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Background: Pin1 is a member of the evolutionarily conserved peptidyl-prolyl isomerase (PPIase) family of proteins. Following phosphorylation, Pin1-catalyzed prolyl-isomerization induces conformational changes, which serve to regulate the function of many phosphorylated proteins that play important roles during oncogenesis. Thus, the inhibition of Pin1 provides a unique means of disrupting oncogenic pathways and therefore represents an appealing target for novel anticancer therapies.
Methods: As Pin1 is conserved between yeast and humans, we employed budding yeast to establish a high-throughput screening method for the primary screening of Pin1 inhibitors. This effort culminated in the identification of the compounds HWH8-33 and HWH8-36. Multifaceted approaches were taken to determine the inhibition profiles of these compounds against Pin1 activity in vitro and in vivo, including an isomerization assay, surface plasmon resonance (SPR) technology, virtual docking, MTT proliferation assay, western blotting, cell cycle analysis, apoptosis analysis, immunofluorescence analysis, wound healing, migration assay, and nude mouse assay.
Results: In vitro, HWH8-33 and HWH8-36 could bind to purified Pin1 and inhibited its enzyme activity; showed inhibitory effects on cancer cell proliferation; led to G2/M phase arrest, dysregulated downstream protein expression, and apoptosis; and suppressed cancer cell migration. In vivo, HWH8-33 suppressed tumor growth in the xenograft mice after oral administration for 4 weeks, with no noticeable toxicity. Together, these results show the anticancer activity of HWH8-33 and HWH8-36 against Pin1 for the first time.
Conclusion: In summary, we identified two hit compounds HWH8-33 and HWH8-36, which after further structure optimization have the potential to be developed as antitumor drugs.
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INTRODUCTION
Cancer is a major public health problem worldwide. According to the latest estimates on the global burden of cancer released by the International Agency for Research on Cancer (IARC), there were an estimated 19.3 million new cases and 10.0 million cancer deaths worldwide in 2020 (Sung et al., 2021). Globally, the number of new cancer cases is expected to reach nearly 22 million annually by 2030 (Bray et al., 2015; Bray and Soerjomataram, 2015). The challenge of managing the escalating costs associated with cancer will be felt worldwide, not limited to high-income countries. Thus, exploiting novel and effective anticancer drugs is an imminent issue.
It has been reported that approximately 300 genes are mutated in at least one type of human cancer (Futreal et al., 2004). Many additional genes are likely to participate in tumor development by mechanisms that involve changes in expression levels or patterns. Unfortunately, only a limited number of “cancer genes” encode druggable targets-targets for which suitable drugs can be generated (Malumbres and Barbacid, 2007). Among them, peptidyl-prolyl cis-trans isomerase never in mitosis gene A (NIMA) -interacting 1 (Pin1) is considered one of the most suitable targets for small molecule inhibitors.
Pin1 was discovered through a yeast two-hybrid screen designed to identify proteins that interact with NIMA, an essential mitotic kinase in Aspergillus nidulans (Lu et al., 1996). It belongs to PPIases, which comprise three structurally distinct subfamilies: the cyclophilins, the FK506-binding proteins (FKBPs), and the parvulins (Galat, 2003). Cyclophilins are characterized by an eight-stranded β-barrel that forms a hydrophobic pocket in which CsA binds (Ke et al., 1991; Mikol et al., 1993). FKBPs, in contrast, consist of an amphipathic, five-stranded β-sheet that wraps around a single, short α-helix (Michnick et al., 1991; Van Duyne et al., 1991). Members of the parvulin family sport a PPI domain consisting of a four-stranded anti-parallel β sheet with four α-helices surrounding the flattened half β-barrel. Pin1, one of the human representatives of parvulin, is the only PPIase that specifically recognizes phosphorylated Pro-directed Ser/Th (pSer/Th-Pro) peptide sequences (Ranganathan et al., 1997) and converses their conformation from cis to trans (Pastorino et al., 2006).Given its important role in the regulation of proline-directed phosphorylation, Pin1 is a pivotal modulator of various biological processes, including the cell cycle, cell motility, cell proliferation, apoptosis, and cellular survival, and its dysregulation contributes to various pathological conditions, most notably cancer (Ranganathan et al., 1997; Pastorino et al., 2006; Lu and Zhou, 2007; Lu and Hunter, 2014). While normal tissues and cell lines only express low levels of Pin1, which fluctuate during the cell cycle, Pin1 is overexpressed and/or activated in various human cancers, including breast, ovary, prostate, lung, gastric, and cervical cancers, as well as melanoma (Yu et al., 2020). In several instances, increased levels of Pin1 correlate with poor clinical outcome, indicating that Pin1 levels might have a prognostic value for cancer (Ayala et al., 2003; Lu, 2003; Fukuchi et al., 2006). As cancers share a common feature of uncontrolled cell proliferation, inhibition of Pin1 has the potential to simultaneously tackle multiple oncogenic signal pathways at several levels (Wulf et al., 2005). According to the existing research, Pin1 upregulates >50 oncogenes or proliferation-promoting factors while inhibits >20 tumor suppressors or proliferation restraining factors (Chen et al., 2018).These features make Pin1 inhibitors an important weapon in the fight against cancer.
Since increasing evidence has shown that Pin1 is a potential target for cancer therapy, several groups have developed potent antagonists, including chemical compounds, natural products, and peptide drugs, to block Pin1 (Urusova et al., 2011; Moore and Potter, 2013). Several promising classes of Pin1 inhibitors have been synthesized as potential lead compounds (Zhang et al., 2002; Wang et al., 2004; Daum et al., 2006; Wildemann et al., 2006; Zhao and Etzkorn, 2007; Potter et al., 2010; Mori et al., 2011; Zhu et al., 2011; Liu et al., 2012; Yoon et al., 2012). The most well-known Pin1 inhibitors are the natural product Juglone (Hennig et al., 1998) and the small molecule PiB and its derivatives (Uchida et al., 2003). However, these compounds are relatively weak inhibitors of Pin1. Nanomolar non-natural peptidic Pin1 inhibitors have been identified (Wildemann et al., 2006; Zhang et al., 2007) but are limited by their poor cell membrane permeability. Most existing inhibitors lack the required specificity, efficacy, and safety in clinical application.
The initial goal of our work was to discover potent Pin1 small molecular inhibitors by employing a high-throughput screening (HTS) system using temperature-sensitive Ess1 mutant and wild yeast. After screening more than 20,000 compounds, we identified several clear positive hits that inhibited the growth of the Ess1 temperature-sensitive mutant more dramatically than wild-type yeast cells. These hits were further confirmed using a secondary assay based on PPIase activity inhibition, which is a direct and reliable method for the identification of inhibitors. The HTS method combined with the PPIase detection system resulted in the discovery of two compounds, HWH8-33 and HWH8-36, which had micromole inhibitory activity against Pin1. Further in vitro and in vivo assays collectively confirmed the antitumor activity of these two compounds. Here, we describe the discovery and characterization of HWH8-33 and HWH8-36 as potent Pin1 inhibitors, providing new insights into the development of anti-Pin1 therapeutic agents.
MATERIALS AND METHODS
Cell culture and reagents
The human cell lines A549, HepG2, HT-29, HeLa, PC3, MG63, MCF-7, CHO, BEL-7402, and MRC5 were used in this study, all of which were obtained from the Cell Culture Centre, Institute of Basic Medical Science Chinese Academy of Medical Science. Cells were incubated at 37°C plus 5% CO2 and maintained as exponentially growing cultures in the recommended medium. HWH8-33 and HWH8-36 were provided by the Institute of Materia, Chinese Academy of Medical Sciences (IMM) and Peking Union Medical College (PUMC) and were prepared as 10 mg/ml stock solutions in dimethyl sulfoxide (DMSO).
Yeast strains and media
The yeast strains used in this study were L94P (ess1L94P on a W303-1a background), G127D (ess1G127D on a W303-1a background), and (MATa ura3-1 his3-11, 15 leu2-3, 112 trp1-1 ade2-1 can1-100). Yeast cells were incubated in liquid YPD (1% yeast extract, 2% peptone, and 2% glucose) at 25°C.
HTS based on a budding yeast assay
Wild-type W303-1a and ess1L94P and ess1G127D mutant yeast strains were used for HTS. Saturated yeast cells were diluted 1:100 into YPD medium containing the test compounds at a final concentration of 10 μg/mL. After incubation at 25°C (mutant yeast strains) and 37°C (wild-type) for 24 h, the growth of the yeast cultures in the presence of the test compounds was determined by measuring the OD600. Hits (defined as displaying different sensitivity among mutant and wild cells) were further evaluated in the PPIase assay.
Protein expression and purification
The human pin1 gene was cloned by PCR using genomic DNA as a template. An NdeI restriction site was created to the 5′-AUG start codon of pin1 and an XhoI site was introduced immediately to the 3′-stop codon the forward primer was GGA​GGA​GCA∨TAT​GGC​GGA​CGA​GGA​GAA​G-3′; and the reverse primer was CCA​GTC∨TCG​AGC​TCA​GTG​CGG​AGG​ATG​A-3′. This PCR fragment was subcloned into the XhoI and NdeI restriction sites of the plasmid pET-30a, which contains His and the T7 transcription terminator, to generate the recombinant plasmid pET-30a-pin1, which encoded a fusion protein with His at the C-terminus of Pin1p. The construct was sequenced for verification. The pET-30a-pin1 plasmid was transformed into Escherichia coli BL21 cells and protein expression was induced with 1 mM IPTG for an additional 5 h at 37°C when the OD600 was approximately 0.8. After the cells were harvested and lysed, the Pin1-His protein was purified using the ÄKTA explorer system (GE Healthcare) by N-nitrilotriacetic acid-agarose metal affinity chromatography. The protein concentration was determined by the Bradford method (Thermo Scientific) and the purified recombinant protein was confirmed by SDS-PAGE. The purified protein was stored at −80°C.
Pin1 enzymatic activity assay
The activity of Pin1 was determined via a protease-coupled isomer-specific assay using suc-AEPF-pNA peptide (Bachem) as the substrate (Fischer et al., 1989). Briefly, total purified Pin1 was mixed with HEPES/NaCl buffer supplemented with 2 mM dithiothreitol (DTT) and 0.04 mg/mL bovine serum albumin (BSA). Chymotrypsin in 0.001 M HCl was added and thoroughly mixed before adding the substrate dissolved in DMSO, prepared in 480 mM LiCl/trifluoroethanol. A typical assay reaction (total volume of 200 μL) contained increasing amount of Pin1 (0.625 μg/mL, 1.25 μg/mL, 2.5 μg/mL, 5 μg/mL and 10 μg/mL), chymotrypsin (6 mg/mL) and peptide substrate (50 μM). The absorption, which detects the formation of free p-nitroanilide (pNA), was monitored at OD390 by PerkinElmer EnVision (Waltham, MA, United States). All of the reagents and materials were maintained at 4°C during the procedure. Enzyme activity is expressed in terms of substrate conversion by fitting the data into the following:
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Pin1 inhibition assay
Varying concentrations of HWH8-33 or HWH8-36 (0–50 μg/mL) and purified Pin1 protein (5 μg/mL) were pre-incubated for 30 min at 4°C prior to addition to the reaction mixture. HWH8-33 or HWH8-36 (0–50 μg/mL) without Pin1 were added to the reaction mixture to detect the potential inhibitory activities of them on chymotrypsin. The reaction was initiated by the addition of chymotrypsin and substrate. The system without chymotrypsin and Pin1 was used to exclude the absorption value of the compound itself at OD390. The reaction progress was monitored at OD390.
Surface plasmon resonance (SPR) analysis
The binding of Pin1 and HWH8-33/HWH8-36 was detected by SPR in vitro, using the Biacore™ S200 system. Pin1 and the compounds were measured using a sensor chip. Pin1 was injected onto the surface of a Carboxymethyl Dextran sensor chip (CM5) in PBS-P running buffer (0.2 M Phosphate buffer, 27 mM KCl, 1.37 M NaCl, 0.5% Surfactant P20) at a rate of 5 μL/min and the channel-unloaded protein was taken as the reference. The amount of the loading proteins should be approximately 4653 response units (RUs). HWH8-33/HWH8-36 was diluted seriesly in running buffer and passed over the CM5 sensor chip at a flow rate of 30 μL/min to allow binding with Pin1 protein. Both association rate constant (kon) and dissociation rate constant (koff) values were determined with Biacore S200 Evaluation Software 1.1.1. KD = Koff/Kon.
Molecular docking
A docking program Molecular Operating Environment (MOE) (https://www.chemcomp.com/Products.htm) was used to perform the molecular docking analysis to investigate probable binding modes of HWH8-33 and HWH8-36 within the active sites of Pin1 solved at 1.86-Å resolution. Crystal structure of Pin1 was downloaded with PDB ID: 3IKG. Prior to docking, the molecules of water and ions from the acquired structure of crystal was eliminated to add the atoms of hydrogen into structures of proteins through 3D protonation, the binding active site was identified and then, MOE’s default parameters was used for achieving minimization of energy. Ten different conformations were synthesized for each ligand.
Cell viability MTT assay
Cytotoxic evaluation of the compounds was conducted using atetrazolium-based colorimetric method based on 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. In brief, cells (103–104/mL), at a density determined based on the growth characteristics of each cell line, were cultured exponentially. Then, the culture media were replaced with each medium containing 10% fetal calf serum (FCS) and concentrations of compounds ranging from 0.001 to 100 μg/mL. After the respective medium was removed, the cells were incubated with MTT solution (5 mg/mL in phosphate-buffered saline (PBS) for 4 h. After incubation, DMSO was added to each well and the absorbance was measured using a 2104 Multilabel Reader (Envision, PE, United States) at 560 nm.
Western blotting
Cells treated with and without the compounds were washed with PBS and harvested in lysis buffer. Lysates were centrifuged for 15 min at 12,000 × g at 4°C, and supernatants were stored at –80°C as whole cell extracts. Total protein concentrations were determined using the Bradford assay. Samples containing equal amounts of protein were loaded into each lane of an SDS-PAGE gel for electrophoresis and subsequently transferred onto a polyvinyl-difluoride (PVDF) membrane. The membranes were blocked with 5% BSA and then incubated with the indicated primary antibodies against Pin1, Cyclin A, Cyclin E, Cyclin D1, and CDK2 (Cell Signaling Technology, Beverly, MA, United States). Corresponding horseradish peroxidase-conjugated secondary antibodies were used against each primary antibody. An Electrochemical luminescence (ECL) reagent was used for signal detection and the protein bands were visualized using an ECL detection system (Millipore). The relative intensities of each protein band were determined using the β-actin band as an internal reference. Western blotting was repeated at least thrice, with similar results and representative blots presented.
Cell cycle analysis
At the indicated time points (24 h, 48 h, 72 h) with a concentration of 1.6 μg/mL or indicated concentrations (0.4 μg/mL, 1.6 μg/mL, 3.2 μg/mL) at 48 h, the treated HeLa cells were fixed with 70% ethanol for ≥1 h at 4°C. After washing with cold PBS, the cells were incubated with DNase-free RNase and propidium iodide (PI) at 37°C for 30 min. Fluorescence data related to the DNA content of the cells in different cell cycles were collected by flow cytometry (FCM) (Becton Dickinson). Three biological replicates were used for each treatment condition.
Apoptosis assay
Apoptosis induced by the compounds was detected using the Annexin V/FITC apoptosis detection kit (Nanjing KeyGEN Biotech. Co., Ltd.). After treatment with HWH8-33 or HWH8-36 at different time intervals (24 h, 48 h, 72 h) at 3.2 mg/mL or indicated concentrations (1.6 μg/mL, 3.2 μg/mL, 6.4 μg/mL) at 48 h, the cells were harvested, washed with PBS, and labeled with Annexin V/FITC and PI in the dark at room temperature (RT) according to the protocol. The green (Annexin V-FITC) and red (PI) fluorescence was examined by FCM (Becton Dickinson). The excitation wavelength was 488 nm, and the emission wavelength was 530 nm. The early apoptotic cells (Annexin V-positive only) and late apoptotic cells (Annexin V and PI positive) were quantified.
In the logarithmic growth phase, HeLa cells were seeded into a 96-well plate at approximately 6,000 cells per well. After the cells adhered to the wall, the medium was changed to one with an appropriate concentration dilution of the compounds (1.6 μg/mL, approximately 200 μL per well) and incubated at 37°C in 5% CO2 for another 48 h. Following incubation, the cells were washed with pre-chilled PBS three times and fixed with 2 mL of pre-chilled 70% ethanol. Following fixation and gentle washing with pre-chilled PBS, the cells were stained with Hoechst33342 at a final concentration of 100 ng/mL for 15 min. Finally, the cells were observed under fluorescence microscopy excited at a UV wavelength of 340 nm.
Wound-healing assay
The HeLa cells were incubated overnight to 60%–70% confluence in 6-well plates. The cell monolayer was scratched in the central area with a sterilized toothpick to obtain constant widths and the dish was washed thrice with PBS to remove detached cells. The cells were then incubated with HWH8-33 or HWH8-36 (0.8 μg/mL) at indicated time points (24 h, 48 h), or with indicated concentrations (0.4 μg/mL, 0.8 μg/mL) of HWH8-33 or HWH8-36 at 24 h in low serum concentration medium (0.5% FBS) at 37°C. Cell migration was visualized at ×200 magnification and photographed. The wound area was quantified using the program ImageJ. Three independent experiments were performed.
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Transwell migration assay
Transwell migration assays were performed using a 24-well Transwell insert with an 8-µm pore size (Millipore, United States) as previously described (Yuan et al., 2012). HeLa cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% FCS. The night before the migration experiment, the cells were deprived of serum-free DMEM containing 0.2% BSA. Then, HeLa cells/100 μL medium with either HWH8-33 or HWH8-36 (0.8 μg/mL, 1.6 μg/mL) were loaded onto the upper chamber. The control had no compounds added. DMEM (600 μL) supplemented with 10% FCS was added to the lower chamber. Following incubation for 24 h at 37°C, the non-migrated cells on the top of the Transwell were scraped with a cotton swab and the cells that migrated to the undersides of the filters were counted after fixation and staining with crystal violet. The membranes were mounted on slides for evaluation under light microscopy based on five randomly selected fields at ×200 magnification. Each experiment was performed in quadruplicate.
Nude mouse assays
BALB/c nude mice were purchased from Beijing Vital River Laboratory Animal Technology, Co., Ltd. (Beijing, China). Animal care and experimental procedures were performed following the regulations of the Institutional Animal Care and Use Committee of the Institute of Medicinal Biotechnology. HT-29 cells in the logarithmic growth period were digested and inoculated into the subcutaneous area of the nude mouse’s left armpit. When the tumor diameter reached approximately 2 mm, the mice were divided into six groups, with ≥5 mice per group. HWH8-33 (20 mg/kg, 40 mg/kg, 60 mg/kg) dissolved in carboxymethylcellulose sodium (CMC) was administered by gavage. Celecoxib (60 mg/kg) and irinotecan (20 mg/kg) were used as the positive control. Each mouse was administered approximately 0.2 mL once per day, and the control group was given normal saline. Over the 4 weeks of administration, the weight of the nude mice and the length of the tumor were measured every 4 days or so. The tumor volume was calculated according to the formula: v = ab2/2 (a: tumor long diameter; b: tumor short diameter). The animals were observed for signs of toxicity.
Statistical analysis
Data are represented as the mean ± SD from three independent experiments. Student’s t-test was used to determine significance. p < 0.05 was considered statistically significant.
RESULTS
Budding yeast HTS prioritizes two new Pin1 inhibitors
Pin1 has a two-domain structure that consists of an N-terminal WW domain (named after two invariant Trp residues) responsible for targeting Pin1 to substrates in different subcellular compartments, and the C-terminal PPIase domain in charge of isomerizing specific pSer/Th-Pro motifs to regulate protein function by controlling their conformations (Lu et al., 1999; Zhou et al., 2000). Indeed, Pin1 is orthologous to the Saccharomyces cerevisiae mitotic protein ESS1 (Hanes et al., 1989) with 45% identity between the two (Hanes et al., 1989; Lu et al., 1996). Ess1p also contains both a WW domain, sharing 58% sequence identity with the wild-type Pin1 (Figure 1A), and a PPIase domain, which shares 66% identity with human Pin1 (Figure 1B). Moreover, human Pin1 complements an ess1- yeast mutant, which highlights the degree of evolutionary conservation of the Pin1-dependent regulatory system (Ranganathan et al., 1997). Taken together, these findings indicate that the Pin1/Ess1p protein and its functions are highly conserved in eukaryotes (Huang et al., 2001). Considering the remarkable similarity between S. cerevisiae and mammalian cells, we established an HTS method to identify novel Pin1 inhibitors, which employed temperature-sensitive mutants Ess1pL94P and Ess1pG127D, and the wild-type yeast strain 303-1a. Temperature-sensitive mutants can grow at 25°C but not at 37°C and are believed to lose their activities at 37°C. Despite being able to grow at 25°C, the mutated Ess1ps conferred a severe functional defect but was not lethal. We speculate that the yeast mutant allele that exhibited compromised Ess1p showed greater sensitivity to Pin1 inhibitors. Therefore, compounds that exert more toxicity to the mutants than wild-type yeast cells are likely inhibitors of Ess1p and Pin1.
[image: Figure 1]FIGURE 1 | A high-throughput screening for Pin1 inhibitors. (A) The cDNA sequence alignment of the WW domain between Saccharomyces cerevisiae and humans. (B) The sequence alignment of the Ppic domain between Saccharomyces cerevisiae Ess1p and human Pin1. The amino acid sequences were compared for maximal alignment. The shaded regions indicate identical amino acid residues among the two proteins. The temperature-sensitive mutant exhibits more pronounced sensitivity to HWH8-33 (C) and HWH8-36 (D) than wild-type cells. Both the saturated wild-type and mutant cells were 1:100 diluted into 96-well plates containing YPD medium with various concentrations of HWH8-33 or HWH8-36. The plate was scanned after a 1-day incubation at 25°C.
As a first step toward screening for novel Pin1 inhibitors, several potent hits were identified out of 20,000 structurally diverse small molecules for compounds showed toxicity to yeast cells. Among them, only HWH8-33 and HWH8-36 inhibited the growth of mutant cells almost completely but did not affect the growth of wild-type cells at 10 μg/mL. While others did not exhibit discriminative toxicity to wild-type and mutant cells. To further determine whether the toxicity of HWH8-33 and HWH8-36 was due to their inhibition of Ess1p, we compared the growth inhibition on wild-type and mutant cells using the two selected compounds at different concentrations. As shown in Figures 1C, D, HWH8-33 (Figure 1C) and HWH8-36 (Figure 1D) inhibited the growth of the Ess1p mutant cells at 2.5 μg/mL when incubated at 37°C, while the MIC for wild-type cells was 10 μg/mL. The different sensitivities of wild-type and mutant cells indicated that the HWH8-33 and HWH8-36 could be novel Pin1 inhibitors.
HWH8-33 and HWH8-36 inhibit the kinase activity of purified Pin1
HWH8-33 [2-(4-aminosulfonylphenyl)-3-(4-chlorophenyl)-5-chloro-indole] (Figure 2A) and HWH8-36[2-(4-aminosulfonylphenyl)-3-(3-chlorophenyl)-5-chloro-indole] (Figure 2B), selected by yeast screening, were further tested for inhibitory action against Pin1 enzymatic activity. In Pin1 chymotrypsin-coupled peptidyl-prolyl isomerization assay (PPIase assay), the substrate peptide Suc-AEPF-pNA exists in a complex substance and has an estimated 10%–30% in the cis conformation (Wang and Etzkorn, 2006). As chymotrypsin exploits the high conformational selectivity toward chromogenic substrates of the type X-Pro-Phe-pNA, its hydrolysis for the C-terminal p-nitroanilide bond, which occurs in the trans X-pro conformer has been used to detect cis-trans isomerization by Pin1 under OD390 (Neil et al., 1966; Mosakowska-Glinska, 1979). In this study, Pin1 with cis-trans isomerase activity was expressed and purified in a prokaryotic system (Supplementary Figures S1, S2).
[image: Figure 2]FIGURE 2 | HWH8-33 and HWH8-36 inhibited the catalytic activity of Pin1. Chemical structures of HWH8-33 and HWH8-36 (A, B). The inhibitory activity of HWH8-33 (C) and HWH8-36 (D) on purified Pin1. The isomerization activity assay was performed as described in the Materials and Methods section. The values from each sample were plotted to determine the IC50 values of HWH8-33 and HWH8-36 against Pin1. The experiments were repeated thrice and results are represented as the mean ± SD. Affinity determination of HWH8-33/HWH8-36 and Pin1 using the SPR technique (E, F). The binding kinetics of HWH8-33 (E) /HWH8-36 (F) (from 2.5 μg/mL to 40.0 0 g/mL) to immobilized Pin1 was plotted according to the change of RU value. Molecular modeling of HWH8-33 and HWH8-36 in the binding pocket of Pin1 (G, H). (G) Both HWH8-33 and HWH8-36 were rendered by stick models (red, oxygen atoms; white, hydrogen atoms; blue, nitrogen atoms). The molecular surface of the catalytic domain is colored with electrostatic potentials, and blue indicates negatively charged regions. (H) Violet ball-and-stick model for molecular docking. The secondary structure of the protein is shown as a Ribbon. The images were generated using MOE. The HWH-8-33 carbon atom is cyan blue, the HWH-8-36 carbon atom is green, the amino acid carbon atom interacting with the ligand is orange, and the other amino acid carbon atoms are gray. The blue dotted line represents the hydrogen bond, the magenta dotted line represents the H-pi stacking, and the length of the cylinder indicate the strength of the bond energy.
In addition to Pin1, enzyme reaction mixture also contains chymotrypsin in PPIase assay. So, if HWH8-33 and HWH8-36 could inhibit chymotrypsin activity, the OD390 value may also decrease. Therefore, we also tested the inhibitory activities of both HWH8-33 and HWH8-36 on chymotrypsin, and found that they didn’t show inhibitory activities on chymotrypsin, and the compounds themselves have no absorption at 390 nm. HWH8-33 and HWH8-36 inhibited Pin1 activity in a concentration-dependent manner with comparable IC50 values of 5.21 ± 1.30 μg/mL and 10.84 ± 1.29 μg/mL, respectively (Figures 2C, D). These results suggest that HWH8-33 and HWH8-36 are potential inhibitors of Pin1.
HWH8-33 and HWH8-36 bind to Pin1
SPR has been proven to be a powerful technology to determine specificity, affinity and kinetic parameters during the binding of macromolecules in many bonds types (Nguyen et al., 2015). To confirm whether compounds HWH8-33/HWH8-36 could bind to Pin1, the protein was immobilized on a CM5 chip, and then the compound at different concentrations (from 2.5 μg/mL to 40 μg/mL) was allowed to flow through the chip. The SPR analysis showed that both of HWH8-33 and HWH8-36 could bind to Pin1.The kinetic rate constant, KD, were determined to be 9.79 × 10–6 M and 4.87 × 10–6 M, respectively (Figures 2E, F).
Molecular docking
Pin1 consists of two structural domains: a catalytic C-terminal PPIase domain, residues 45–163, that performs the rotamase function and an N-terminal WW domain, residues 1–39, presumably for substrate recognition (Ranganathan et al., 1997; Guo et al., 2009). And the active pocket of the PPIase domain comprises Lys63, Arg68, Arg69, Cys113, Leu122, Met130, Gln131, Phe134, Thr152, and Ser154 (Guo et al., 2009). In order to confirm the binding mechanisms of HWH8-33 and HWH8-36, we integrated MOE to predict the docked conformations in the active site of Pin1. The 3-methylphenylalanine derivative 22b co-crystallized in the Pin1 crystal structure obtained from the protein data bank (PDB ID code 3IKG.pdb)) was chosen as a reference for our docking study. Docking calculations suggest that both of HWH8-33 and HWH8-36 could bind to the active site of the PPIase domain of Pin1, potentially interacting with or masking active site residues (Figures 2G, H). They showed relatively high docking scores (6.30 for HWH8-33 and 6.32 for HWH8-36), which is in accordance with the anti-Pin1 activity of the two compounds. Judging from the docking scores, both of the compounds can bind to Pin1 with comparable affinities. Specifically, as for compound HWH8-33, there was a weak hydrogen bonding force between chlorine atom of the indole ring and Gln131 protein residues. The aromatic conjugated part of indole ring and His157 residue has H-pi stacking interaction force. The oxygen atom from the sulfonamide group of HWH8-33 had weak hydrogen bonding with Trp73 and Ser72 protein residues, respectively. The hydrogen atom in the indole ring has strong hydrogen bond with Cys113. There is H-pi accumulation force between benzene ring substituted at the 2-position of indole ring and residues of Ser114 and Cys113. There is also a weak H-pi accumulation force between benzene ring substituted at the 3-position of indole ring and Lys63. HWH8-36 interacts with Pin1 basically in the same way. The results from in silico molecular docking study with Pin1 show that both HWH8-33 and HWH8-36 interact with Pin1, indicating that they potentially inhibit Pin1.
HWH8-33 and HWH8-36 reduce cancer cell viability
Pin1 is overexpressed in several cancers, including breast, prostate, lung, ovarian, and cervical carcinomas, as well as melanoma and glioma (Ryo et al., 2001; Wulf et al., 2004; Lim and Lu, 2005). As such, we detected Pin1 expression in 11 cancer cell lines (A549, HT-29, CHO, HepG2, MG63, HeLa, BEL-7402, MCF-7, and PC3) and a non-cancer cell line MRC5. Western blotting showed that Pin1 expression was up-regulated in the cancer cell lines compared to the non-tumorous counterpart, which displayed low basal expression of Pin1 protein (Supplementary Figure S1). This observation is consistent with previous characterizations that Pin1 expression is highly regulated and is correlated with oncogenesis.
To study the cell-based anti-proliferative activities of HWH8-33 and HWH8-36, cancer cells of various origins were detected by MTT assay. Both HWH8-33 and HWH8-36 produced appreciable inhibition of cell viability in the tested cancer cell lines, with IC50 values ranging from 0.15 ± 0.02 to 32.32 ± 27.82 μg/mL (Table 1). Both HWH8-33 and HWH8-36 were more potent in CHO and HeLa cells. The IC50 values against all cell lines tested were within the same order of magnitude, which are illustrated in Table 1. The cancer and normal cell lines showed a clear different response to HWH8-33 and HWH8-36. MRC5 cells, with low levels of Pin1, were less sensitive to HWH8-33 and HWH8-36 than those expressing high levels of Pin1. The efficient concentration of HWH8-33 and HWH8-36 had no cytotoxic effects on the normal cells, indicating their use as Pin1 inhibitors in cells. The IC50s of HWH8-33 and HWH8-36 for cells were comparable to those for the Pin1 PPIase activities, suggesting that both are membrane permeable. As CHO cells are animal origin and given that HWH8-33 and HWH8-36 were remarkably active in HeLa cells, HeLa cells were selected for the following experiments. This cancer cell growth inhibitory activity indicated that HWH8-33 and HWH8-36 could be a novel class of anticancer drugs.
TABLE 1 | Cytotoxicity of HWH8-33 and HWH8-36 on different cell lines (IC50:μg/mL).
[image: Table 1]HWH8-33 and HWH8-36 induce cell cycle arrest in human cancer cells
Studies have shown that the PPIase activity of Pin1/Ess1p is required for cell cycle progression (Lu et al., 1996; Rippmann et al., 2000; Wu et al., 2000). Depletion of Pin1 activity in human tumor cells and deletion of ESS1 in S. cerevisiae result in mitotic arrest (Lu et al., 1996; Rippmann et al., 2000; Wu et al., 2000).
To determine whether the growth inhibition of cancer cells by HWH8-33 and HWH8-36 is a result of cell cycle arrest, the cell cycle distribution was assessed after treatment with HWH8-33 or HWH8-36. HeLa cells were treated with different concentrations or at different time intervals of HWH8-33 or HWH8-36, stained with PI, and examined by FCM. The cell cycle distribution was analyzed using ModFit LT 3.0 software. As shown in Figure 3, the control cells showed a typical cell cycle profile in which most cells had 2N DNA. However, the HWH8-33- and HWH8-36-treated cells showed a relatively significant increase in 4N DNA content, indicative of G2/M phase, and a modest decrease in 2N DNA content, indicative of G1/G0 phase, both in a time- and dose-dependent manner.
[image: Figure 3]FIGURE 3 | Effects of HWH8-33 and HWH8-36 treatment on cell cycle progression. (A) Representative images of cell cycle distribution after HWH8-33 or HWH8-36 (0.4 μg/mL, 1.6 μg/mL, 3.2 μg/mL) treatment and DMSO vehicle control in HeLa cells for 48 h. Cell cycle stages were analyzed by flow cytometry with PI staining to determine nuclear DNA content, which was used to calculate the percentages of cells in different cell cycle phases. The quantitative data from three independent experiments are shown in (B) for HWH8-33 and HWH8-36. The percentages of subG1, G1/G0, S, and G2/M phases were calculated using ModFit LT 3.0 software. Error bars represent mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. DMSO vehicle control. Both HWH8-33 and HWH8-36 (B) treatment decreased the number of cells arrested in the G1 phase and increased cells accumulating in G2/M in HeLa cells. (C) HeLa cells were treated with HWH8-33 or HWH8-36 (1.6 μg/mL) (or mock-treated) for 24 h or 48 h and then monitored by cell cycle analysis. The cell cycle progression was detected by flow cytometry with PI staining. (D) Changes in the cell cycle phase in HeLa cells following HWH8-33 or HWH8-36 treatment. Data represent three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. DMSO vehicle control.
It has been reported that CDK2, Cyclin A, Cyclin E, and Cyclin D1 are key regulators that couple cell cycle signaling cascades via Pin1 isomerization. Isomerization of Ser/Th-Pro motifs is particularly important because CDK2 is reported to be conformation specific, phosphorylating and dephosphorylating only the trans-isomer of Ser/Th-Pro motifs (Brown et al., 1999). The Pin1-dependent pathway is probably essential to allow the accumulation of sufficient Cyclin D1, a key regulator of G1-S phase progression (Ryo et al., 2001; Wulf et al., 2001; Liou et al., 2002; Ryo et al., 2003). In contrast, Pin1 destabilizes Cyclin E, which is important for the G1-S transition at different time points (Yeh et al., 2004; van Drogen et al., 2006). Pin1-knockout mouse embryonic fibroblasts (MEFs) display several defects in G0-G1 and G1-S transitions (Fujimori et al., 1999; van Drogen et al., 2006), indicating the importance of Pin1 in these phases of the cell cycle. Moreover, studies have demonstrated that Pin1 can bind to and negatively regulate the Cyclin E protein levels (Yeh et al., 2006). To investigate the molecular mechanism of cell cycle arrest by HWH8-33 and HWH8-36, these cell cycle-related Pin1 substrates were detected by western blotting. The protein expression levels of Cyclin D1 (Figures 4A, C) and Cyclin A (Figures 4A, B) were decreased in the HeLa cells following exposure to HWH8-33 or HWH8-36 in a dose-dependent manner. Under the same conditions, Cyclin E (Figures 4A, D) level was up-regulated suggesting an inverse correlation, while CDK2 (Figures 4A, E) showed no observable difference in protein level between the treated and untreated groups. This observation is consistent with our results of cell cycle arrest result.
[image: Figure 4]FIGURE 4 | Cell cycle-related protein expression levels were regulated following HWH8-33 and HWH8-36 treatment in HeLa cells measured by western blotting. (A) Cells were cultured with HWH8-33 or HWH8-36 (0.4 μg/mL, 1.6 μg/mL) for 48 h, before harvesting and lysing. The protein levels of Cyclin E, Cyclin D1, Cyclin A, and CDK2 were detected by immunoblot analysis using specific antibodies; β-actin was used as a protein-loading control. Statistical analysis showed that the protein expression levels of Cyclin A (B) and Cyclin D1 (C) were decreased, whereas that of Cyclin E (D) was increased, and no significant change in CDK2 (E) expression was observed in the HWH8-33/HWH8-36-treated group compared to that in the control group. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control group.
HWH8-33 and HWH8-36 induce apoptosis of cancer cells
To investigate whether interference with the catalytic activity of Pin1 is sufficient to cause apoptosis, HeLa cells were treated with 3.2 μg/mL of HWH8-33 or HWH8-36 for consecutive time frames (24 h, 48 h, 72 h) (Figures 5A, B) or with varying concentrations of HWH8-33 or HWH8-36 (1.6 μg/mL, 3.2 μg/mL, 6.4 μg/mL) for 48 h (Figures 5C, D), before double-staining with Annexin V-FITC/PI for FCM analysis.
[image: Figure 5]FIGURE 5 | HWH8-33 and HWH8-36 induced HeLa cell apoptosis. (A) Representative flow cytometry plots for the measurement of apoptotic HeLa cells induced by HWH8-33 or HWH8-36 (4.8 μg/mL) at different culture times (24 h, 48 h, 72 h). (B) Quantification of HeLa cell apoptosis by flow cytometry. The data are from three independent experiments. The proportions of Annexin V+/PI− and Annexin V+/PI + cells indicated the early and late stages of apoptosis, respectively. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control group. (C) Representative flow cytometry plots for measurement of apoptotic HeLa cells treated with HWH8-33 or HWH8-36 (0 μg/mL, 1.6 μg/mL, 3.2 μg/mL, 6.4 μg/mL) for 48 h. (D) Percentages of apoptotic cells among HeLa cells treated with HWH8-33 (1.6 μg/mL, 3.2 μg/mL, 6.4 μg/mL) for 48 h. Representative results of flow cytometry and quantitative data are from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control group. (E) Control and HWH8-33 or HWH8-36 (4.8 μg/mL, 48 h) treated HeLa cells were stained with Hoechst 33342 and photographed by fluorescence microscopy under fluorescence fields.
With the prolongation of time, treatment with HWH8-33 or HWH8-36 at 4.8 μg/mL dramatically increased the number of Annexin V-positive cells (early apoptosis) and late apoptosis (Annexin V+/PI+), indicating the onset of apoptosis in HWH8-33- or HWH8-36-treated cells (27.78% ± 1.48% for HWH8-33, 19.75% ± 2.35% for HWH8-36 vs. 7.70 ± 0.70% for the control at 24 h; 92.21% ± 0.19% for HWH8-33, 91.70% ± 0.76% for HWH8-36 vs. 15.39% ± 2.17% for the control at 72 h) (Figures 5A, B).
The results in Figures 5C, D show that in the control groups, most of the cells were green, indicating that they were intact, healthy cells; whereas HWH8-33- and HWH8-36-treated HeLa cells had observable apoptosis, confirmed via double-staining with Annexin V-FITC/PI. The apoptotic frequency of HeLa cells was significantly increased in the presence of increasing doses of HWH8-33 or HWH8-36 (24.35% ± 0.25% for 1.6 μg/mL of HWH8-33, 12.88% ± 1.80% for 1.6 μg/mL of HWH8-36 vs. 12.05% ± 2.00% for the control; 92.21% ± 0.19% for 6.4 μg/mL of HWH8-33, 91.70% ± 0.76% for 6.4 μg/mL of HWH8-36 vs. 15.39% ± 2.17% for the control at 48 h).
The ability of HWH8-33 and HWH8-36 to induce apoptosis in HeLa cells was confirmed by the Hoechst 33342 staining assay (Figure 5E). Hoechst is a living cell dye that binds specifically to DNA, which can enter the normal cell membrane to a lesser extent with low toxicity. Although the integrity of the cell membrane does not change significantly in the early stages of apoptosis, the permeability of the cell membrane is enhanced. In addition, the altered structure of chromosomal DNA in apoptotic cells could lead to more effective binding of Hoechst 33342 with DNA. Additionally, the impaired p-glycoprotein pump in the membrane of apoptotic cells cannot pump Hoechst 33342 effectively outside the cell. Taken together, these factors lead to an increase of Hoechst 33342 in apoptotic cells compared to normal cells. Compared to the untreated cells, cells exposed to HWH8-33 or HWH8-36 (1.6 μg/mL) for 48 h showed morphological characteristics typical of cells undergoing apoptosis, including volume reduction, higher fluorescence intensity, highly condensed chromatin in the nuclei, some cleavage of nuclei into fragments, and the appearance of apoptotic bodies. Apoptosis was induced due to inhibition of Pin1 by HWH8-33 or HWH8-36 treatment and not by the toxic effects of HWH8-33 or HWH8-36 on the HeLa cells as the concentration used in the Hoechst 33342 staining assay was lower than the IC50 value.
HWH8-33 and HWH8-36 inhibit the migration of HeLa cells
Next, wound-healing assay and Transwell migration assay were used to assess the alteration of cellular migration and physiological changes affected by HWH8-33 and HWH8-36 exposure. The results of the wound-healing assay are depicted in Figures 6A–D. Following incubation of HeLa cells with HWH8-33 or HWH8-36, the size of the scratched region decreased less than that of the cells without compounds. At 24 h, the relative wound size percentage for control cells was 63.77% ± 9.07% compared to 83.57% ± 4.88% and 89.66% ± 1.97% for cells treated with HWH8-33 (0.8 μg/mL) and HWH8-36 (0.8 μg/mL), respectively. At 48 h, the relative wound size percentage for control cells was 24.56% ± 6.81% compared to 71.47% ± 4.44% and 71.37% ± 5.85% for cells treated with HWH8-33 and HWH8-36, respectively. These findings suggest that the HWH8-33 and HWHW8-36 destroyed the migration ability of HeLa cells in a time-dependent manner (Figures 6A, B). In addition, the relative wound size percentage for HWH8-33 and HWH8-36 (0.4 μg/mL) at 24 h was 75.19% ± 4.42% and 77.50 ± 1.16%, respectively, while the relative wound size percentage for HWH8-33 and HWH8-36 (0.8 μg/mL) at 24 h was 82.45% ± 7.05% and 88.09% ± 4.47%, respectively. Therefore, HWHs have concentration-dependent inhibitory effects on HeLa cell migration (Figures 6C, D).
[image: Figure 6]FIGURE 6 | HWH8-33 and HWH8-36 inhibited scratch wound healing and migration in HeLa cells. (A) HeLa cultures were scratched in the presence or absence of HWH8-33 or HWH8-36 (0.8 μg/mL), and wounds were photographed at 0 h, 24 h, and 48 h. (B) The time-dependent scratch wound-healing assay was analyzed, as described in the Materials and Methods section. The mean relative wound size percentage of three independent experiments is shown. *p < 0.05 and **p < 0.01 vs. control. (C) Images of HeLa cells in the scratch wound-healing assay 24 h after scratching and exposure to vehicle control, 0.4 μg/mL of HWH8-33 or HWH8-36, and 0.8 μg/mL of HWH8-33 or HWH8-36. (D) Quantification of the concentration-dependent scratch wound-healing assay. The mean percentage relative wound size of three independent experiments is shown. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control. (E) Transwell migration images of HeLa cells in the presence of indicated concentrations of HWH8-33 or HWH8-36 (0.8 μg/mL, 1.6 μg/mL) to evaluate the importance of HWH8-33 and HWH8-36 in cellular chemotaxis. HeLa cells treated with different doses of HWH8-33 or HWH8-36 were added to the upper chamber, and plates were incubated at 37°C in 5% CO2 for 24 h, before evaluating the cell migration by Transwell migration assay. The number of migrated cells was significantly less than those in the blank control group. (F) Graphical representation of cells migrated to the lower surface of the five groups. The value obtained using the control was considered 1.0. The ratios relative to this are shown. Results are represented as the mean ± SD obtained from the three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. 0.8 μg/mL group.
Following treatment of HeLa cells with 0.8 μg/mL or 1.6 μg/mL HWH8-33 and HWH8-36 for 48 h, the number of transmembrane cells was visibly decreased in a dose-dependent manner, and the migration ability of the cells was inhibited (Figures 6E, F). The HWH8-33 and HWH8-36 (0.8 μg/mL) treated cells migrated at a rate of 70.30% ± 1.07% and 77.76% ± 2.95%, respectively, compared to the control group. Meanwhile, the HWH8-33 and HWH8-36 (1.6 μg/mL) treated cells migrated at a lower rate of 41.36% ± 4.80% and 46.29% ± 4.93%, respectively, compared to the control group. These findings indicate that Pin1 is an important molecule involved in tumor cell migration and that HWH8-33 and HWH8-36 significantly inhibited the migration of HeLa cells, perhaps by inhibiting Pin1.
HWH8-33 inhibits the subcutaneous xenograft growth of colon cancer in nude mice
The safety profile of HWH8-33 was determined to be 1.5 g/kg < LD50 < 2 g/kg. To test the antitumor effects of HWH8-33 on colon adenocarcinoma cells in vivo, we generated subcutaneous xenograft tumor models by transplanting HT-29 cells into nude mice (Figure 7). As HWH8-33 is a COX-2 inhibitor-like compound from the structural perspective, celecoxib, a COX-2–specific inhibitor, was selected as one of the positive controls. In addition, due to the HT-29 cell line being selected as the transplanted tumor cell line, irinotecan, which is used for treating adult metastatic colorectal cancer, was selected as another positive control. The mice were divided into six groups, among which three received increasing doses of HWH8-33, one received a dose of the vehicle alone, one received a dose of celecoxib, and one received irinotecan. During the administration period, HWH8-33 was well tolerated, as judged by tumor size and absence of major body weight changes. Five weeks’ treatment with HWH8-33 induced marked tumor regression by reducing the tumor volume and weight, whereas the control mice showed progressive disease. In all cases, low and medium doses of HWH8-33 and celecoxib showed comparable inhibitory effects, which became more obvious with high doses of HWH8-33. The inhibitory effect of irinotecan on the tumor masses of nude mice was the most obvious, with no evidence of toxicity as judged by body weights.
[image: Figure 7]FIGURE 7 | HWH8-33 treatment reduced the tumor volume in nude mice in vivo (n = 7). Each mouse (BABL/c) was injected subcutaneously with 1 × 107 HT-29 human tumor cells (in 100 μL of medium) derived from human prostate cancer. The mice were randomized into six groups until cancer nodules reached a median size of 200 mm and were treated every 4 days with a vehicle alone, HWH8-33 (20 mg/kg, 40 mg/kg, and 60 mg/kg by intragastric administration), celecoxib (60 mg/kg by intraperitoneal injection), and irinotecan (20 mg/kg by intraperitoneal injection). The body weights of the mice and tumor volume were recorded. The mice were anesthetized after the experiment, and the tumor tissue was excised from the mice and weighed. The tumor volumes are shown. The values are presented as the means ± SD for each group. *p < 0.05 and **p < 0.01 vs. control.
DISCUSSION
Molecularly targeted therapy is an attractive therapeutic strategy for cancer given the reduction in adverse effects commonly associated with chemotherapy. However, blocking only one molecular pathway may be ineffective given that cancer cells have many alternative routes for eluding death and multiplying, allowing the neoplasm to progress lethally. The inhibition of proteins that control multiple oncogenic pathways could be the solution. Mounts of researches indicated that Pin1 is an active participant of the ten major cancer aberrant processes, which includes sustaining proliferative signaling, evading growth suppressors, activating invasion and metastasis, enabling replicative immortality, inducing angiogenesis, resisting cell death, evading immune destruction, tumorpromoting inflammation, reprogramming of energy metabolism, and genome instability and mutation (Chen et al., 2018).In addition, Pin1-knockout mice not only develop normally to adulthood but are also highly resistant to oncogenesis induced by transgenic overexpression of oncogenes, indicating that anti-Pin1 therapy has no general toxic effects (Zhou and Lu, 2016). These inhibitory activities may circumvent the characteristic genetic plasticity that has allowed cancer cells to evade the toxic effects of most molecularly targeted agents.The first step in small-molecule drug discovery is the identification of hit compounds via HTS, which is a complex, time-consuming, and costly process. In the past decade, numerous Pin1 inhibitors, such as Juglone (Hennig et al., 1998), PiB (Uchida et al., 2003) D-peptide (Zhang et al., 2007), EGCG (Urusova et al., 2011), 974-B (Mori et al., 2014), ATRA (Wei et al., 2015), 2-{[4-(4-tert-butylbenzenesulfonamido) -1-oxo-1,4-dihydronaphthalen-2-yl] sulfanyl} acetic acid (KPT-6566), compound 20, compound 23a, API-1, arsenic trioxide (ATO), BJP-06-005-3 (Li et al., 2021)and bicyclic peptide 37 (Jiang and Pei, 2015), have been discovered using various approaches. However, none of the Pin1-specific inhibitors have been developed for clinical usage yet. The lack of an appropriate HTS system, required to screen large libraries, has prevented the discovery of more potent Pin1 inhibitors. To this end, we adopted temperature-sensitive mutant and wild yeast as a novel, robust, and effective HTS system. With this method we once found Jadomycin B (Fu et al., 2008) and DH166 (Zhang et al., 2009) inhibit the growth of ipl1-321 and 438-1-1 temperature-sensitive mutants, respectively, more dramatically than wild-type cells at 25°C. Ultimately, both compounds were found to be novel inhibitors of Aurora B and PLK1, the human homologs of yeast Ipl1 and cdc5, respectively. Our yeast assay strains also provide a cost-efficient and easy-to-handle alternative to other currently available assays for the screening of Pin1 inhibitors. Our assay is designed for initial fast screening of large numbers of compounds and enables the selection of cell-permeable and non-toxic molecules with target inhibitory activities, before proceeding to more advanced selection processes. Using this method, we screened more than 20,000 compounds and found two compounds, HWH8-33 and HWH8-36, which inhibited temperature-sensitive mutant and wild yeast with different MICs.
It is worth mentioning that the most suitable peptide for Pin1 PPIase assay would be a peptide containing a pSer/pThr-Pro motif as Pin1 showed low isomerization activity with peptides containing an A-P peptide bond, but incorporation of Glu or Asp immediately preceding Pro in order to mimic pS increased isomerization activity. kcat/Km (mM−1 s−1) for Suc-AEPF-pNA, which is 3410, is comparable to that of AApSPF-pNA, which is 3760 (Yaffe et al., 1997), so the peptide AEPF is good enough to be used as a substrate for Pin1 PPIase assay. The results from this in vitro Pin1 PPIase assay further confirmed the inhibitory activity of the compounds against Pin1 isomerization with micromolar potency. Moreover, SPR technology confirmed that HWH8-33 and HWH8-36 bind to Pin1 with identical affinities. Molecular modeling demonstrated both of the two compounds can act as Pin1 inhibitors by interacting with residues in the Pin1 catalytic site of the active center. Meanwhile, HWH8-33 and HWH8-36 exhibited inhibitory proliferative activities against various cancer cell lines without cytotoxic effects on the normal cells. The HWH8-33/HWH8-36-treated cancer cells also induced cell cycle arrest and apoptosis. Due to the decrease in Pin1 catalytic activity, the levels of the Pin1 downstream cell cycle-related targets Cyclin D1 and Cyclin A also decreased, while those of Cyclin E were elevated. Under the effect of low concentrations of HWH8-33 and HWH8-36, which do not influence the activity of cellular survival, the compounds effectively inhibited the migration and invasion of HeLa cells. Taken together, these findings indicate that HWH8-33 and HWH8-36 could interfere with Pin1 in vitro and represent good leading compounds. The results obtained also confirmed the reliability of the yeast assay.
Structurally, HWH8-33 and HWH8-36 are COX-2 inhibitor-like compounds. Previous studies have shown that the basal expression of COX-2 is enhanced in Pin1-overexpressing cell types, and Pin1-dependent activation of NF-κB, CREB, and C/EBPβ is involved in COX-2 induction. It has been demonstrated that the Pin1 inhibitor, juglone, significantly suppresses COX-2 expression in CII-treated DBA/1J mice (Jeong et al., 2009). Thus, COX-2 inhibitor-like compounds could exert Pin1 inhibitory effects. We also confirmed the effectiveness of HWH8-33 and HWH8-36 in inhibiting tumor by nude mouse experiment in vivo. To the best of our knowledge, this study represents the first demonstration of the effectiveness of the Pin1 inhibitors HWH8-33 and HWH8-36 in xenograft models. Even though HWH8-33 and HWH8-36 themselves do not show strong anticancer activities, they can be considered a valuable starting point for hit-to-lead and future lead optimization studies to guide the development of novel anticancer drugs.
We believe that inhibitors targeting Pin1 hold much promise for developing a new generation of molecular anti-mitotic agents. Such inhibitors might be highly effective anticancer drugs alone or in combination with established chemotherapeutic drugs or procedures, although many challenges are posed by their clinical development.
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SUPPLEMENTARY FIGURE S1 | Expression and purification of human Pin1 in vitro. (A) The expression of human Pin1was analyzed using SDS-PAGE. Human Pin1was expressed in E. coli BL21 cells as the soluble protein after induction with 1 mM IPTG at 37°C for 5 h. 1: Total proteins without IPTG induction; 2: Total cell extracts after IPTG induction; 3: Supernatants of the cell lysate without IPTG; 4: Supernatants of the cell lysate with IPTG; 5: Protein Marker. (B) The identity of purified Human Pin1 was routinely checked by SDS-PAGE. HisTrapTM chelating column was used to purify polyhistidine-tagged Pin1 from E. coli cell extracts.
SUPPLEMENTARY FIGURE S2 | Purified Human Pin1 enzymatic activity confirmation. The Pin1 activity measured with the substrate (50 μM) in presence of chymotrypsin (6 mg/ mL) and different concentrations of Pin1 (10 μg/mL, 5 μg/mL, 2.5 μg/mL, 1.25 μg/mL and 0.625 μg/mL) and recorded the OD390 using PerkinElmer EnVision (Waltham, MA, United States). Results are represented as the mean ± SD obtained from the three independent experiments.
SUPPLEMENTARY FIGURE S3 | Western blotting was performed to assess the endogenous expression pattern of Pin1 in different cell lines. Pin1 levels were quantified in ten cancer cell lines and one normal cell line by western blotting. The protein expression of Pin1 was significantly lower in MRC-5 cells compared to the cancer cells.
ABBREVIATIONS
PPIase, peptidyl-prolyl isomerase; HTS, high-thoughput screening; IARC, International Agency for Research on Cancer; Pin1, eptidyl-prolyl cis-trans isomerase NIMA-interacting 1; NIMA, never in mitosis gene A; FKBP, FK506-binding proteins; IMM, Institute of Materia Chinese Academy of Medical Sciences; PUMC, Peking Union Medical College; DMSO, dimethyl sulfoxide; MTT, 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide; FCS, fetal calf serum; PBS, phosphate-buffered saline; PVDF, polyvinyl-difluoride; PI, propidium iodide; FCM, Flow cytometry; IF, Immunofluorescence; RT, room temperature; CMC, Carboxymethylcellulose sodium; PPIase assay, peptidyl-prolyl isomerization assay; MEFs, embryonic fibroblasts; RUs, response units; SPR, surface plasmon resonance; KD, dissociation constant; kon, association rate constant; koff, dissociation rate constant.
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