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Breast cancer is the most prevalent malignancy among women. Doxorubicin (Dox) resistance was one of the major obstacles to improving the clinical outcome of breast cancer patients. The purpose of this study was to investigate the relationship between the FABP signaling pathway and Dox resistance in breast cancer. The resistance property of MCF-7/ADR cells was evaluated employing CCK-8, Western blot (WB), and confocal microscopy techniques. The glycolipid metabolic properties of MCF-7 and MCF-7/ADR cells were identified using transmission electron microscopy, PAS, and Oil Red O staining. FABP5 and CaMKII expression levels were assessed through GEO and WB approaches. The intracellular calcium level was determined by flow cytometry. Clinical breast cancer patient’s tumor tissues were evaluated by immunohistochemistry to determine FABP5 and p-CaMKII protein expression. In the presence or absence of FABP5 siRNA or the FABP5-specific inhibitor SBFI-26, Dox resistance was investigated utilizing CCK-8, WB, and colony formation methods, and intracellular calcium level was examined. The binding ability of Dox was explored by molecular docking analysis. The results indicated that the MCF-7/ADR cells we employed were Dox-resistant MCF-7 cells. FABP5 expression was considerably elevated in MCF-7/ADR cells compared to parent MCF-7 cells. FABP5 and p-CaMKII expression were increased in resistant patients than in sensitive individuals. Inhibition of the protein expression of FABP5 by siRNA or inhibitor increased Dox sensitivity in MCF-7/ADR cells and lowered intracellular calcium, PPARγ, and autophagy. Molecular docking results showed that FABP5 binds more powerfully to Dox than the known drug resistance-associated protein P-GP. In summary, the PPARγ and CaMKII axis mediated by FABP5 plays a crucial role in breast cancer chemoresistance. FABP5 is a potentially targetable protein and therapeutic biomarker for the treatment of Dox resistance in breast cancer.
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1 INTRODUCTION
Breast cancer is already more common than lung cancer as the most prevalent cancer among females, with an expected 2.3 million new cases in 2020. And among female cancer patients, breast cancer (BRCA) accounts for an estimated 0.682 million deaths (15.5%) (Sung et al., 2021). Adriamycin (ADR), also known as doxorubicin (Dox), is an efficient medication for breast cancer, yet the resistance of cancer cells remains a major challenge for achieving satisfactory therapeutic effects (Meredith and Dass, 2016; Zhang et al., 2021a; Pan et al., 2021). Recent research has demonstrated that increased expression of P-glycoprotein (P-GP) (Billington et al., 2018) and differential expression of microRNA and long noncoding RNA (lncRNA) lead to Dox resistance in breast cancer cells (Perez-Anorve et al., 2019; Zheng et al., 2020). Moreover, changes in lipid metabolism are commonly found with tumor growth and acquired drug resistance (Ndiaye et al., 2020).
Fatty acid binding proteins (FABPs), a class of intracellular lipid chaperones, deliver fatty acids (FAs) to specified organelles, including the endoplasmic reticulum, mitochondria, and the nucleus (Trojnar et al., 2019). FABPs mediate the biological characteristics of tumor cells (Lv et al., 2019). As an example, FABP4, a FABP present in mammalian adipocytes, mediates carboplatin resistance in ovarian cancer cells (Mukherjee et al., 2020). Recent research has indicated that FABP5, which stimulates tumor cell proliferation in clear cell renal cell carcinoma, is related to poor survival rates (Lv et al., 2019). FABP5 also serves as a separate indicator of lymph node metastasis in cervical cancer (Zhang et al., 2020).
Intracellular calcium acts as a multifunctional second messenger involved in several physiological and pathological processes. In breast cancer cells, intracellular calcium concentration is intimately related to multidrug resistance-relevant pathways, such as epithelial mesenchymal transition (EMT) and repair of DNA damage. However, few studies investigate the co-interaction between intracellular calcium concentration and medication chemo-resistance (Wen et al., 2016). As a calcium binding protein, soluble resistance-related calcium-binding protein (sorcin, SRI) is correlated to the resistance to chemotherapeutics in cancer cells and has the same amplicon as the P-glycoprotein (P-GP). The overexpression of SRI leads to enhanced resistance to a variety of chemotherapeutic treatments (Colotti et al., 2014). Recently, a new role for glucose-regulated protein 75 (GRP75)-calcium/calmodulin-dependent protein kinase II (CaMKII)-p38 axis suppressing NF-κB-YY1-FAS in rituximab-resistant reverse diffuse large B-cell lymphoma cells has been discovered (Sun et al., 2022). Consequently, we speculated that FABP5 might impact BRCA cell function via the CaMKII/Sequestosome 1 (SQSTM1, P62) signaling pathway, based on the pivotal functions of cellular calcium in tumor cells, particularly BRCA cells.
The relationship between autophagy and tumor metastasis, EMT, apoptosis, and medication resistance is tight (Ye et al., 2017). In the advanced stage of cancers, like breast tumor cells, colon carcinoma cells, and osteosarcoma cells, autophagy is an important cause of medication resistance in cancerous cells and good management of cellular autophagy may increase the susceptibility of therapy (Tian et al., 2019). Based on a recent study, protective autophagy is connected to acquired drug resistance, and inhibiting autophagy has been proposed as an effective cancer therapy (Kim et al., 2018). Autophagy can inhibit the progression of breast cancer and is involved in the development of therapy resistance in breast cancer (Du et al., 2020).
In this study, we determined the function of FABP5 mediated lipid accumulation in the BRCA cell line, and the results suggested that FABP5 regulated the resistance of BRCA cells to Dox. We hoped to present a fresh perspective on the therapy of tumors and a novel approach to breast cancer medication resistance.
2 MATERIALS AND METHODS
2.1 Cell lines and transfection
MCF-7 cells and MCF-7/ADR cells were purchased from Nanjing KeyGen. Cells were maintained in RPMI-1640 media supplemented with 10% fetal bovine serum (ExCell Bio, Uruguay) and 1% penicillin/streptomycin at 37°C in a humidified 5% CO2 atmosphere. MCF-7/ADR cells were cultivated in the presence of a low dose of doxorubicin hydrochloride (1 μg/mL, MCE, China) and passaged once in drug-free media before the tests to retain their resistance characteristic (Wang et al., 2016). MCF-7/ADR cells were transfected with FABP5-specific siRNA (sc-41237, Santa Cruz Biotechnology, USA) and control siRNA with 100 nM lipofectamine 3,000 reagents (L3000008, Invitrogen, USA) according to the instructions provided by the manufacturer. SBFI-26 (GC39236, GlpBio, USA), a FABP5 specific inhibitor, is used to suppress FABP5 expression. In 6 well plates, the cells were grown for observation. FABP5 expression was evaluated by qRT–PCR and WB technique 96 h after the transfection of cells (Lewuillon et al., 2022).
2.2 Cell counting Kit-8 assay (CCK8 assay)
MCF-7 cells and MCF-7/ADR cells were placed on 96 well plates (8,000 cells per well). 12 h after seeding, cells were treated with Dox (0.1, 0.3, 1, 3, 10, 30, 100, 300, and 1000 μM) for 48 h or cultured with SBFI-26 (0.1, 0.3, 1, 3, 10, 30, 100, and 300 μM) for 72 h, and cell viability was determined with the CCK8 test (MCE, China) in accordance with manufacturer guidelines. After subtracting the background, relative survival was standardized to the untreated control group. The resistance index of MCF-7/ADR cells to Dox was calculated by the equation: RI = IC50(MCF-7/ADR cell)/IC50(MCF-7 cell)).
2.3 Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted with an appropriate RNA Extraction Kit (Promega, United States) and reverse-transcribed employing random primers and a Reverse Transcription Kit (Promega, United States). Then, the expression levels of target RNAs were evaluated using a Step One Plus Real-Time PCR System and SYBR Green Master Mix (7300R, ABI, United States). GAPDH was employed as an endogenous control, and the fold change was computed using the 2−ΔΔCT technique (Mo et al., 2021). Primer sequences were designed by Sangon Biotech (Table 1).
TABLE 1 | Primer sequences in qRT-PCR.
[image: Table 1]2.4 Western blot (WB)
Phosphate-buffered saline (PBS) was used to remove any remaining debris from MCF-7 cells and MCF-7/ADR cells. The cells were lysed in a RIPA lysis solution that contains 1% 0.1 M PMSF and 1% protease inhibitor cocktail. The lysate was centrifuged after being incubated on ice for 30 min. Using the BCA protein assay kit, the quantity of soluble protein in the lysate was quantified, and 30 μg of total protein was added. On 8%–15% SDS-PAGE gels, before transferring samples to a PVDF membrane for 1–2.5 h at 200 mA, samples were separated. The membrane was then blocked at room temperature for 2 h with 5% skim milk in TBS plus 0.1% Tween20 (TBST) and incubated at 4°C for one night with antibodies in TBST. The next day, membranes were treated with a secondary antibody against rabbit or mouse IgG (1:10,000, proteintech, United States) in TBST at room temperature for 2 h. Membranes were rinsed three times with TBST and identified using a Dual color infrared laser imager (LI-COR, United States). Odyssey software was used to examine Western blot pictures, respectively. For membrane labeling, the antibodies include P-GP (1:3,000, HUABIO, China), Multidrug resistance-associated protein (MRP1) (1:3,000, HUABIO, China), Microtubule Associated Protein 1 Light Chain 3 Beta (MAP1LC3B) (1:1,000, ABclonal, China), P62 (1:6,000, MBL, United States), Peroxisome proliferator-activated receptor γ (PPARγ, 1:1,000,proteintech, United States), FABP5 (1:500, proteintech, United States), CaMKII (1:500, ABclonal, China), p-CaMKII (1:500, ABclonal, China), and GAPDH (1:10,000, proteintech, United States) (Jeon et al., 2018).
2.5 Laser confocal microscopy
Dox is fluorescent by nature and can be stimulated at wavelengths of about λ/nm = 480. Consequently, the Dox concentration in drug-treated cells was assessed by examining the fluorescence intensity of the cells using fluorescence microscopy (Leica, Germany) (Jia et al., 2019). Comparison of fluorescence intensity of MCF-7 and MCF-7/ADR cells using unpaired t-tests.
2.6 Transmission electron microscope (TEM)
MCF-7 cells and MCF-7/ADR cells were fixed with 2.5% glutaraldehyde and post-fixed for 2 h with 3% osmium tetroxide (OsO4) in a 6 well plate. The samples were embedded in Epon resin after being dehydrated in ethanol at lowering concentrations and chopped into 100 nm pieces, and then the cells were observed with an 80 kV transmission electron microscope (HT7800, HITACHI, Japan). The morphology of cells was evaluated by TEM.
2.7 Periodic acid-schiff (PAS) staining
MCF-7 cells and MCF-7/ADR cells cultured in a 12 well plate were washed with PBS three times, and intracellular glycogen was measured using a PAS kit (G1360, Solarbio, China) in accordance with the manufacturer’s guidelines (Liu et al., 2018). PAS staining assay for detecting intracellular glycogen.
2.8 Oil red O staining
After 15 min in paraformaldehyde, MCF-7 cells and MCF-7/ADR cells were incubated with Oil Red O lasting 20 min, rinsed with PBS, stained for 5 min in hematoxylin, then washed in running water. Cells could then be identified by a fluorescent microscope (Olympus Corporation, Japan). ImageJ software was used to examine microscopic pictures of Oil Red O staining (Ning et al., 2022). Oil red O staining assay for intracellular lipid droplets.
2.9 Bioinformatics analysis
The BRCA raw data, including FABP5 and CaMKII mRNA expression levels, were obtained from the dataset provided by the GEO (http://www.ncbi.nlm.nih.gov/geo/) to examine the difference in mRNA expression level.
2.10 Clinical sample collection and patient characteristics
Breast cancer samples from 10 breast cancer patients, 5 of which were Dox-sensitive and 5 of which were Dox-resistant, were obtained surgically from the Department of Breast Center at the Fourth Hospital of Hebei Medical University. Before surgery, the patients received neoadjuvant chemotherapy. Patient information is in the form (Table 2). All breast cancer patients with hormone receptor positive and female. Written informed consent was gained from each patient. This study was approved by the Hebei Medical University of Medicine’s Fourth Hospital’s Ethics Committee. (Approval number: 2020KY129).
TABLE 2 | Information for sensitive and resistant patients.
[image: Table 2]2.11 Immunohistochemistry (IHC)
Immunohistochemistry was performed as described previously (Ryu et al., 2018). Paraffin-embedded breast tumor tissues were sectioned by the pathology laboratory of the Fourth Hospital of Hebei Medical University (Shijiazhuang, Hebei, China) at a thickness of 5 microns. Free-floating slides were cultured in a PBS solution containing 3% H2O2 (v/v), rinsed in PBS three times, and blocked for 30 min at 37°C with 5% goat serum. The slides were incubated with FABP5(1:200, proteintech, USA) and p-CaMKII (1:200, ABclonal, China) overnight at 4°C. After washing, the slides were cultured for 30 min at 37°C with secondary anti-rabbit IgG (proteintech, USA), and were subsequently scanned via a pathology section scanner (Pannoramic SCAN, 3D HISTECH, Hungary) to observe the expression of FABP5 and p-CaMKII.
2.12 Flow cytometry
MCF-7 cells and MCF-7/ADR cells were digested by trypsin and resuspended in PBS, then Fluo-4/AM (F14217, Invitrogen™, USA) fluorescent probe was added at a final concentration of 4 μM. The cells were incubated at 37°C in the dark for 60 min then the Fluo-4/AM working solution was moved out. The cells were washed and resuspended with PBS and then incubated for about 10 min at 37°C in the dark. The intracellular calcium was measured by NovoCyte™ (ACEA Biosciences, USA). Ca2+ changes in target cells could be monitored most effectively by employing excitation at λ/nm = 488 blue laser, reception at λ/nm = 525 green light, and the flow cytometry setting for scattered light (Li et al., 2017).
2.13 Colony formation
Briefly, in a group, 5,000 MCF-7/ADR cells were seeded into 6 well plates after 96 h of transfection with FABP5 siRNA or si-control (siNC) incubated with or without Dox for 48 h and then transferred to complete media. In another group, 5,000 cells were plated onto 6 well plates and pre-incubated for 24 h with SBFI-26, then incubated with or without Dox for 48 h, and then transferred to complete media. The cells were proliferated for 6 days so that colonies might develop. The colonies were fixed for 15–20 min with 4% paraformaldehyde and dyed with 0.2% crystal violet for 10 min (Wang et al., 2020).
2.14 Molecular docking
The 3D structures of P-GP (PDB code: 4Q9H), FABP5 (PDB code: 4LKP), CaMK2β (PDB code: 3BHH), and CaMK2δ (PDB code: 2VN9) were discovered in the PDB database (https://www1.rcsb.org/), and the molecular structures of Dox (PubChem CID: 31703) were acquired from the PubChem website and transferred to PDB format using the freeware Open Babel. The molecular docking studies of P-GP, FABP5, CaMK2β, and CaMK2δ as receptors and Dox as ligand were performed by dehydration and hydrogenation via autodock4.2.6 (OpenEye Scientific Software, USA), and the binding energy was measured and the value less than −1 indicating docking activity. The smaller values indicate stronger docking activity and stronger binding (Bang et al., 2018).
2.15 Statistics analysis
An unpaired t-test was used when comparing MCF-7 and MCF-7/ADR cells. Multiple comparisons between groups were conducted by one-way ANOVA. GraphPad Prism was employed for all analyses (GraphPad Software). Unless otherwise noted, data are presented as means ± SD. All experiments were repeated 3 times or more (n ≥ 3). p < 0.05 was considered statistical significance. GraphPad Prism 7.0, ImageJ, Adobe Illustrator, and R were used for all statistical analysis and graphing.
3 RESULTS
3.1 Different characteristics distinguishing MCF-7 cells with MCF-7/ADR cells
First, resistant features of MCF-7/ADR cells were identified. Differences in morphology between MCF-7 and MCF-7/ADR cells: MCF-7 cells were ellipsoidal with a uniform shape and a distinct three-dimensional structure; MCF-7/ADR cells were polygonal and varied in size (Figure 1A). On MCF-7 cells, the IC50 of Dox was 4.5 μM. However, the IC50 of Dox was 213.2 μM on MCF-7/ADR cells. The resistance index was 47.4 (Figure 1B). The WB analysis demonstrated that drug resistance-associated proteins, P-GP and MRP1, were considerably differently expressed in MCF-7/ADR cells compared to MCF-7 cells with elevated intracellular expression (Figure 1C). After 24 h of treatment with 5 μM Dox, the intracellular Dox accumulation could be noticed as a fuchsia merging, a substantial decrease was found in drug accumulation in MCF-7/ADR cells compared to MCF-7 cells via confocal microscopy technique (Figure 1D). The above outcomes revealed that MCF-7/ADR cells were indeed MCF-7 resistant cells to Dox.
[image: Figure 1]FIGURE 1 | Validation of MCF-7/ADR cell drug resistance qualities. (A) MCF-7 cells vary morphologically from MCF-7/ADR cells, MCF-7 cells are spherical shape spheres whereas MCF-7/ADR cells are polyhedral. (B) CCK-8 assay was used to determine the IC50 values of MCF-7 and MCF-7/ADR cells following treatment of Dox at various doses for 48 h. (C) Analysis of the expression of two resistant proteins (MRP1, P-GP) in MCF-7/ADR and MCF-7 cells using WB(n = 3). (D) After 24 h of treatment with 5 μM Dox, drug accumulation in MCF-7 cells and MCF-7/ADR cells was observed via confocal microscopy. Red fluorescence is the spontaneous color of Dox, blue is the color of the nucleus stained by Hoechst 33,342 and fuchsia is the merge, the intracellular Dox accumulation to be observed, and statistical fluorescence by ImageJ (n = 6), scale 0–75 μm ***p < 0.001 vs. MCF-7 cells.
Then, the superfine structures between MCF-7 cells and MCF-7/ADR cells were observed by transmission electron microscopy. The results demonstrated that MCF-7 cells had considerably more glycogen than MCF-7/ADR cells (Figure 2A). Moreover, glycogen periodic acid-Schiff (PAS) staining revealed that the glycogen content in MCF-7 cells was pretty higher (Figure 2B). However, the oil Red O staining revealed that there were more lipid droplets in MCF-7/ADR cells compared with MCF-7 cells (Figure 2C), indicating that drug resistance may be associated with glycolipid conversion and lipid metabolism.
[image: Figure 2]FIGURE 2 | MCF-7 cells and MCF-7/ADR cells had unique glycolipid metabolic profiles. (A) Transmission electron microscopy identified the ultrafine structures of MCF-7 and MCF-7/ADR cells, the red arrow points to glycogen, the enlarged image below. (B) Micrographs of MCF-7 cells and MCF-7/ADR cells stained with PAS, the red arrow points to glycogen. (C) Oil Red O staining of intracellular lipid droplets in MCF-7 and MCF/ADR cells, the red arrow points to lipid droplet.
3.2 FABP5 was upregulated in drug-resistant breast cancer cells and tumor tissues
FABPs have a strong affinity for long chain fatty acids (FAs) and control lipid metabolisms in several organs, such as the brain, gut, and liver (Leitao et al., 2018; Reid et al., 2019; Zhang et al., 2021b). FABPs also influence the biological characteristics of tumor cells (Lv et al., 2019). To explore whether the differential expression of FABPs may be induced during the progression of breast cancer chemotherapy resistance, we investigated mRNA microarray data in the GSE76540, a dataset of the Gene Expression Omnibus (GEO) database. RNAs with log2FC ≥ 1 and adj.P.Value < 0.05 were selected from the microarray data. Compared to MCF-7 cells, MCF-7/ADR cells demonstrated 2,490 upregulated mRNAs and 2,577 downregulated mRNAs. Among them, FABP5 was the only upregulated FABP family member in MCF-7/ADR cells compared to MCF-7 cells (Figure 3A; Supplementary Figure S1A–C).
[image: Figure 3]FIGURE 3 | Expression of FABP5 in MCF-7 and MCF-7/ADR cells. (A) RNA expression box of FABP5 in the GSE76540 dataset revealed that FABP5 was expressed at a higher level in MCF-7/ADR cells than in MCF-7 cells. (B) QRT-PCR analysis of the expression of FABPs mRNAs in MCF-7 and MCF-7/ADR cells (n = 6), and the Y-axis represents the fold change over control group (MCF-7). (C) WB analysis revealed FABP5 protein expression was increased in MCF-7/ADR cells compared with that in MCF-7 cells (n = 4). (D) FABP5 expression in breast cancer patients as determined by IHC. Scale bars, 0.1 mm (n = 5). **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. MCF-7 cells.
To confirm the relationship between FABP5 and BRCA resistance, the expression of FABP5 was measured in MCF-7 and MCF-7/ADR cells. qRT-PCR was used to determine the expression levels of 10 FABPs (FABP1, FABP2, FABP3, FABP4, FABP5, FABP6, FABP7, FABP8, FABP9, and FABP12) (Figure 3B). Among them, FABP5 had the greatest level of expression in MCF-7/ADR cells. We did WB assays on two breast cancer cell lines to confirm this result and found that FABP5 was highly expressed in MCF-7/ADR cells (Figure 3C). We collected 10 patients with breast cancer treated routinely with neoadjuvant chemotherapy (NAC): doxorubicin hydrochloride liposome injection, cyclophosphamide, and docetaxel. According to clinical effectiveness, patients were classified as sensitive or resistant, detailed patient information is in Table 2. We evaluated the expression of FABP5 via IHC in 10 breast cancer samples from the Fourth Hospital of Hebei Medical University. The results demonstrated that FABP5 expression was increased in resistant patients than in sensitive individuals, consistent with the performance of the results on cells (Figure 3D; Supplementary Figure S1D). These data indicated that FABP5 may promote Dox resistance in vitro and in vivo.
3.3 Intracellular calcium modulated the resistance of MCF-7/ADR cells to dox
We used flow cytometry to detect the intracellular calcium levels in MCF-7 and MCF-7/ADR cells, which showed a dramatic increase in calcium expression in MCF-7/ADR cells compared to MCF-7 cells, exceeding MCF-7 cells by 2-fold, MCF-7/ADR cells were able to maintain a sustained intracellular calcium aggregation (Figure 4A). To determine the function of calcium in MCF-7/ADR cell resistance to Dox, cell viability after Dox treatment for 48 h was monitored in the presence or absence of BABTA-AM, a member-permeable intracellular calcium chelator. It was discovered that cell viability reduced proportionally with increasing doses of BABTA-AM. BABTA-AM dose-dependently increased the drug sensitivity of MCF-7/ADR cells to Dox (Figure 4B). The results demonstrated that intracellular calcium is involved in regulating drug resistance in MCF-7/ADR cells. The mRNA expressions of the CaMKII sub-family, except for CaMKIIγ, were substantially higher in MCF-7/ADR cells compared to MCF-7 cells, with a 7.40-fold, 19.47-fold, and 5.58-fold increase for CaMKIIα, CaMKIIβ, and CaMKIIδ respectively (Figure 4C), and protein levels were further confirmed (Figure 4D). In the GSE76540 database, there were no differences for CaMKIIα and CaMKIIβ, however CaMKIIδ and CaMKIIγ were substantially different in MCF-7/ADR cells compared to MCF-7 cells (Supplementary Figure S2). We investigated the expression of p-CaMKII via IHC in 3 sensitive patients and 3 resistant patients. The results demonstrated that p-CaMKII expression was increased in resistant patients than in sensitive individuals, agreeing with the performance of the results on cells (Figure 4E; Supplementary Figure S2B). These results indicated that intracellular calcium could promote Dox resistance in MCF-7/ADR cells, and its molecular mechanism might involve the regulation of CaMKII expression.
[image: Figure 4]FIGURE 4 | Intracellular calcium in MCF-7 and MCF-7/ADR cells. (A) Flow cytometry revealed intracellular calcium accumulation in MCF-7 and MCF-7/ADR cells, with the accumulation being higher in MCF-7/ADR cells. MCF-7 and MCF-7/ADR group were stained with fluo-4 a.m. for 60 min, but MCF-7 con and MCF-7/ADR con group were cellular autofluorescence, MeanX/control means MCF-7/MCF-7 con (n = 3). (B) MCF-7/ADR cell viability was measured by the CCK-8 method after 5 μM Dox treatment for 24 h with or without preincubation with BABATA-AM for 2 h *p < 0.05 vs. Dox (5 μM) group. (C) The qRT-PCR analysis of CaMKII family genes expression (n = 6). (D) The protein expressions of p-CaMKII, CaMKII and GAPDH were analyzed in MCF-7 and MCF-7/ADR cells by the WB technique (n = 3). (E) p-CaMKII expression in breast cancer patients as determined by IHC. Scale bars, 0.1 mm (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. MCF-7 cells.
3.4 Inhibition of FABP5 on the drug sensitivity to dox in breast cancer cells
To identify the role of FABP5 on the drug sensitivity in breast cancer cells, siFABP5 was transfected in MCF-7/ADR cells for 96 h by using lipofectamine 3,000 or cultured with SBFI-26 for 72 h (an inhibitor of FABP5). The FABP5 silencing effectiveness was assessed by using qRT-PCR and WB techniques. Upon completion of siFABP5 transfection, FABP5 expression was dramatically reduced compared with the si-control (siNC) group (Figure 5A), but different results were obtained for SBFI-26 (Figure 5B). These data suggest that FABP activity, but not protein expression, is decreased by these FABP inhibitors, like SBFI-26 (Wang W. et al., 2021; Lei et al., 2022; Farrell et al., 2023). T hen, we utilized the CCK-8 cytotoxicity assay to determine alterations in the drug sensitivity of cells. After FABP5 was silenced, the cells’ drug sensitivity of MCF-7/ADR cells rose dramatically, and the IC50 value was decreased from 304.5μM to 187.3 μM (Figure 5C). The co-incubation of SBFI-26 with Dox resulted in a substantial reduction in cell viability compared to Dox only treatment (Figure 5D). To further confirm the influence of FABP5 on cell proliferation capability, the colony formation experiment showed a substantial decrease in colony formation when Dox was co-cultured with siFABP5 as compared to siNC with Dox (Figure 5E). Compared to Dox alone, the colony forming ability of MCF-7/ADR cells was substantially reduced by simultaneous administration of SBFI-26 and Dox, suggesting that reducing intracellular FABP5 expression could promote the drug sensitivity of cells to Dox (Figure 5F). The results showed that down-regulating the expression of FABP5 could affect cell proliferation and reduce drug resistance.
[image: Figure 5]FIGURE 5 | FABP5 affected breast cancer cell drug resistance. (A) After the transfection of FABP5 siRNAs for 96 h, the mRNA and protein expression levels of FABP5 in MCF-7/ADR cells were determined. (B) Cell viability was examined by CCK-8 assays in cells cultured with FABP5 inhibitor SBFI-26 for 72 h, and the protein expression level of FABP5 in MCF-7/ADR cells was determined. (C, D) The drug resistance of cells transfected with FABP5 siRNA and SBFI-26 was evaluated using the CCK-8 test, and resistance was decreased. (E) MCF-7/ADR cells transfected with the FABP5 siRNA were seeded onto plates. The colony-forming ability of cells cultured with Dox after transfected with FABP5 siRNAs was determined compared with Dox alone (n = 3). (F) The colony-forming capacity of cells cultured with SBFI-26 and Dox was reduced compared to Dox (n = 3). (G, H) Calcium was examined by flow cytometry assay in cells transfected with FABP5 siRNAs and SBFI-26. (I, J) WB analysis of p-CaMKII、P62、PPARγ、LC3Ⅰ、LC3Ⅱ and GAPDH in cells transfected with FABP5 siRNAs and SBFI-26. *p < 0.05, **p < 0.01, ***p < 0.001.
3.5 FABP5 promoted BRCA cell resistance to dox by enhancing intracellular calcium
Next, we used flow cytometry to detect calcium accumulation in cells. The silencing of FABP5 dramatically reduced the accumulation of calcium in cells (Figures 5G,H). After a long period of Dox action, MCF-7/ADR cells could maintain a relatively high level of intracellular calcium, and once the stable state is broken, cell death will occur. Upon completion of siFABP5 transfection, p-CaMKII expression was dramatically reduced compared with the siNC group (Figure 5I), and a similar result was observed with SBFI-26 (Figure 5J), this suggested that FABP5 regulates intracellular calcium by promoting the expression of p-CaMKII, which in turn makes MCF-7/ADR cells resistant to Dox. When FABP5 expression was repressed using siFABP5, the level of PPARγ was lowered relative to the siNC group (Figure 5I). Moreover, when FABP5 expression was inhibited by SBFI-26, the level of PPARγ was decreased relative to the control group, and when SBFI-26 was cocultured with Dox, the level of PPARγ was decreased exclusively relative to Dox (5J). FABP5 influences the Dox resistance of MCF-7/ADR cells by modulating the activation of PPARγ. Compared to siNC, siFABP5 decreased LC3II/Ⅰ, indicating a reduction in autophagic vesicles, but there was no difference in P62, indicating a reduction in autophagic activity (Figure 5I). Our experimental results confirmed that siFABP5 leads to a reduction in LC3II/I and thus in the production of autophagic vesicles. Thus, we predict that siFABP5 increases breast cancer cell susceptibility to chemotherapy. Compared to Dox administration alone, the simultaneous administration of SBFI-26 and Dox increased LC3II/Ⅰ, suggesting an increase in autophagic vesicles, and P62, showing suppression of the autophagic vesicle degradation process (Figure 5J). In addition, we evaluated the expression of autophagic proteins in MCF-7 and MCF-7/ADR cells and observed a substantial increase in LC3II/Ⅰ and a decrease in P62 in drug-resistant cells relative to sensitive cells, indicating that MCF-7/ADR cells were more autophagic (Supplementary Figure S3). The preceding data suggested that decreased intracellular FABP5 expression inhibits cellular resistance to Dox by regulating intracellular autophagy.
3.6 Molecular docking model with potential targets
To verify the expected outcome, we presented a molecular docking model containing probable targets. AutoDock4.2.6 provides a semi-empirical free energy calculation method for determining the energy match between a receptor and ligand. The ligand-receptor interaction calculation is primarily based on the molecular mechanics method and consists of five components: van der Waals forces, electrostatic interactions, hydrogen bonding, desolvation, and torsional entropy change. Dox has many binding sites to the protein, and when the binding energies of the various sites were evaluated, it was discovered that Dox had greater binding energy to FABP5 (dock score varied from −6.00 to −8.78 kcal/mol) than to P-GP (dock score varied from −1.47 to −3.01 kcal/mol). Moreover, the binding energies of Dox to CaMK2β (dock score varied from −2.85 to −4.89 kcal/mol) and Dox to CaMK2δ (dock score varied from −3.68 to −4.60 kcal/mol) were determined to be moderately high (Figures 6A–D; Table 3). According to the lowest binding energy (ΔGbinding), we evaluated the binding form between Dox with the proteins (Table 4). These results demonstrated that FABP5 mainly bonds to Dox with the van der Waals forces and hydrogen bonding and desolvation, which make Dox can dissociate with FABP5 easily, indicating that FABP5 may play a crucial role in the mechanism of Dox resistance.
[image: Figure 6]FIGURE 6 | Molecular docking results of Dox and proteins. (A) Dox (PubChem CID: 31703) bound to P-GP (PDB code: 4Q9H). (B) Dox (PubChem CID: 31703) bound to FABP5 (PDB code: 4LKP). (C) Dox (PubChem CID: 31703) bound to CaMK2β (PDB code: 3BHH). (D) Dox (PubChem CID: 31703) bound to CaMK2δ (PDB code: 2VN9).
TABLE 3 | Summary of docking analysis of Dox with various proteins from Auto Dock Vina scores.
[image: Table 3]TABLE 4 | Various energies of the complexes obtained by Auto Dock docking.
[image: Table 4]4 DISCUSSION AND CONCLUSION
We compared the properties of MCF-7 and MCF-7/ADR cells in considerable detail, including morphology, protein expression, cellular ultrastructure, and variations in lipid metabolism. The expression of FABP5 and intracellular calcium, which were predicted to be potentially implicated in cellular drug resistance, was found to be considerably different. To further substantiate the role of FABP5 and enhance the validity of our findings, we sought to ascertain its clinical relevance to potentially identify new approaches for therapeutic intervention. We analyzed tissue samples from breast cancer patients given the adjuvant chemotherapy regimen containing doxorubicin. The IHC results demonstrated that FABP5 and p-CaMKII expression were increased in resistant patients than in sensitive individuals, agreeing with the performance of the results on cells. Therefore, we inhibited intracellular FABP5 expression and observed modifications in cellular resistance to Dox. Following inhibition of FABP5 expression in MCF-7/ADR cells, no significant changes in CaMKII protein were observed, and this protein was not subsequently studied. In addition, in MCF-7/ADR cells, inhibition of protein expression of FABP5 by siRNA or using FABP5 inhibitor resulted in decreased PPARγ and p-CaMKII, a reduction in intracellular calcium, and different changes in the intracellular autophagy proteins LC3II/I and P62, suggesting that FABP5 can further regulate autophagy by regulating PPARγ and p-CaMKII, which in turn affects cellular resistance to Dox (Figure 7).
[image: Figure 7]FIGURE 7 | The role of FABP5 in breast cancer resistance to doxorubicin.
BRCA is prevalent cancer that mostly affects women all around the world and has different presentations (Barzaman et al., 2020). Chemotherapy is a standard treatment, and epirubicin and doxorubicin are the most often administered medicines for breast cancers. Nevertheless, its clinical application is limited due to its susceptibility to resistance (Akram et al., 2017). Through the colony formation experiment, we found that when the cells were few and scattered, a low dose of Dox could kill them, but when the tumor cells were many and aggregated, even 30 μM of Dox had little effect on them. With continued stimulation of the drug, the cells underwent continuous changes but did not apoptosis, creating drug resistance. Yet, cancer cell resistance has appeared as a serious obstacle to Dox-based treatment. Autophagy modulation (either activation or inhibition) has been found to overcome or partially reverse Dox resistance in a range of cancer types, indicating that this might be a potential strategy for overcoming Dox resistance in the treatment of cancer (Chen et al., 2018).
Autophagy exhibited dualistic behavior, functioning as both a cell survival process and a cell death mechanism. Several types of malignancies acquire chemoresistance via the enhancement of autophagic flux (Faraone et al., 2020). Some researchers had demonstrated that blocking the merger of lysosomes and autophagosomes increased the susceptibility of BRCA cells to chemotherapy by releasing Dox from lysosomes into the nucleus (Wen et al., 2020). Autophagy is related to the formation of lipid droplets, which are also regulated by FABP (Tan et al., 2017). Our previous experiments demonstrated that both lipid droplets and FABP5 were more abundant in MCF-7/ADR cells than in MCF-7 cells, and hence we investigated the intracellular autophagy. Meantime, our experimental results confirmed that siFABP5 decreased LC3II/I, leading to the production of autophagic vesicles, but does not affect P62, indicating a decrease in autophagic activity. Our experimental results demonstrated that simultaneous administration of SBFI-26 and Dox increased LC3II/I, implying an increase in autophagic vesicles, and elevated P62, a rise in autophagic degradation, meaning a decrease in overall autophagy levels, in comparison to Dox administration alone. All of the preceding results suggest that reducing FABP5 expression inhibits intracellular autophagy and improved Dox sensitivity. Chloroquine, an autophagolysosomal formation inhibitor, produced analogous results in MCF-7/ADR cells, reestablishing their sensitivity to Dox (Guo et al., 2016). It is been revealed that autophagy can be regulated by calcium to promote cell survival (Sukumaran et al., 2021).
In addition, CaMKII is likely the main essential regulator of autophagy in response to intracellular Ca2+ elevation. Ovarian cancer’s resistance to paclitaxel was boosted by SRI, and its malignant growth was accelerated (Zhang J. et al., 2021). CaMKII and protein kinase A had been shown to interact with SRI in a Ca2+-dependent manner (Wang Y. et al., 2021). Ca2+ dependent CaMKII activation played a pivotal role in Dox induced cardiotoxicity by increasing apoptosis in neonatal cardiomyocytes (Tscheschner et al., 2019). According to our findings, MCF-7 cells became resistant to Dox due to elevated levels of p-CaMKII caused by calcium buildup inside the cells.
FABPs are fatty acid binding proteins belonging to a class of cytosolic proteins with a low molecular mass (around 14–15 KD). FABPs regulate the enzyme activities and cytoplasmic accumulation of lipid droplets (Furuhashi and Hotamisligil, 2008). By comparing the variations in mRNA levels between MCF-7 cells and MCF-7/ADR cells, we established that FABP5 was substantially elevated in MCF-7/ADR cells than in MCF-7 cells. In addition to searching the GEO database GSE76540 dataset, FABP5 expression increased in drug-resistant cells than in sensitive cells. Furthermore, we examined the GSE155478 (Zhang et al., 2021a), GSE24460 (Calcagno et al., 2010), and GSE141698 datasets and found the precise same results as formerly (Supplementary Figure S4). In addition, resveratrol reverts FABP5/PPAR-β/δ/-mediated retinoic acid (RA) signaling, which allows RA-resistant anaplastic thyroid cancer cells to become sensitive (Li et al., 2018). Researchers in the study found that the anticancer medication doxorubicin properly suppressed TNBC recurrence and lung metastasis via decreasing the (FABP4/FABP5)/EET dynamics and levels (Apaya et al., 2020). Our results showed that inhibition of FABP5 greatly enhanced cellular drug sensitivity and reduced autophagic activity in MCF/ADR cells. Furthermore, silencing of FABP5 dramatically decreased calcium buildup in cells. The results showed that FABP5 regulated the Dox resistance of breast cancer cells by modulating intracellular calcium expression. And we provide a potential route for clinical chemotherapy that enables the extended use of doxorubicin. To further demonstrate the function of FABP5, we performed molecular docking experiments and the result revealed that FABP5 bound to Dox more strongly than P-GP. P-GP is the most characterized efflux protein pump of the adenosine triphosphate binding cassette superfamily of transporters (Martins et al., 2019). Similar to the P-GP, SRI is a calcium binding protein that has been linked to cancer cell resilience to chemotherapeutics. When overexpressed, SRI causes cells to be more resistant to a wide range of chemotherapy agents (Colotti et al., 2014). In addition, FABP5 is fatty acid binding protein, with a stronger binding ability with Dox than that with P-GP. We also found that the expressions of FABP5 were increased in MCF-7/ADR cells than those in this parent MCF-7 cell. It may act as a P-GP like protein and can pump Dox out of the cell. Further experiments are needed to explore this problem in the future.
In conclusion, FABP5 enhanced breast cancer’s resistance to Dox through PPARγ and the calcium signaling pathway. The FABP5/PPARγ and FABP5/CaMKII axes provided insight into the processes of breast cancer treatment resistance and theoretical support for the hunt for therapeutic targets.
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er name

FABP1

Forwai

ACAGTGGTTCAGTTGGAAGGTGAC

Reverse

GTGATTATGTCGCCGTTGAGTTCG

FABP2

CAGCACTTGGAAGGTAGACCG

TCATGAGCTGCAAGCTTCCTT

FABP3

AGCATGACCAAGCCTACCACAATC

ACCTTCCTGTCATCTGCTGTTGTC

FABP4

TCCTGGTACATGTGCAGAAATGGG

GTGACGCCTTTCATGACGCATTC

FABP5

CAGCTGGAAGGAAGATGGCG

CATTGCGCCCATTTTTCGCA

FABP6

GTGACGATGATGATGGTGGTGGAG

CCATGCTGCTGGGAGGCTTTC

FABP7 AGGCTCTAGGCGTGGGCTTTG TGTGCTGAGAGTCCTGATGACCAC
FABP8 AGCAACAAATTCCTGGGCACCTG TTTGCCATCCCATCTCTGCACTTG
FABPY GTTGAGCCCTTCTTGGGAACCTG TTTCACTAACCCTGCCATGTTCCG
FABP12 AGTTTGAGGAAATCACGCCAGGTG TTCCTGCTGGCTCTTCCTATACCC
CaMK2a ACCCATCCAAACGCATCACAGC TCTTCAGGCAGTCCACGGTCTC
CaMK2p AATCTGTGACCCAGGGCTGACC | TGTGGATCGGCTTGCTGTTCTTG
CaMK28 CCGGGATGGAAAGTGGCAGAATG TTGGAATACAGGGTGGCTTGATGG

CaMK2y

ACCTCGTGTTTGACCTTGTTACCG

GGCTGGCATCTGCTTCACTGTAG
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