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Abstract

:

The Hippo signaling cascade is frequently dysregulated in a variety of cancers, such as breast cancer (BC), which is one of the most commonly diagnosed malignancies in women. Among BC subtypes, triple-negative BC (TNBC) stands out due to its poor prognosis and high metastatic potential. Despite extensive research aimed at establishing treatment options, existing therapies demonstrate limited efficacy for TNBC. Recently, it has been recognized that targeting the core components of the Hippo pathway (YAP and its paralog TAZ) is a promising strategy for developing anti-cancer treatment. However, no YAP/TAZ inhibitors have been approved by the FDA as anti-TNBC treatments, and only a few compounds have been identified that directly affect YAP and TAZ activity and stability to enhance the prospect of innovative HiBiT biosensors for monitoring of YAP and TAZ in cells. Employing these biosensors, we conducted a small-scale drug screen involving 279 compounds, leading to the identification of several small molecule inhibitors (SMIs) capable of inducing YAP/TAZ degradation in diverse TNBC cell lines. It is worth noting that some drugs may indirectly affect the protein stability following prolonged treatment, and a shorter exposure can be included in the future to identify drug candidates with more direct effects. Nevertheless, our study introduces a novel approach for assessing YAP and TAZ levels, which can have significant implications for developing anti-TNBC targeted therapies.
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1. Introduction


Cancer remains a leading cause of mortality worldwide, accounting for 10 million deaths in 2020 [1]. Among all cancer cases, breast cancer (BC) is the most common malignancy reported in women [2]. In the year 2022 alone, BC constituted approximately 25% of all newly diagnosed cancer cases, contributing to 14% of the total cancer-related deaths in women [2]. Based on the molecular features of the tumor, BC can be classified into three main subtypes: hormone receptor positive (estrogen receptor (ER+) or progesterone receptor (PR+)), human epidermal growth factor 2 (HER2) positive (HER2+), and TNBC (low or no expression of all three biomarkers) [3,4]. TNBC patients, which accounted for 15% of all breast carcinomas, often displayed high heterogeneity and earlier disease onset [3,4,5]. Compared to other BC subtypes, TNBC patients exhibited poorer prognoses and more aggressive pathology, with an increased risk of local and distant relapses and metastases [6,7,8]. Indeed, women diagnosed with TNBC usually experienced an increased possibility of distant recurrence and lower breast-specific survival relative to other types of BC, though the recurrent rate of TNBC decreased dramatically from 4 years after diagnosis [6]. Notably, different factors may predispose patients to certain BC subtypes, including lifestyle, ethnicity, and genetic mutation. Indeed, a higher risk of TNBC was observed among parous women who had several children [7]. TNBC also disproportionately occurred in African American populations with more advanced tumors and higher histologic and nuclear grade, relative to Caucasian patients [7,9]. Moreover, over 75% of BC patients carrying the BRCA1 mutation exhibited the TNBC phenotype [5].



Given that TNBC tumors are characterized by a low or absent expression of hormonal receptors and HER2, traditional interventions like endocrine therapy or trastuzumab prove ineffective for these patients [3,5,7,10,11]. Chemotherapy (chemo) has emerged as the standard for treating TNBC, which suppresses tumor growth by facilitating the anti-tumor immune response [3]. Chemo can be administered either as a standalone treatment or in combination with Granulocyte-MQ Colony Stimulating Factor (GM-CSF), yielding a combined therapy that has demonstrated improved clinical outcomes for BC patients [3]. However, when viewed as a group, TNBC patients exhibited worse outcomes after chemo, and diverse responses to chemo had been observed among women with TNBC [5]. Neoadjuvant therapy involving pre-surgical chemo has proven effective predominantly for a subset of TNBC patients, leaving a majority with persistent residual disease post-treatment [5,11]. Despite the varied clinical outcomes after administration, chemo is still the only systemic treatment for TNBC patients [8]. On the other hand, the development of targeted therapeutic agents, such as angiogenesis inhibitor bevacizumab, may benefit women with ER- and PR- BCs [5]. Moreover, the enzyme poly (adenosine diphosphate-ribose) polymerase (PAPR) has garnered attention as a TNBC clinical target due to its involvement in DNA repair mechanisms [5]. While introducing a PAPR inhibitor alongside chemotherapy has shown augmented tumor regression, it has not translated into prolonged overall survival [5]. Furthermore, the responses to targeted agents were diverse, in part due to high heterogeneity among TNBC patients, thereby impeding effective targeted therapy [8]. Consequently, it remains important to explore more BC treatment options with improved efficacy.



The Hippo pathway was initially discovered in Drosophila as the regulator of cell growth [12]. Further study revealed that the Hippo signaling pathway is highly conserved in mammals, consisting of the mammalian sterile 20-like kinase (MST), large tumor suppressor (LATS) kinases, scaffold proteins Salvador homolog 1 (SAV1), and Mps One Binder kinase activator protein 1 (MOB1) [13]. In response to extracellular or internal stimuli, such as cell–cell contact and DNA damage, the Hippo signaling pathway is activated. This activation involves phosphorylation of LATS by MST with the assistance of scaffold proteins [14]. The activated LATS induces phosphorylation of the transcriptional coactivators, yes-associated protein (YAP) and its paralog Transcriptional coactivator with PDZ-binding motif (TAZ), promoting their cytoplasmic sequestration and/or proteasomal degradation [15,16]. Conversely, the suppression of this Hippo kinase cascade results in nuclear translocation of YAP and TAZ, enabling them to regulate the expression of their target genes, such as secretory protein connective tissue growth factor (CTGF) and cysteine-rich angiogenic inducer 61 (CYR61) [17,18,19,20]. Since YAP and TAZ lack DNA binding domains, they rely on interactions with transcriptional factors such as including transcriptional enhancer associate domain (TEAD) family proteins, RUNX, and SMADs to modulate gene expression [17,18]. TEAD proteins function as the major mediators of YAP/TAZ in regulating gene expression and cell proliferative [21]. Due to interdependence between YAP and TEAD, strong selection pressure has been imposed on both genes, which displayed significant coevolution [22].



Frequent observation of elevated YAP/TAZ nuclear translocation in human cancers stems from disrupted upstream Hippo kinases, resulting in the overactivation of YAP/TAZ, a condition conducive to tumorigenesis [23,24]. In non-tumor BC cells, an overexpression of YAP or TAZ promotes tumorigenic and metastatic processes, such as cell transformation and increased cell migration [25,26]. For instance, YAP overexpression in human non-transformed mammary epithelial cells induced epithelial-to-mesenchymal transition (EMT), triggered an anti-apoptosis response, and facilitated growth factor-independent growth [25]. Similarly, TAZ is an oncoprotein that is essential for sustaining self-renewing and neoplastic properties in BC stem cells (BCSCs) [23]. The prognosis of TNBC patients was discovered to be inversely correlated with the expression level of TAZ [27]. In contrast, loss of TAZ expression led to increased cell growth and anchorage-independent growth in soft agar for 184A1 and MCF7 BC cells, respectively [26,28]. Enhanced YAP/TAZ-modulated signals were also responsible for reduced early tumor suppression and TGF-β-mediated tumorigenic phenotypes in the late stage of malignancy [29]. Together, these studies suggest that the Hippo pathway plays an important role in controlling tumor development, and the disruption of YAP/TAZ activity may be a promising route for generating efficient BC therapy.



To specifically monitor the protein of interest, bioluminescence methodologies have been frequently exploited in a non-invasive manner [30]. The discovery of the luciferase enzyme has paved the way for establishing a diverse array of biochemical assays [31,32,33]. While firefly and Renilla luciferases are commonly utilized for assessing the biological activities of target proteins, NanoLuc—a small, bright, and stable luciferase originating from deep-sea shrimp Oplophorus gracilirostris—has been discovered and developed into complementary assays, which effectively detect protein–protein interactions (PPIs) and protein activity [34,35,36,37]. Referred to as the split NanoLuc luciferase reporter system, the NanoLuc complementary assay comprises two subunits: large N-terminal BiT (LgBiT; 17.6 kDa) and small C-terminal BiT (SmBiT; 1.3 kDa) [38]. The bright luminescence was detected in the presence of its substrate furimazine when the two subunits of NanoLuc (LgBiT and SmBiT) were brought together by PPIs [38]. Recently, a novel subunit, HiBiT, which is mutated from SmBiT, has been engineered to possess an exceptionally higher affinity to LgBiT, compared to the original SmBiT [39]. To use this system for quantifying protein expression levels, the HiBiT tag is first fused with a gene of interest (GOI). The resultant HiBiT-GOI fusion proteins or protein lysates expressing HiBiT-GOI are mixed with purified LgBiT. Because of the strong affinity between HiBiT and LgBiT, an active NanoLuc is generated in tandem, emitting a brilliant luminescent signal upon the introduction of its substrate [39]. The intensity of these bioluminescent signals is believed to respond to the quantities of HiBiT-GOI protein being expressed. Therefore, this HiBiT system can be used for monitoring protein levels both in vivo and in vitro.



In this research, we applied the split NanoLuc technology and generated HiBiT-tagged YAP and TAZ proteins to monitor their stability in cells (Figure 1a). After the HiBiT bioluminescent biosensors were validated in vitro and in vivo, we subjected the optimized HiBiT biosensors to a small-scale drug screening with two libraries of 279 compounds for identifying SMIs that could degrade YAP and TAZ in TNBC cells. Multiple candidates were identified to inhibit the stability of YAP and TAZ in vivo. Our data show that our established HiBiT biosensors display great potential in monitoring YAP/TAZ stability, which is an encouraging strategy to discover targeted therapies for TNBC treatment.




2. Materials and Methods


2.1. Cell Culture


MDA-MB-231 (human mammary carcinoma), HEK293 (human embryonic kidney cells), and HEK293T (human embryonic kidney cells) cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma#D6429, Oakville, ON, Canada) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) (Invitrogen, Burlington, ON, Canada). BT-549 (human mammary carcinoma) cells were cultured in RPMI-1640 Medium (Sigma #8758) containing 10% FBS, 1% P/S, and 0.023 U/mL of insulin. MDA-MB-231 with YAP and TAZ knockout (KO) were established as described [40] and cultured in the same medium as previously mentioned. All cells were kept at 37 °C with 5% CO2.




2.2. Plasmid Construction


HiBiT-tagged full-length (FL) YAP and TAZ were prepared by amplifying the FL YAP and TAZ genes using PCR from cDNA and inserting into the pcDNA3.1 vector with either N- or C-terminal HiBiT (sequence: VSGWRLFKKIS). Plasmids for producing GST fusion proteins were constructed by cloning LgBiT into the BamHI/NotI sites of pGEX-4T1 vector. See supporting information for primers used in cloning (Table S1).




2.3. LgBiT Protein Purification from Bacteria


The BL21 Escherichia coli strain was transformed and utilized to purify LgBiT-His fusion protein according to the previously established protocols with minor adjustments in our lab [41]. After inoculation, when the OD600 reached 0.7–0.9, protein expression was induced with 0.4 mM of IPTG (isopropyl β-D-1 thiogalactopyranoside) at 37 °C incubation for 4–5 h. Bacterial cells were spun down, washed, and lysed by sonication. His-LgBiT fusion proteins were purified by Ni-NTA beads, visualized, and quantified with BSA by SDS-PAGE and Coomassie blue staining. The purified protein was stored at −80 °C.




2.4. Protein Extraction and Western Blot Analysis


Cells were cultured to 80–90% confluence before protein extraction. Either RIPA (50 mM of Tris HCl, 150 mM of NaCl, 1.0% (v/v) NP-40, 0.5% (w/v) Sodium Deoxycholate, 1.0 mM of EDTA, 0.1% (w/v) SDS, and 0.01% (w/v) sodium azide, pH = 7.4) with the complete EDTA-free protease inhibitor cocktail tablet (Roche, Mississauga, ON, Canada) or 1× passive lysis buffer (PLB) (Promega, Madison, WI, USA) was utilized to lyse the cells. The cell lysates were collected and centrifuged at 12,000× g at 4 °C for 10 min to obtain the supernatant, and the DC protein assay kit (Bio-Rad, Mississauga, ON, Canada) was used to measure the protein concentration. The protein expression levels were analyzed by Western blot (WB) using 10–30 μg of protein lysates for each sample, which was boiled with 5× loading buffer (4.2% β-Mercaptoethanol) at 95 °C for 5 min. SDS-PAGE (10–12%) was performed to resolve the proteins, which were transferred to nitrocellular membrane (Bio-Rad, Mississauga, ON, Canada). TBST buffer ((20 mM of Tris, 150 mM of NaCl, 0.1% Tween 20) containing 5% skimmed milk was used to block the membranes for one hour at room temperature. The blocked membranes were probed with primary antibodies at 4 °C overnight or for 1 h at room temperature and washed with TBST buffer before probing with secondary antibodies (1:4000 dilution) for 15 min at room temperature. The protein bands were visualized by chemiluminescence reagent (Bio-Rad). The antibodies were stripped with stripping buffer and re-probed with anti- β-actin antibody. The antibodies and corresponding dilutions are as follows: mouse monoclonal anti-FLAG (F1804, Sigma, 1:1000) antibody; rabbit polyclonal anti-YAP (sc-15407, Santa Cruz, Dallas, TX, USA, H125, 1:1000); mouse monoclonal anti-TAZ (560235, BD Biosciences, Mississauga, ON, Canada, 1:1000); mouse monoclonal anti-β-actin (A5441, Sigma, 1:1000).




2.5. NanoGlo Luciferase Assay


Purified His-LgBiT protein and cell lysates expressing HiBiT-tagged YAP or TAZ were mixed and incubated for at least 10 min on ice before measuring the luminescence with 1:50 diluted Nano-Glo Live Reagent (Promega) using GloMax Navigator Detection System (Promega).




2.6. Small-Scale Drug Screen


The drug screening with 279 compounds was performed using bioactive lipid and custom compound libraries. The experimental conditions were as follows. The MDA-MB-231 cells with YAP and TAZ KO were either transfected with the plasmid expressing YAP-HiBiT or HiBiT-TAZ in the 6-well plate. After 5 h post-transfection, the cells were trypsinized and counted for seeding into the 96-well plates with 40–50% confluency the next day. The cells were then treated with the drug candidates at a concentration of 100 μM for 48 h. After that, the bioluminescence and cell viability were measured and compared against the 1% DMSO-treated control samples for calculating the fold changes. A complete list of drug candidates can be seen in Table S2.




2.7. Cell Viability Assay


After treating the transfected YAP and TAZ KO MDA-MB-231 cells with different drugs, the plates and the contents were equilibrated to room temperature for approximately 30 min. A volume of CellTiter-Glo 2.0 Reagent (Promega) equal to the volume of cell culture medium per well was added and mixed for 2 min on an orbital shaker to induce cell lysis. The plate was then incubated for 10 min before examining the luminescent signal using GloMax Navigator Detection System (Promega).




2.8. Densitometric Analysis by ImageJ


After the MDA-MB-231 cells were treated with either of the 67 initial hits, cell lysates were extracted using RIPA buffer and used for WB. For protein band quantitation, the WB images were analyzed using the Gel Analyzer tool of ImageJ (NIH, Version 1.53t). The band intensity was measured for YAP, TAZ, and β-actin (loading control) and subjected to background subtraction to calculate the net signal. The protein expression for each band was normalized by determining the ratio of a net band signal over the net loading control of that lane. The YAP and TAZ expression ratios of the drug-treated samples were reported by comparing with the DMSO-treated controls (Table S4).




2.9. RNA Extraction and Quantitative Real-Time PCR


MDA-MB-231 cells were seeded in 6-well plates with 50–60% confluency the next day and then treated with either avanafil (100 μM), beta-carotene (20 μM), dipyridamole (50 μM), fluvastatin (10 μM), pterostilbene (100 μM), or XEN445 (100 μM). 48 h post-treatment, RNA was extracted using RNAZol RT reagent (200 μL/well) based on the manufacturer’s instruction. A quantitative real-time PCR (qRT-PCR) was performed using 50 ng of RNA/reaction by the SuperScript III Platinum SYBR Green One-Step qRT-PCR Kit (Invitrogen). The 18S rRNA was measured as an internal control.




2.10. Statistical Analysis


For all figures, data are shown as mean + or ±SD. An ANOVA and a Student’s t-test (two-tailed) were performed for the statistical analysis. A p-value < 0.05 was considered statistically significant.





3. Results


3.1. Design and Establishment of HiBiT Biosensors


To monitor the stability of YAP/TAZ, we established the YAP/TAZ-HiBiT biosensors in which a HiBiT peptide was fused with the N or C-terminus of a YAP or TAZ protein. The YAP/TAZ-HiBiT was expected to have a high affinity to LgBiT, forming an active NanoLuc, which could emit strong bioluminescence in the presence of its substrate furimazine (Figure 1a). HEK293T cells were transfected with the plasmids expressing either of the constructs or with an empty pcDNA3.1 vector as a negative control.



The luminescence of each HiBiT biosensor was measured by luciferase assays using purified His-tagged LgBiT from bacteria and cell lysates containing HiBiT-tagged YAP/TAZ. The combination of His-LgBiT and HiBiT-tagged YAP/TAZ displayed high luminescent increases compared to the negative control (Figure 1b,c). Interestingly, attaching the HiBiT tag to the C-terminus of YAP resulted in a stronger luminescent signal, while higher luminescence was observed when the HiBiT tag was fused to the N-terminus of TAZ (Figure 1b,c). The protein levels of the HiBiT-tagged YAP/TAZ were detected by Western blot, suggesting that the high bioluminescence of YAP-HiBiT and HiBiT-TAZ resulted from the high protein overexpression in transfected cells (Figure 1d,e).



To confirm that the substantial bioluminescent increase indeed resulted from HiBiT and LgBiT fusion protein complementation, two controls were generated by transfecting either the empty pcDNA3.1 vector or the plasmid expressing FLAG-YAP/TAZ into HEK293T cells. High protein expression of YAP/TAZ was observed in transfected cells with FLAG-YAP/TAZ or HiBiT-YAP/TAZ-expressing plasmids, whereas low protein levels were detected in the empty vector control (Figure 2a). However, the strong bioluminescent signals were only exhibited in cells transfected with HiBiT biosensor-expressing plasmids (Figure 2b). Our data indicate that the HiBiT BS were established and optimized by fusing the HiBiT to the C-terminus of YAP and the N-terminus of TAZ, which emitted strong bioluminescence after the complementation with LgBiT-His and could be useful for monitoring protein stability.




3.2. Validation of HiBiT-Tagged YAP/TAZ Biosensor


Next, we sought to validate the HiBiT biosensors by in vitro luciferase assays. An increasing amount of plasmids expressing the optimized HiBiT-tagged biosensors was transfected into HEK293T cells. As expected, the bioluminescent signals increased as the cells were transfected with more plasmids, demonstrating that only 0.5 μg of plasmids was sufficient to produce strong luminescent signals (Figure 3a,c). An elevated expression level of YAP-HiBiT or HiBiT-TAZ coincided with the increased amount of plasmid used for transfection (Figure 3b,d). Moreover, a linear relationship was observed between the luminescent intensity and the number of transfected cells subjected to bioluminescent analysis (Figure 3e,f). These results suggest that the luminescent intensity of HiBiT biosensors was affected by the expression levels of HiBiT-tagged YAP/TAZ, indicating that our stable HiBiT biosensors could be applied for drug screening.



After we confirmed that the luminescent intensity was dependent on the protein levels of HiBiT-tagged YAP/TAZ, the HiBiT biosensors were further validated by a known YAP/TAZ inhibitor, docosahexaenoic acid (DHA), which was reported to affect the protein levels of YAP and TAZ [42]. The HEK293T cells transfected with either YAP-HiBiT or HiBiT-TAZ-expressing plasmids were treated with DHA over 4 days. The protein lysates were obtained at 0, 0.5, 1-, 2-, 3-, and 4-days post-treatment, followed by WB. Since the literature had discovered that DHA could reduce the level of β-actin in cells [43], ponceau S staining was shown instead as an indicator of equal protein loading for WB. Decreased HiBiT-tagged YAP and TAZ expression was detected by WB in a time-dependent manner after treatment (Figure 4a,b). This reduced expression of YAP/TAZ was not due to the degradation of the HiBiT tag by DHA because DHA also reduced endogenous YAP/TAZ (Figure S1), as previously reported [42]. Next, we examined the luciferase activity using the same lysates at later time points, as the most prominent changes in YAP/TAZ stability were observed after 3 and 4 days of DHA treatment. Indeed, significant reductions in the bioluminescent signal were observed on days 3 and 4 post-treatment, compared to the luminescence at day 0 (Figure 4d,e). Furthermore, to ensure that the reduced bioluminescence was not due to the direct HiBiT degradation, a control was created by directly fusing the HiBiT sequence to the C-terminus of LgBiT. The HEK293T cells transfected with LgBiT-HiBiT-expressing plasmids were treated with DHA using the same condition. Unlike previous results, DHA did not reduce the stability of LgBiT-HiBiT and its bioluminescence after prolonged treatment (Figure 4c,f). Taken together, these results demonstrate the high specificity of our HiBiT biosensors in monitoring the stability of YAP and TAZ and show that the HiBiT biosensors are applicable for the drug screening campaign to identify drugs that induce YAP/TAZ degradation.




3.3. Identification and Validation of SMIs Targeting HiBiT-Tagged YAP/TAZ Biosensors in TNBC Cells


A small-scale drug screen with two libraries consisting of 279 small molecules, including the bioactive lipid library and custom compound library, was conducted using our validated HiBiT biosensors to find drugs that could degrade YAP and TAZ in TNBC cells. The YAP and TAZ KO MDA-MB231 cells expressing YAP-HiBiT or HiBiT-TAZ were treated with each drug from the libraries. The luminescence and cell viability were determined after 48 h post-treatment. After excluding the compounds that were too toxic for the cells (cell viability fold change < 0.2), a total of 67 compounds that displayed notable HiBiT signal fold changes (<0.5 or >1.8) were selected as the initial hit candidates for subsequent validations (Figure S2).



To explore the effect of the initial hits on YAP/TAZ stability, these drugs were used to treat MDA-MB-231 cells for assessing the endogenous levels of YAP and TAZ by WB after 48 h of treatment. Relative to DMSO controls, 22 out of 67 candidates greatly reduced the expression of both YAP and TAZ (expression ratio < 0.4), while eight additional drugs seemed to preferentially inhibit TAZ protein level (Figure 5; Table S4). To further verify the impact of those candidates on YAP/TAZ stability, MDA-MB-231 cells were treated with these drugs again to determine the expression levels of YAP and TAZ at different times post-treatment. Finally, six drugs were found to decrease the endogenous levels of YAP/TAZ in a time-dependent manner, including small molecules from plant extracts (pterostilbene and beta-carotene), lipid-related (fluvastatin and XEN445), and phosphodiesterase (PDE) inhibitors (avanafil and dipyridamole) (Figure 6a–f).



To examine whether the loss of YAP/TAZ expression was due to a reduction in mRNA level rather than protein degradation, RNA was extracted from MDA-MB-231 cells that were pre-treated with either of the six candidates for 48 h. Based on our results, all of the drugs had no considerable inhibitory impact on the mRNA levels of YAP and TAZ (Figure 7). In addition, four out of the six top candidates significantly increased the level of TAZ mRNA relative to DMSO-treated controls (Figure 7). Moreover, another TNBC cell line, BT-549, was treated with the identified six drugs along with a known inhibitor, DHA, to avoid any cell line-specific effect. Consistent with our previous findings, reduced YAP and TAZ protein levels were observed in the treated cells relative to the control (Figure 8). Altogether, these data reveal multiple small molecules that affected the stability of YAP and TAZ in TNBC cells through drug screening using our HiBiT biosensors. Hence, the use of HiBiT biosensors exerts great potential for assessing the levels of YAP and TAZ proteins in vivo and identifying pre-existing compounds that regulate the stability of YAP and TAZ.





4. Discussion


BC accounted for approximately 25% of all cancer cases among Canadian women in 2022 [2]. One of the BC subtypes is TNBC, which is characterized by high heterogeneity and low overall survival [7,8]. The existing medical interventions have yielded limited enhancements in the health of those affected, particularly among women diagnosed with TNBC. Adding to this challenge, TNBC patients lacking or expressing low levels of hormonal receptors and HER2, remain ineligible for the benefits of most targeted therapy drugs [3,5,7,10,11,44]. Alternatively, emerging novel therapeutics such as molecular-targeted therapy may exhibit significant efficiency in treating women with BCs [3]. Manipulating critical signaling pathways that underlie cancer progression presents a viable strategy for crafting highly targeted treatments. A pertinent example is the Hippo pathway, which is crucial not only in normal physiological functions, but also in tumorigenesis [14,43,45]. In BC cells, YAP and TAZ are often overexpressed to facilitate disease progression [23,24,25,26]. Consequently, targeting YAP and TAZ has emerged as a promising avenue for developing anti-cancer therapy. Many studies are centered around evaluating the dynamics of YAP/TAZ-TEAD interaction [17,18,21]. Currently, three drugs targeting YAP/TAZ-TEAD interaction are undergoing phase I clinical trials, along with an antisense oligonucleotide targeting YAP1 that completes the phase I clinical trial [46,47,48,49]. However, less attention is devoted to assessing the stability of YAP and TAZ, despite their potential susceptibility to degradation for developing anti-tumor treatment.



In this study, we have developed novel ultra-stable HiBiT biosensors for monitoring the levels of YAP and TAZ in cells. These differ from the conventional split NanoLuc assay that depends on the interaction of target proteins for the complementation of the SmBiT and LgBiT fragments, which do not spontaneously interact with each other [50]. Many studies have exploited this conventional approach to monitor the activity of YAP/TAZ and their binding partners, mainly TEAD [51]. Although several small molecule disruptors of YAP-TEAD PPI have been identified, most drugs indirectly regulate YAP/TAZ activity by inhibiting autopalmitoylation of TEAD, which affects protein stability [51]. To date, no small molecules have been discovered to exert a direct effect on both YAP and TAZ expression levels. Alternatively, relying on the remarkably high affinity of HiBiT to LgBiT, the levels of YAP and TAZ can be readily detected by our HiBiT biosensors through luminescent analysis upon the addition of LgBiT and their substrate. Two libraries of 276 small molecule compounds were screened using these HiBiT biosensors for identifying potential inhibitors that could degrade YAP/TAZ in TNBC cells. After validation, we uncovered six drugs, including pterostilbene, fluvastatin, beta-carotene, Avanafil, XEN445, and dipyridamole, which significantly reduced the levels of YAP and TAZ in cells.



One of the identified drugs from the screening was pterostilbene (trans-3,5-dimethoxy-4′-hydroxystilbene), which was already revealed to suppress the growth of TNBC tumors by facilitating the activation of extracellular signal-regulated kinase (ERK) ½ [52,53]. However, the link of this chemical to the Hippo pathway remains elusive. Our results indicate that pterostilbene can induce the degradation of downstream Hippo transducers, YAP and TAZ, although the mechanistic details require further study. Other positive hits, such as avanafil and dipyridamole, are different PDE inhibitors [54,55]. The former is frequently utilized to treat erectile dysfunction and pulmonary arterial hypertension, and dipyridamole is often prescribed for ischemic disorders [54,55]. Tumor-suppressive effects were observed in xenograft mice bearing TNBC cells treated with dipyridamole [55]. Moreover, accelerated YAP phosphorylation and inactivation can be driven by fluvastatin, which is administered for hypercholesterolemia treatment and cardiovascular disease prevention [56]. A potent and selective endothelial lipase inhibitor, XEN445, which increased plasma HDL-cholesterol concentration in mice, was also discovered in our screen [57]. While no connection is found between XEN445 and cancer therapy, there is evidence that relates lipid signaling to the Hippo pathway [58].



Due to the nature of our HiBiT biosensors, potential caveats may occur, and the major limitation of our study is that the degradation of YAP/TAZ after 48 h of treatment may be indirectly caused by drugs. Thus, a shorter treatment may be needed to identify more candidate drugs, exerting a direct effect on YAP/TAZ stability.



In summary, we have shown that our newly developed HiBiT biosensors hold substantial values in investigating the YAP/TAZ levels in cells. By applying the HiBiT biosensors, the drug screening is easily performed to identify pre-existing compounds affecting the stability of YAP/TAZ, which are key targets for anti-tumor therapy. Since no drugs targeting YAP and TAZ have been approved by FDA for TNBC treatment, our data reveal the powerful capability of HiBiT biosensors in the discovery of YAP/TAZ inhibitors to increase the likelihood of finding a successful targeted therapy for TNBC patients.
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Figure 1. Establishing HiBiT-tagged YAP and TAZ biosensors monitoring protein stability. (a) Schematic representation of the HiBiT biosensors for detecting the YAP and TAZ protein levels. (b,c) The HiBiT sequence was attached at either the N- or C-terminus of YAP and TAZ, and each construct was subcloned into the pcDNA3.1-3xFLAG vector. These plasmids were individually transfected into the HEK293 cells in the 12-well plate. The empty pcDNA3.1 vector was transfected into the cells as a negative control. After 48 h post-transfection, protein lysates were extracted with 1× passive lysis buffer (PLB). The luciferase assay was performed by combining 2.5 μg of each lysate and 0.5 μg of purified LgBiT-His protein. The mixture was then incubated before the addition of the substrate. The luminescent fold change was determined by calculating how much the bioluminescence from the HiBiT biosensor increased compared to the empty vector control after the addition of LgBiT-His protein and NanoLuc substrate. The data are shown as mean + SD (n = 2 technical replicates) (d,e) The expression level of each construct was examined by WB using 10 μg of each cell lysate. β-actin was detected as the internal loading control. 






Figure 1. Establishing HiBiT-tagged YAP and TAZ biosensors monitoring protein stability. (a) Schematic representation of the HiBiT biosensors for detecting the YAP and TAZ protein levels. (b,c) The HiBiT sequence was attached at either the N- or C-terminus of YAP and TAZ, and each construct was subcloned into the pcDNA3.1-3xFLAG vector. These plasmids were individually transfected into the HEK293 cells in the 12-well plate. The empty pcDNA3.1 vector was transfected into the cells as a negative control. After 48 h post-transfection, protein lysates were extracted with 1× passive lysis buffer (PLB). The luciferase assay was performed by combining 2.5 μg of each lysate and 0.5 μg of purified LgBiT-His protein. The mixture was then incubated before the addition of the substrate. The luminescent fold change was determined by calculating how much the bioluminescence from the HiBiT biosensor increased compared to the empty vector control after the addition of LgBiT-His protein and NanoLuc substrate. The data are shown as mean + SD (n = 2 technical replicates) (d,e) The expression level of each construct was examined by WB using 10 μg of each cell lysate. β-actin was detected as the internal loading control.



[image: Chemosensors 11 00492 g001]







[image: Chemosensors 11 00492 g002] 





Figure 2. (a) The protein expression of HiBiT-tagged YAP/TAZ in mammalian cells. The HEK293 cells were either transfected with pcDNA3.1 empty vector as the control, FLAG-YAP/TAZ or HiBiT-YAP/TAZ expressing plasmids. Forty-eight hours post-transfection, cells were lysed using RIPA buffer, and 10 μg of each lysate was used for detecting YAP/TAZ levels by WB. Lysates from cells transfected with empty vector and FLAG-YAP/TAZ-expressing plasmids were included as negative and positive controls for YAP/TAZ expression. The expression of β-actin was detected as an internal control. (b) After the protein extraction, 5 μg of each cell lysate was combined with 1 μg of LgBiT-His protein purified from Escherichia coli. The mixture was incubated for 10 min before adding NanoGlo substrate for luminescent measurement. The relative luminescence of each lysate was normalized to the signal from the empty vector control to calculate the fold increase. Substantial luminescence was found exclusively in HiBiT biosensors. The data are represented as the mean + SD (n = 3 technical replicates). 
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Figure 3. Validation of HiBiT BSs. (a–d) The plasmids expressing YAP-HiBiT or HiBiT-TAZ were transfected into the HEK293 cells in increasing amounts. After 48 h post-transfection, the cells were lysed with 1× PLB and subjected to luciferase assays (n = 4 biological replicates) (a,c) and WB (b,d) to compare the HiBiT BS activity and protein expression. (e,f) Detection of luminescent signal with increasing numbers of transfected HEK293 cells (n = 4 biological replicates). The cells were transfected with YAP-HiBiT- or HiBiT-TAZ-expressing plasmids in a six-well plate. After 48 h post-transfection, the transfected cells were counted and seeded into each well of a 96-well plate with increasing cell numbers, as indicated in the x-axis. The luciferase activity of each well was measured 16 h later. All bioluminescent data are represented as mean ± SD. 
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Figure 4. Validation of HiBiT BS with a known YAP/TAZ inhibitor, DHA. (a–c) The HEK293T cells were transfected with either HiBiT-TAZ-, YAP-HiBiT-, or LgBiT-HiBiT-expressing plasmids. After 5 h post-transfection, each transfected cell line was counted, and triplicates of 2 × 105 cells/well for each cell line were seeded into the 12-well plates. The next day, the cells were treated with 150 μM of DHA. The stability of YAP-HiBiT (a), HiBiT-TAZ (b), and LgBiT-HiBiT (c) was examined by WB with 10 μg of cell lysates at 0, 0.5, 1, 2, 3, 4 days post-treatment. Ponceau S staining was shown as the loading control. (d–f) The luciferase assays were conducted using 2.5 μg of each cell lysate at 0-, 3-, and 4-days post-treatment to assess the prolonged effect of DHA in YAP and TAZ stability. The luminescent fold change was measured by calculating how much the bioluminescence from the treated lysates changed relative to the luminescent signal at day 0 of treatment. The data are presented as mean + SD 2 independent experiments, ** p < 0.01, *** p < 0.001). 
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Figure 5. The effect of initial hit candidates on endogenous levels of YAP/TAZ in the TNBC cells. MDA-MB-231 cells were treated with 100 μM of 67 initial hits separately for 48 h. To compare the YAP and TAZ stability after each treatment, cells cultured with only DMSO were included as controls. Cell lysates were harvested using RIPA buffer and used for WB to assess the protein levels of YAP and TAZ. Among the initial 67 candidates, 22 compounds affected the YAP and TAZ stability in TNBC cells, and TAZ expression was specifically inhibited by additional eight drugs. The bolded numbers indicated that the corresponding drugs decreased the protein levels of both YAP and TAZ or preferentially inhibited TAZ expression. 
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Figure 6. The YAP/TAZ stability in MDA-MB-231 cells treated with top candidates, including avanafil (a), beta-carotene (b), dipyridamole (c), fluvastatin (d), pterostilbene (e), and XEN445 (f). 
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Figure 7. The mRNA levels of YAP (a) and TAZ (b) in MDA-MB-231 cells treated with either avanafil (100 μM), beta-carotene (20 μM), dipyridamole (50 μM), fluvastatin (10 μM), pterostilbene (100 μM), or XEN445 (100 μM). After 48 h post-treatment, RNA was extracted using RNAZol RT, and RT-qPCR was performed to assess the mRNA levels of YAP and TAZ. The cells treated with 1% DMSO for two days were included as the control. The mRNA expression fold change was calculated by measuring the difference between drug-treated and DMSO-treated samples. Based on ANOVA analysis of our data, the mRNA expression of YAP and TAZ is not significantly inhibited (p ≥ 0.05) by either of the drugs in MDA-MB-231 (qRT-PCR; mean + SD, n = 2 biological replicates (2 replicates for each biological sample), t-test: * p < 0.05). 
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Figure 8. Validation of top candidates in BT549. Seven drugs, including avanafil (100 μM), beta-carotene (20 μM), DHA (150 μM), dipyridamole (50 μM), fluvastatin (10 μM), pterostilbene (100 μM), and XEN445 (100 μM), were used to treat another TNBC cell line to avoid cell line-specific effects. The protein lysate was collected every 24 h for a total of 2 days using RIPA buffer, and 10–30 μg of each lysate was subjected to WB. Cells treated with 1% of DMSO were included as the negative control. 
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