, these findings support that HER2 acts as one of the Pim1 downstream effectors and is a critical determinant for the sensitivity of HER2-positive cells to Pim-1 inhibitor. However, the possibility that other downstream effectors of Pim1 mediate the anti-cancer activity of Pim1 inhibitor in HER2-positive breast cancer cells can not be excluded.
[image: Figure 3]FIGURE 3 | HER2-expressing breast cancer cells were more sensitive to Pim1 inhibitor-induced inhibition of cell viability. (A) The IC50 of SMI-4a and SGI-1776 in SkBr3, BT474, MCF7, T47D, HBL-100, and MDA-MB-231 cells was determined by MTT assay. (B) HER2 expression vector or empty vector was transiently transfected into HER2-positive SkBr3 or BT474 cells for 2 days, followed by the determination of cell viability in response to SMI-4a in MTT assay. (C) The effects of SMI-4a on the cell viabilities of MCF7, HER18, and HER2-transfected T47D cells were determined in MTT assay. Results were expressed as mean ± S.E.M. of three independent experiments. *: p < 0.05; **: p < 0.01 as compared with control group. (D) MCF7, HER18, T47D and T47D-HER2 cells were treated with SMI-4a at 10 μM and subjected to clonogenic assay for 14 days. Cell viability was determined by crystal violet staining.
[image: Figure 4]FIGURE 4 | Pim1 inhibitor attenuated cell migration and invasion abilities in HER2-positive SkBr3 cells. (A,B) SkBr3 cells were treated with SMI-4a at 0, 1, 2 μM for 2 days and subjected to in vitro transwell assay. Cell migration and invasion were observed under microscope and by crystal violet staining (A). The numbers of migrated and invaded cells were calculated and quantified (B). Results were expressed as mean ± S.E.M. of three independent experiments. *: p < 0.05; **: p < 0.01 as compared with control group.
Pim1 Inhibitors Suppressed Human epidermal growth factor receptor Family Expression in Human epidermal growth factor receptor 2 -Expressing Breast Cancer Cells
We next investigated the mechanism underlying Pim1 inhibitor-mediated anti-cancer activity in HER2-expressing breast cancer cells. As shown in Figure 5A, Supplementary Figure S2A, SMI-4a decreased HER2 and p-4E-BP1 protein expression in a dose-dependent manner in SkBr3 cells. The activity of HER2-downstream signaling ERK was also inhibited by SMI-4a. In addition to HER2, EGFR and HER3 protein expressions were attenuated by SMI-4a. Similar results were also observed in another HER2-positive BT474 breast cancer cell line (Figure 5B, Supplementary Figure S2B). In the RT-qPCR analysis, we found that SMI-4a reduced the mRNA levels of all members of HER family in a dose-dependent manner in both BT474 (Figure 6A) and SkBr3 cells (Figure 6B). Silence of Pim1 expression with two individual shRNAs also decreased the mRNA expression of HER2 in BT474 cells (Figure 6C). Conversely, overexpression of Pim1 also increased HER2 and HER3 expressions in MCF7 cells (Figure 6D). These results suggest that Pim1 inhibitors suppressed HER2 expression in HER2-expressing breast cancer cells through the transcriptional level.
[image: Figure 5]FIGURE 5 | Pim1 inhibitors suppressed HER family expression in HER2-expressing breast cancer cells. (A,B) SkBr3 (A) and BT474 (B) cells were treated with SMI-4a at 0, 0.5, 1, 2, 5, 10 μM, and whole-cell lysates were harvested. Protein expressions were examined by western blot using the indicated antibodies.
[image: Figure 6]FIGURE 6 | Pim1 transcriptionally upregulated HER2 expression in breast cancer cells. (A,B) BT474 (A) and SkBr3 (B) cells were treated with SMI-4a at 0, 0.5, 1, 2, 5, 10 μM and total RNAs were extracted. The mRNA expressions of the HER family were examined by RT-qPCR followed by normalization with actin expression. (C) BT474 cells were infected with shPim1#11 or shPim1#18 lentivirus for 2 days followed by total RNA extraction. The mRNA expressions of Pim1 and HER family were examined by RT-qPCR followed by normalization with actin expression. (D) MCF7 cells were transiently transfected with the indicated concentration of Flag-Pim1 expression vector for 3 days followed by preparation of total lysates. Protein expressions were examined by western blot using the indicated antibodies. Results were expressed as mean ± S.E.M. of three independent experiments. *: p < 0.05; **: p < 0.01 as compared with control group.
Pim1 Inhibitors Overcome Lapatinib Resistance Through Downregulation of HER Family Expression
Lapatinib is a HER2 TKI approved for metastatic HER2-positive breast cancer patients. Development of acquired resistance within one year of treatment limited the clinical benefits of this drug (D'amato et al., 2015; Shi et al., 2016). HER2 protein, even without tyrosine kinase activity in the presence of lapatinib, still contributes to the viability of lapatinib-resistant cells in a heregulin (HRG) and HER3-dependent manner (Sato et al., 2013). The tumoral Pim1 mRNA expression was higher in lapatinib-treated patients with HER2-positive breast cancers than in the patients without lapatinib treatment in a published gene set (GSE130788) (Figure 7A). Since Pim1 upregulates HER family expression, inhibition of HER family expression by Pim1 inhibitor may overcome lapatinib resistance. Interestingly, Sk/LR6 and Sk/LR9 cells, two acquired lapatinib-resistant clones of SkBr3 cells, exhibited higher Pim1 kinase activity as evidenced by the induction of Pim1 phosphorylation at Tyr309 than their parental SkBr3 cells (Figure 7B). When Sk/LR6 cells were treated with Pim1 inhibitor SMI-4a, the protein expressions of EGFR, HER2, HER3 as well as p-4E-BP1 were downregulated by Pim-1 inhibition in a dose-dependent manner (Figure 7C and Supplementary Figure S2C, D). We next examined whether SMI-4a overcomes lapatinib resistance in Sk/LR6 and Sk/LR9 cells. As shown in Figure 7D, treatment of SMI-4a, but not lapatinib, obviously inhibited cell viability of Sk/LR6 and Sk/LR9 cells rather than their parental cells. Meanwhile, corresponding blots showed that HER2 expression was suppressed by SMI-4a but not lapatinib in both resistant clones (Figure 7E). These results suggest that Pim1 inhibitor suppresses cell viability of lapatinib-resistant cells through reduction of HER2 expression.
[image: Figure 7]FIGURE 7 | Pim1 inhibitor suppressed HER family expression and cell viability in lapatinib-resistant breast cancer cells. (A) The level of Pim1 mRNA in HER2-positive breast cancer patients who were treated with or without lapatinib in GEO database (GSE130788). (B) Total lysates of SkBr3 and its derived lapatinib-resistant Sk/LR6 and Sk/LR9 cells were harvested. Protein expressions were examined by western blot using indicated antibodies. (C) Sk/LR6 and Sk/LR9 cells were treated with SMI-4a at 0, 0.5, 1, 2, 5, 10 μM and whole-cell lysates were harvested. Protein expressions were examined by western blot using indicated antibodies. (D) SkBr3, Sk/LR6 and Sk/LR9 cells were treated with lapatinib (1 μM), SMI-4a (10 μM), the combination of lapatinib and SMI-4a, respectively for 3 days. Cell viability was examined by MTT assay. L + S: the combination of lapatinib and SMI-4a. Results were expressed as mean ± S.E.M. of three independent experiments. **: p < 0.01; ***: p < 0.001 as compared with control group. (E) SkBr3, Sk/LR6, and Sk/LR9 cells were treated with lapatinib (1 μM), SMI-4a (10 μM), the combination of lapatinib and SMI-4a, respectively for 3 days and whole-cell lysates were harvested. Protein expressions were examined by western blot using indicated antibodies.
DISCUSSION
The members of the HER family are well-known oncogenic driver genes in various cancer types. Although targeting the kinase activity by small molecular inhibitors has shown promising clinical benefits, kinase-independent functions have been proposed to contribute to the development of acquired resistance to these drugs (Zhang et al., 2009; Bhullar et al., 2018). Suppression of the protein expression of these RTKs has been proposed as a potential strategy to overcome the drug resistance (Bonanno et al., 2011; Alexander et al., 2017). In this study, we demonstrated that Pim1 may function as a therapeutic target to downregulate HER2 expression and thereby overcome lapatinib resistance.
Pim1 is a serine/threonine kinase and promotes cell proliferation, survival, and drug resistance. Overexpression of Pim1 has been observed in many cancer types and reported to play a crucial role in tumorigenesis (Narlik-Grassow et al., 2014; Warfel and Kraft, 2015). In previous studies, AKT inhibitor GSK690693 was reported to promote transcriptional induction of Pim1 kinase. Subsequently, Pim1 increased the RTK protein expression, including EGFR, HER2, and HER3 through Cap-independent translation, resulting in the resistance of prostate cancer cells to AKT inhibition (Cen et al., 2013). Moreover, Pim kinase inhibitor M-110 has been shown to reduce the expression of EGFR, leading to lower extracellular signal-regulated kinase (ERK) pathway activity in prostate cancer (Siu et al., 2011). Our results also demonstrated that Pim1 regulates protein expression of the HER family in breast cancer cells (Figures 5, 6), indicating that a common upregulation of the HER family by Pim-1 in various cancer types. Different to the findings in the previous studies, our data showed that Pim1 regulates the expression of HER family, in particular HER2, at the transcriptional level (Figure 6). It is known that Pim1 influences the activity of a number of transcriptional regulators, such as NFATc1, RelA/p65, and c-Myb (Rainio et al., 2002; Winn et al., 2003; Kim et al., 2010). Our previous study indicates that RelA/p65 activation mediates hepatitis B virus X protein-induced HER3 transcription (Chen et al., 2016). Furthermore, transcription factor activator protein-2 (AP-2) was reported to promote EGFR, HER2, and HER3 transcription (Bosher et al., 1995; Johnson, 1996; Bates and Hurst, 1997). Whether RelA/p65 or AP-2 is involved in Pim1-upregulated HER family expression awaits further investigations. In addition to transcriptional control, Pim1 was reported to promote cell cycle progression through induction of p27 phosphorylation and proteasomal degradation (Morishita et al., 2008). Therefore, the potential mechanisms other than transcriptional regulation for Pim1-mediated HER family expression cannot be excluded.
In breast cancer, 20–30% of cases belong to the subgroup of HER2 overexpression, which makes the tumor more aggressive. Therefore, targeted therapy against HER2 activity has been developed and approved for HER2-positive breast cancer (Iqbal and Iqbal, 2014). Although these drugs indeed showed clinical benefits to HER2-positive breast cancer patients, acquired resistance is developed eventually and becomes a hurdle to be overcome (Nahta et al., 2009; Rexer and Arteaga, 2012; D'amato et al., 2015; Pernas and Tolaney, 2019). To date, several mechanisms are proposed for lapatinib resistance. Upregulation of HRG has been observed in lapatinib-resistant cells to confer lapatinib resistance through HER3 and AKT activation, which depends on residual HER2 expression (Sato et al., 2013). In addition to its ligand upregulation, protein expression and phosphorylation of HER3 are induced by lapatinib. Phosphorylated HER3 is able to interact with the p85 subunit of PI3K to activate AKT signaling. Upregulated HER3 interacts with other RTK, such as MET, to maintain survival signaling (Sergina et al., 2007; Garrett et al., 2011; Chen et al., 2012). These events limit the therapeutic efficacy of lapatinib. Furthermore, HER2 T798I and EGFR T790M mutations have also been proposed to mediate lapatinib resistance (Trowe et al., 2008). On the other hand, accumulated evidence has revealed that EGFR promotes cancer cell survival through tyrosine kinase activity-independent mechanisms (Weihua et al., 2008; Tan et al., 2015; Tsuchihashi et al., 2016). Even its kinase activity is inhibited by lapatinib, EGFR still can confer survival signal in cancer cells. Therefore, targeting protein expression of the HER family rather than only its kinase activity may be an effective way for HER2-positive breast cancer cells. Indeed, our results showed that Pim1 inhibitors overcome lapatinib resistance by suppressing protein levels of the HER family (Figure 7). In addition, long-term treatment with lapatinib may switch oncogene addiction to the Pim1-regulated pathway, resulting in a stronger viability inhibition by SMI-4a in lapatinib-resistant clones. Moreover, these findings imply the existence of non-tyrosine phosphorylation-dependent functions of HER2, which may cause the drug resistance to lapatinib and need to be explored in further studies. In conclusion, our study indicates that downregulation of HER2 by targeting Pim1 may be a promising and effective therapeutic approach for HER2-positive breast cancer cells and for circumventing lapatinib resistance.
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Drug resistance Related markers or pathways Mode of action

Resistance to chemotherapy
Paclitaxel JAK/STAT3-CPT1B-FAO-LPEs  Paciitaxel resistance is regulated by JAK/STAT3-CPT1B-related fatty
acid oxidation in BOSCs
MYG/MCL1-(mtOXPHOS) -(ROS) - pacitaxel resistance is regulated by mitochondrial oxidative
HF-1a phosphorylation (MOXPHOS) via MYG/MCL1-(mtOXPHOS) - (ROS)-
HIF-1apathway in BCSCs
ROS-HIF1/2a-IL-6/IL-8/MDR1 ‘Chemotherapy-induced HIF activity enriched the BCSCs through IL-6
and IL-8 signaling and increased the expression of multidrug resistant
proteins (MDR1)

EIF2AK3/EIF2AKA-pEIF2S1-  Paciitaxel resistance is reguiated by redox homoeostasis (ISR) in

ATF4 BCSCs

Jagged2- microRNA-200 Jagged2 promotes the maintenance of BCSCs properties and
paciitaxel resistance by regulating the over-expression of microRNA-
200

IGF2BP3/CD44-IGF2- CD44-expressing fibroblasts can inhibit paciitaxel-induced apoptosis,

Hedgehog signaling leading to pacitaxel resistance

ABCB1 Amplification of chromosome region 7g21 coordinated the

overexpression of resistance-related proteins and caused cancer cells
to develop multidrug resistance.
ABCB1/ABCG2 Atp binding cassette (ABC) transporter linked to paciitael resistance

MTDH/NF-«b signaling MTDH reduces NF-xB expression and increases pe5/p-p65
expression, causing pacitaxel resistance

ERa-activated-DNMT1/DNMT3b  DNMT1 induces DNA methylation and promotes paciitaxel resistance
MENAMAPK signaling MENA subtype expression changes microtubule status after pacitaxel
Anthracyclines  SLC34A2-Bmi1-ABCCS Increases the expression of SLC34A2 in BCSCs induces
signalling chemotherapy resistance to Dox through the sic34a2-bmit-abccs
signaling pathway.
Glucosylceramide synthase The overexpression of GCS in B celss is induced by Dox and is
(@cs) related to the pluripotency of BCSCs
HIF-20/BCRP axis Chemotherapy-mediated HIF-2a directly promotes the expression of
BCRP and coordinates the abilty of anti-dox in BCSCs.
TOPOII Mesenchymal stem cells can effectively repair DNA double-strand

breaks induced by topoisomerase inhibitors
ANXA3/NF-xb signalling pathway ANXA3 overexpression increased the heterogeneity and adriamyclins
resistance in BCSCs by the actvation of NF-x8 signaling pathway.
KLF4 signaling pathway Adriamyciins chemotherapy increased the expression of CD133,
ALDH1A1, ABCG2, and the maintenance of BCSCs characteristics
Resistance to endocrine Therapy

Tamoxifen CD44 + CD24- High CD44 + /CD24 - ratio is displayed in tamoxifen resistant BC
Stem cell markers Upregulates ALDH, Sox2,0ct4, and CXCR4 in tamoxifen resistant
cells
ER signaling pathway Mutations in the ERa promote the generation of BCSCs markers and
induce tamoxifen resistance
PIBK/AKT/mTOR signaling Promotes seff-renewal and survival of BGSCs in tamoxifen resistant
cells
IGFR Maintains BCSCs surface markers expression and tumorigenesis by
the activation of AKT
Wnt/p-catenin pathway Activation along with the enrichment BCSCs in tamoxifen resistant
Notch signaling Develops tamoxifen resistance via regulating BCSCs
ILE/STAT3 Promotes BCSCs and stimulates tamoxien resistance
Hh pathway Maintains the sef-renewal of BCSCs in response to tamoxifen
treatment
TGF-p Generates the phenotype of BCSCs and induces tamoxifen resistance
Fulvestrant ER signaling pathway ERp s a therapeutic target to in BCSCs to re-sensitizes fulvestrant
and tamoxifen resistant cells
Stem cell markers Up-regulation of ALDH1, NANOG, OCT4 and SOX2 in response to
tamoxifen or fulvestrant
NOTCH Maintains the activity of BCSCs to resistant fulvestrant
Al CD44/CD24 High CD44 + /CD24 - ratio is demonstrated in Al-resistant cell
Letrozole PIBK/AKt/mTOR signalling BCBSs-mediated letrozole resistance by regulating PI3K/Akt/mTOR
pathway signaling pathway
Promotes BCSCs enrichment in MOF-7, and inversing by
mTOR inhibitors
JNK signaling pathway Promotes the stemness of BC cels to cause aromatase
inhibitors resistance
Stem cell markers Up-regulation of ALDH1, Oct 4, SOX2, and nanog in resistance cells
HER2 signaling Mediates Al resistance via regulation of stem cell markers, such as
breast cancer resistance protein (BCRP)
Letrozole or HIF-1a Improves the generation of BCSCs to resistant to letrozole and
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Types Cell line 1C50 (ug/mi)

ERa* MCF7 44.06

TNBC MDA-MB-231 52
MDA-MB-468 43.22
BT549 40

Normal MCF10A 32.12

TNBC. triple negative breast cancer: ER, estrogen receptor.
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CDK4/6 and cyclin D together form
active complexes, which phosphorylates
Rb protein. Phosphorylated Rb1
releases transcription factor E2F.
Release from Rb1 allows for E2F-driven
transcription of genes triggering the
cell cycle progression.

{

CDKA. CDK6.

+
+ =

CyclinD

CDK4/6 inhibitors bind to the cyclin \
D, block CDK4/6-mediated
phosphorylation ofRb1.
Unphosphorylated Rb1.still binds to
E2F in an inactive complex, wi
stop cell cycle in G1 phase and
impossible to entry cell division,
thereby inhibiting tumor cell
proliferation.

CDK4/6
inhibitor

-

CDK4/6
h inhibitor

]

61 Phase progression

>4
E2F

Rb1

CDK4/6 could phosphorylate
retinoblastoma protein 1(Rb1) ,
Phosphorylation leads to Rb1 functional
inactivation , then Rb1 uncoupling from
E2Fs transcription factors and release
E2Fs, which activate the transcription of
genes triggering cell cycle progression.
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