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A New Method for Chromosomes Preparation by ATP-Competitive Inhibitor SP600125 via Enhancement of Endomitosis in Fish
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Previous studies have suggested that 1,9-Pyrazoloanthrone, known as SP600125, can induce cell polyploidization. However, what is the phase of cell cycle arrest caused by SP600125 and the underlying regulation is still an interesting issue to be further addressed. Research in this article shows that SP600125 can block cell cycle progression at the prometaphase of mitosis and cause endomitosis. It is suggested that enhancement of the p53 signaling pathway and weakening of the spindle assembly checkpoint are associated with the SP600125-induced cell cycle arrest. Using preliminary SP600125 treatment, the samples of the cultured fish cells and the fish tissues display a great number of chromosome splitting phases. Summarily, SP600125 can provide a new protocol of chromosomes preparation for karyotype analysis owing to its interference with prometaphase of mitosis.
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GRAPHICAL ABSTRACT. SP600125 blocks cell cycle at prometaphase and can be used for chromosomes preparation for karyotype analysis. The p53 signaling pathway and spindle assembly checkpoint are involved in SP600125-induced cell polyploidization.


INTRODUCTION

1,9-Pyrazoloanthrone, known as SP600125, is an ATP-competitive inhibitor of kinases (Bennett et al., 2001; Chang and Karin, 2001). It is a highly selective inhibitor of c-Jun N-terminal kinase (JNK) and widely used to inhibit various JNK-mediated cell responses (Yarza et al., 2016; Dhanasekaran and Reddy, 2017; Gkouveris and Nikitakis, 2017). SP600125 can also affect cell apoptosis, progression of cancer, and pathological response in mammals (Nakaya et al., 2009; Kim et al., 2010). It was found that SP600125 plays important roles in maintaining stem cell characteristics of embryonic stem cells (Kook et al., 2013; Wei et al., 2014) and promoting efficiency of cell reprogramming into induced pluripotent stem cells (Yao et al., 2014; Chen et al., 2015; Ou et al., 2016).

Previous studies also showed that SP600125 inhibits cell proliferation in many human cancer cells and in embryonic stem cells by blocking cell cycle progression (Li et al., 2012; Mili et al., 2016; Hai et al., 2019). However, it is reported that effects of the SP600125 on cell cycle arrest are independent of its suppression of JNK activity, and that the knockdown of the jnk gene does not give rise to cell polyploidization (Kim et al., 2010; Zhou et al., 2016). Kim et al. (2010) suggested that SP600125 could suppress Cdk1 and induce endoreplication directly from G2 phase and indirectly inhibited the phosphorylation of Cdk1 and the persistence of Cdk2 activity. Some researchers also suggested that SP600125 treatment caused the induction of p21 and Cdk2 protein and resulted in G2/M arrest by inducing abnormal spindle microtubule dynamics (Moon et al., 2009, 2011). However, what is the phase of cell cycle arrest caused by SP600125 and the underlying regulation is still an interesting issue to be further addressed.

Our previous research showed that in the cell cycle of the caudal fin cells of diploid crucian carp (Carassius auratus L.) in vitro, treatment with 100 μM SP600125 causes a significant increase in tetraploid peak (4n) cells (Zhou et al., 2016; Mo et al., 2019). Indeed, a tetraploid cell line was generated from diploid fish cells by SP600125 cyclic treatment (Zhou et al., 2016). In this study, we intend to address how SP600125 induces polyploidization by arresting the cell cycle. It is indicated that SP600125-induced cell cycle arrest was found to appear from the prometaphase of mitosis. The result shows that SP600125 can provide a new way to prepare chromosome for karyotype analysis.



MATERIALS AND METHODS


Cell Culture

The cells from the caudal fin of fish were cultured as done in our previous studies (Zhou et al., 2016; Mo et al., 2019). Specifically, the cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Life Technologies, CA, USA), supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin (Invitrogen, Carlsbad, CA, USA), 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA), 0.1% 2-mercaptoethanol (2-ME; Invitrogen, Carlsbad, CA, USA), 1 mM sodium pyruvate (Invitrogen, Carlsbad, CA, USA), and 1 mM non-essential amino acids (Invitrogen, Carlsbad, CA, USA). Cells were grown in 5% (v/v) CO2 at 28°C, and all the used cells came from the 8th to the 10th passages.

SP600125 (C14H8N2O; Merck, Germany) was dissolved in dimethyl sulfoxide (DMSO 10%) as a 10 mM stock solution, which was then diluted to 100 μM for preparation. The operation of SP600125 cyclic treatment can be described as follows. Hundred micrometer SP600125 was first added to the culture medium where the cells reached 80–90% confluence. After SP600125 treatment for 48 h, the cells were then cultured in SP600125-free medium for 12 h. Finally, the cells were further treated again by SP600125 for 48 h.



Cell Cycle Analysis by Flow Cytometry

To conduct cell cycle analysis, the cells were first digested into single-cell suspension by 0.25% trypsin. After being filtered through a 40 μm cell strainer, the cells were incubated with 2 μg/ml Hoechst 33342 (Invitrogen) and 50 μM Verapamil (Sigma) for about 15 min and then examined by flow cytometry (Sysmex Partec, Germany).



Immunofluorescence

Immunofluorescence was conducted as described in our previous research (Peng et al., 2019). Specifically, the cells were fixed in 4% paraformaldehyde for 30 min and then treated with 0.3% Triton X-100 for 5 min. For non-specific blocking, the cells were incubated in 0.2% bovine serum albumin (Calbiochem, San Diego, CA, USA) for 15 min and then incubated with anti-α-tubulin antibody (dilution ratio was 1:100; GeneTex, Inc., North America, GTX628802) at 4°C for 12 h. The cells were stained with anti-mouse IgG fluorescent secondary antibody (dilution ratio was 1:200; Abways Biotechnology Co., Ltd., Shanghai, China, AB0132) for 2 h at room temperature. DNA was stained with Hoechst 33342 (Invitrogen). Fluorescence was imaged using OLYMPUS FV1200 confocal microscope (Olympus, Tokyo, Japan).



Obtaining Transcriptome Data

We obtained mRNA sequencing (seq) data for caudal fin cells of crucian carp and SP600125-treated cells from the NCBI SRA database (SRR7640866, SRR7640867, SRR9964682, and SRR9964683) (Mo et al., 2019; Ren et al., 2020). Gene expression levels were calculated using the fragments per kilobases per million mapped reads (FPKM) method. The identification of differentially expressed genes (DEGs) between the control group and SP600125-treated cells was performed using the DESeq packages (DEGs of control and SP600125-treated cell samples were separately screened). Unigenes with false discovery rate (FDR) ≤ 0.001 and |log2Ratio| ≥2 were considered as DEGs for further analysis. Gene Ontology (GO) enrichment analysis was carried out with the Blast2 GO v2.5.0 software. All DEGs were mapped to terms in the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases, and significantly enriched KEGG terms were searched for. GO terms with FDR <0.05 were considered to be significantly enriched.



Quantitative Real-Time Polymerase Chain Reaction

The quantitative real-time polymerase chain reaction (qRT-PCR) was conducted as described in our previous research (Mo et al., 2019). All the qRT-PCR primers used in this study are listed in Supplementary Table 1. The used amplification conditions are stated as follows: 50°C for 2 min and 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The average threshold cycle (Ct) was calculated for each sample using the 2−ΔΔCt method and normalized to β-actin. Finally, melting curve analysis was done to validate the specific generation of the expected product. For each sample, the qRT-PCR analysis was conducted three times. The reaction was carried out using the Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) with a miScript SYBR Green PCR kit (Qiagen, Valencia, CA, USA).



Western Blot Analysis

The cells were lysed with cold RIPA Lysis buffer (Gibco, USA) and centrifuged for 10 min at 10,000 rpm. The protein concentration was measured with a BCA Protein Assay kit (Thermo Scientific Pierce, Rockford, IL, USA). Total proteins were separated by 12% SDS polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membrane was blocked with 5% (w/v) non-fat milk in TBS containing 0.05% Tween-20 (TBST) for 1 h at 37°C and then incubated with primary antibodies, including anti-p53 (Abcam, USA), anti-MDM2 (Bioworld, USA), anti-p21 (Bioworld, USA), anti-Mad2L1 (Bioworld, USA), anti-CDC20 (Bioworld, USA), anti-BUB1 (Proteintech, USA), anti-Flag-tag (Proteintech, USA), and anti-β-ACTIN (Abcam, USA), overnight. Membranes were then washed with TBST three times and were finally incubated with the horseradish peroxidase labeled anti-mouse (or anti-rabbit) IgG secondary antibody (dilution ratio was 1:5,000) for 40 min. Densitometric analysis was performed using Image Pro-Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA).



PFT-α Incubation of Cells and Cell Viability Determination

Pifithrin-α (C16H18N2OS.HBr, PFT-α) was used as an inhibitor of p53 (Komarov et al., 1999). Cell viability was determined using the cell counting kit-8 (CCK-8) reagent according to the manufacturer's instructions (Takara Bio Inc., Shiga, Japan). The cells were seeded at 5 × 103 cells per well in 96-well plates and then were incubated for the next 2 h after addition of 10 μl CCK-8.



Construction of a Recombinant Adenovirus Vector for MAD2 Overexpression

The mad2 gene open reading frame was obtained from a C. auratus fin cell line by PCR amplification using the forward primer 5′-ATGTCGAAGACGCTGAAG-3′ and the reverse primer 5′-TCACATGGAGTTTGTCCTC-3′. The mad2 gene fragment was sub-cloned into adenovirus vector pMT85 (pAd-mCMV-GFP-3Flag-pA) at XbaI and ClaI sites. After identification using restriction enzymes, plasmid pMT85 was linearized and subsequently transformed into E. coli DH5α. The transformants were sequenced after identification by colony PCR. Finally, target plasmids using the AdMax adenoviral vector system (Stratagene, La Jolla, CA, USA) and helper plasmids (pBHGloxΔE1, 3Cre; Microbix, Canada) were constructed according to the manufacturer's instructions. Target and helper plasmids were co-transfected into HEK293 cells (American Type Culture Collection, Manassas, VA, USA) for virus packaging. Virus particles were subsequently purified and titrated by Western blot.

Virus transfection was conducted in the cells with 60% confluence in 24-well plates. The MAD2-OE group was transfected pAd-mCMV-MAD2-GFP-3-Flag-pA [multiplicity of infection (MOI) was 1,200] and cultured in 5% (v/v) CO2 at 28°C. The negative control group was transfected pAd-mCMV-GFP-3-Flag-pA, whereas for the blank control group, there was no any transfection.



Karyotyping

The fin cells of fish were cultured in a complete growth medium with 5.0% (v/v) CO2 at 28°C. The cells were pre-treated with 100 μmol/L SP600125 for 22–28 h, digested into single-cell suspension by 0.25% trypsin, and then swollen with a hypotonic solution of 0.0375 mol/L KCl for 40–60 min. Cells were fixed twice with cold Carnoy's fixative (methanol: glacial acetic acid = 3:1, v/v) for 40 min each time, concentrated by centrifugation, and then dropped onto the cold slides. The chromosomes were stained with 5% Giemsa solution (Solarbio Inc., USA) for 30 min.

Fish were injected with 5–12 μg/g (body weight) phytohemagglutinin (PHA; Yuanye Biotechnology Co., Ltd., Shanghai, China) three times at intervals of 12–15 h. Then, they were injected with SP600125 (0.5–1.5 μg/g body weight). After 1–2 h, fish were anesthetized with 100 mg/L MS-222 (Sigma-Aldrich, St. Louis, MO, USA) before dissection, and their kidneys were snipped in saline. The kidney cells were treated with a hypotonic solution of 0.075 mol/L KCl for 40–60 min. The remaining steps in preparing chromosome spreads were the same as for the cultured cells (see above). About 50 metaphase phases of each sample were counted under optical microscopes.



Statistical Analysis

All data were expressed by mean ± standard deviation. Statistical analysis was performed using the Student's t-test for comparison of two groups or one-way analysis of variance (ANOVA) for comparison of more than two groups, followed by the Tukey's multiple comparison tests. For multiple testing, the Bonferroni post hoc test of P values was performed. Statistical calculation was performed using GraphPad Prism data representing the means of three independent experimental results with a given alpha value of 0.05 and a given confidence level of 95%. The level of statistical significance was highlighted with asterisks in the figures as follows: P > 0.05, not significant; P < 0.05 (*) was considered statistically significant; P < 0.01 (**) was considered very significant; and P < 0.001 (***), extremely significant.




RESULTS


SP600125 Blocks Cell Cycle Progression at Prometaphase of Mitosis

Changes of cell proliferation were investigated at the process of SP600125 cyclic treatment by flow cytometry. As shown in Figure 1, after 48 h of SP600125 treatment, the proportion of diploid (2n) peak cells decreased from 41.54 to 23.44%, whereas that of tetraploid (4n) peak cells increased from 21.23 to 30.14% (Lanes 1 and 2 in Figure 1). When the cells were cultured for another 12 h in a SP600125-free medium, the proportions of the 2n and 4n peak cells were 22.87 and 38.94%, respectively. Moreover, there was 15.26% of octoploid (8n) peak cells (Lane 3 in Figure 1). When the cells were further treated by SP600125 for the next 48 h, the proportions of the 2n, 4n, and 8n peak cells were 18.04, 38.92, and 14.94%, respectively (Lanes 3 and 4 in Figure 1). The results confirmed that SP600125 could significantly block cell cycle and induce polyploidy for the fish cells.


[image: Figure 1]
FIGURE 1. Flow cytometry analysis of the proliferation variation of SP600125-treated cells. Lane (1) showed the control group (cultured without SP600125); Lanes (2)–(4) showed the SP600125-treated groups: the cells treated by SP600125 for 48 h (Lane 2), SP600125-free medium cultured for the next 12 h (Lane 3), and then SP600125 treated again for a further 48 h (Lane 4).


By immunofluorescence staining, it was observed that the majority of the cells were at the prometaphase of mitosis after SP600125 treatment (Figures 2G–I). The nuclear membrane of these cells disappeared, the chromosomes were scattered, and spindle microtubules were visible (Figures 2J–L). However, in the control group (cultured without SP600125), the mitotic phase could be observed in few cells, and about 90% of the cells with intact nucleus appeared (Figures 2A–F).


[image: Figure 2]
FIGURE 2. Cytological observation of SP600125-treated cells. (A–F) The control group (cultured without SP600125) and (G–L) the SP600125-treated group (SP600125 treatment for 48 h). Red regions showed the existence of tubulin using immunofluorescence staining. DNA (blue) was stained with Hoechst 33342. The white arrow in (C) showed the metaphase cells in the control group, and its enlarged parts were shown in (D–F). Scale bars represent 10 μm.




Expression Levels of p53 Relevant Cell Cycle Checkpoint Genes in SP600125-Treated Cells

To examine any change in the global transcriptomic profile after SP600125 treatment, transcriptomes were obtained from the NCBI SRA database (Mo et al., 2019; Ren et al., 2020). Annotated by KEGG, a number of the significant DEGs identified between the SP600125-treated cells and control fish fin cells were associated with the cell cycle (3.52%), and this group was especially enriched in cell cycle checkpoint genes (Supplementary Table 2). For example, 1.01% of DEGs were related to the p53 signaling pathway. The qRT-PCR results demonstrated that the mRNA levels of p53 pathway genes, such as mdm2, p53, p27, gadd45α, and socs3, significantly increased after SP600125 treatment, whereas those of the cyclin–Cdk complex genes (cyclin B1/3 and cdc2) were down-regulated (Figure 3A). The Western blot analysis also confirmed that there was significant up-regulation of p53, MDM2, and p21 in the SP600125-treated cells (Figure 3B).


[image: Figure 3]
FIGURE 3. Expression levels of p53 pathway genes in SP600125-treated cells. (A) The mRNA levels of p53-relevant genes detected by qRT-PCR. (B) The expressed levels of p53 pathway detected by Western blot, where “1” represents the control group (being cultured without SP600125), “2” represents the cells treated by SP600125 for 48 h, and “3” stands for the cells being treated first by SP600125 for 48 h and then being further cultured for 12 h in SP600125-free medium. Each bar represents the mean ± SD of three independent experiments (*P < 0.05).


PFT-α is a transcriptional inhibitor of p53 and is known to protect against a variety of p53-mediated genotoxic agents (Komarov et al., 1999). Combined with cell viability determination and cell cycle blocking test, 40 μM PFT-α was used to treat the fish cells (named the PFT-α group) (Supplementary Figure 1 and Figure 4). PFT-α was added to the culture medium where the cells reached 80–90% confluence. The experimental results were stated as follows. (1) After PFT-α treated for 24 h, the cells were predominantly in G1 phase (about 64.14% cells), and there were 8.04% of the 4n peak cells (Lane 2 in Figure 4). In contrast, there were 41.54% of G1 cells and 21.23% of the 4n peak cells in the control group (Lane 1 in Figure 4). (2) Pretreated first by PFT-α for 24 h and PFT-α-free culture for another 12 h, then treated by SP600125 for the next 48 h, 46.69% of the cells were in G1 phase, and there were 21.52% of the 4n peak cells (Lane 3 in Figure 4). After further culturing these PFT-α group cells for 12 h in SP600125-free medium, 39.36% of these cells were in G1 phase, and there were 26.86% of the 4n peak cells (Lane 4 in Figure 4). Clearly, this proportion of the 4n peak cells is still lower than that of the SP600125-treated group (38.94%) (Lane 3 in Figure 1). These results indicated that weakening the activation of p53 can reduce cell cycle arrest in the SP600125-treated fish cells.


[image: Figure 4]
FIGURE 4. Effects of PFT-α on SP600125-treated cells. Flow cytometry analysis of the proliferation variation of cells. Lane 1 represents the control group (cultured without SP600125). Lane 2 stands for the PFT-α group (cells pretreated by PFT-α for 24 h. Lane 3 shows the cells first being cultured with PFT-α-free medium for 12 h and then being further treated by SP600125 for 48 h. Lane 4 shows the cells which the obtained cells in Lane 3 were further cultured in SP600125-free medium for another 12 h.




Spindle Assembly Checkpoint Being Involved in SP600125-Induced Cell Cycle Arrest

The spindle assembly checkpoint (SAC), including mitotic arrest deficient (MAD), budding uninhibited by benzimidazole (BUB), and CDC20, is an active signal produced by improperly attached kinetochores (Nicklas, 1997). The RNA-seq and qRT-PCR results showed that the mRNA levels of MAD2, BUB1, and CDC20 were remarkably down-regulated in the SP600125-treated cells (Supplementary Table 2 and Figure 5A). Western blot analysis also demonstrated that the expression levels of MAD2 and CDC20 reduced in the SP600125-treated cells (Figure 5B).


[image: Figure 5]
FIGURE 5. Effects of SP600125 on the expression levels of spindle assembly checkpoint genes. (A) qRT-PCR analysis for the differentially expressed BUB1, MAD2, and CDC20 genes between the control group and the SP600125-treated cells. (B) Western blot analysis of expression levels of BUB1, MAD2, and CDC20 upon SP600125 treatment, where “1” represents the cells in the control group (without SP600125), “2” stands for the cells treated by SP600125 for 48 h, and “3” represents the cells first being treated by SP600125 for 48 h, then by SP600125-free culture for the next 12 h, and further by SP600125 treatment for another 48 h. Each bar represents the mean ± SD of three independent experiments (*P < 0.05).


As one key factor of the SAC, MAD2 protein localizes to nuclei in a cell cycle-dependent manner (Kitagawa and Rose, 1999). We generated a pAd-mCMV-MAD2-GFP-3-Flag-pA vector for overexpressing mad2 (Supplementary Figure 2). Virus transfection was conducted in cells with 60% confluence. As shown in Figure 6, transfection with pAd-mCMV-MAD2-GFP-3-Flag-pA for 72 h, about 59.64% of the OE-MAD2 cells were in G1 phase (Lane 3 in Figure 6), and there were 58.55% of the G1 cells in the blank control group and 63.83% of the G1 cells in the negative group (Lanes 1 and 2 in Figure 6). No any 4n peak cells were observed both in the OE-MAD2 group and in the negative group (Lanes 2 and 3 in Figure 6). In contrast, there were 7.02% of the 4n peak cells in the control group (Lane 1 in Figure 6). After SP600125 treatment for another 48 h, the proportion of the 4n peak cells in the OE-MAD2 group increased to 2.74%, and there were 53.52% of the cells in G1 phase (Lane 4 in Figure 6). When these cells were further cultured in SP600125-free medium for the next 12 h, the proportion of the 4n peak cells in the OE-MAD2 group increased to 4.43%, and that of the cells in G1 phase was 53.64% (Lane 5 in Figure 6). Even after an additional 48 h of SP600125 treatment again, the proportion of the 4n peak cells in the OE-MAD2 group was 8.54%, whereas that of the cells in G1 phase was 39.76% (Lane 6 in Figure 6). This supplementary experiment suggested that SP600125 might induce blocks of cell cycle by down-regulating the expression of MAD2.


[image: Figure 6]
FIGURE 6. Analysis of cell proliferation by flow cytometry after transfection with pAd-MAD2. Lane 1 represents the normal cultured group. Lane 2 represents the negative control group. Lanes from 3 to 6 represent the overexpressed MAD2 groups (OE-MAD2): the cells being transfected with pAd-mCMV-MAD2-GFP-3-Flag-pA for 72 h (Lane 3), the cells being treated with SP600125 for the next 48 h (Lane 4), the cells continued to be further cultured in SP600125-free medium for 12 h (Lane 5), and the cells being further cultured using SP600125 treatment for another 48 h (Lane 6).




Preparing Fish Chromosomes for Karyotype Analysis by SP600125 Pretreatment in vitro and in vivo

Taking into account that SP600125 could block the cell cycle progression at prometaphase of mitosis, we now present a new method of preparing fish chromosomes for karyotype analysis. Chromosome preparation was made from two kinds of fish samples, the cultured cells in vitro and the kidney tissue in vivo. The cultured fish cells were first treated by 100 μmol/L SP600125 for 22–28 h and digested by trypsin, and then they were collected by centrifugation for preparing chromosome. For the fish kidney tissue, PHA was injected into the fish three times, and then the fish was injected with SP600125. As shown in Figure 7, not only for the samples from the blunt snout bream (2n = 48) but also for those from the red crucian carp (2n = 100), the split chromosomes had clear morphology and moderate length.


[image: Figure 7]
FIGURE 7. Chromosomes preparation by SP600125 pretreatment in vitro and in vivo. (A,B) Chromosome splitting phases of blunt snout bream from caudal fin cell and kidney tissue, respectively. (C,D) Chromosome splitting phases of red crucian carp from caudal fin cell and kidney tissue, respectively. (E) Chromosomal karyotype of red crucian carp.





DISCUSSION

Endoreduplication is a variant of cell proliferation with replication of nuclear genome, where mitosis fails. There are two types of endoreduplication: endocycling and endomitosis. With respect to endocycling, the cell proliferation skips the mitotic phase (Ma et al., 1996; Rieder and Maiato, 2004; Lilly and Duronio, 2005), whereas for endomitosis, the cells can enter into mitosis, but the distribution of chromosomes fails (Vitrat et al., 1998). In this study, flow cytometry analysis has indicated that for the SP600125-treated fish cells, the process of mitosis was also blocked, and the tetraploid appeared (Figure 1). Cytological observation further indicated that for the SP600125-treated fish cells, the cell cycle progression was arrested at prometaphase of mitosis (Figure 2). In other words, endomitosis seemed to display for these cells.

Note that the presented result in this article is inconsistent with that reported by Kim et al. (2010). Actually, they found that SP600125 could prevent the entry of cells (HCT116, human colorectal carcinoma cells) into mitosis and induce endoreplication of DNA from G2 phase. Thus, it was suggested the endocycling was caused (Kim et al., 2010). Significant difference between Kim's experiments and ours might be the reason of causing the above distinct results. For example, in Kim et al. (2010), 20 μM SP600125 was used to treat the HCT116 cells. In contrast, we used 100 μM SP600125 to treat the fish cells (Zhou et al., 2016; Mo et al., 2019). It has been reported that the concentration of SP600125 is a crucial factor to the experimental results (Bennett et al., 2001; Chang and Karin, 2001), where SP600125 was regarded to be a reversible ATP-competitive inhibitor with >20-fold selectivity over a range of kinases. It has been found that JNK1/2 and JNK3 with IC50 of 40 and 90 nM were inhibited, where the selective inhibition of JNK was more than 300 times higher than that of ERK1 and p38 MAPK (Bennett et al., 2001; Han et al., 2001; Vaishnav et al., 2003; Yarza et al., 2016; Gkouveris and Nikitakis, 2017). In conclusion, it needs further investigation to exactly answer whether SP600125 induces endocycling and endomitosis in a dose-dependent manner or not.

The experimental results have demonstrated that the expression levels of p53 signaling pathway genes were significantly up-regulated in the SP600125-treated cells (i.e., mdm2, p53, p27, p21, socs3, gadd45α, 14-3-3σ), but those of the cyclin-Cdk complex genes (i.e., cyclin B1/3 and cdc2) and the SAC genes (i.e., mad2, cdc20) were down-regulated (Figures 3, 5). Furthermore, the proportion of the 4n peak cells in the p53 inhibitor PFT-α group was much smaller than that of the cells in the SP600125 group, suggesting that the PFT-α might affect mitosis arrest in the SP600125-treated cells (Figure 4). In addition, overexpression of MAD2 could alleviate SAC arrest in the SP600125-treated cells (Figure 5). Summarily, it follows from our results that the enhanced p53 pathway and the weakened SAC associated with the SP600125 treatment might play a critical role in blocking the cell cycle of fish cells. It has been reported that DNA damage could cause p53 expression and activation of downstream target genes, such as p21, Gadd45α, and 14-3-3σ (Fujiwara et al., 2005; Purvis et al., 2012). The p21 and 14-3-3σ could inhibit cyclin-dependent protein kinase activity, whereas Gadd45α promoted DNA repair (Waldman et al., 1995; Hermeking et al., 1997; Wang et al., 1999). The p53 could down-regulate the expression levels of cdc2 and cyclinB1, induce growth arrest, and activate the process of cell polyploidization (Aylon and Oren, 2011). It was also suggested that as a cellular surveillance, the SAC could ensure faithful chromosome segregation in mitosis (Musacchio and Salmon, 2007; Musacchio, 2015). In fact, MAD2 can mediate the spindle checkpoint by blocking the function of CDC20 to recruit substrates to the anaphase-promoting complex (APC) (Taylor et al., 2004; Musacchio, 2015). Down-regulated expression of MAD2 could result in weakening SAC, which leads to chromosomal instability and polyploidy in cancer cells (Luo et al., 2000; Michel et al., 2001, 2004; Wang et al., 2010).

Our immunofluorescence staining observation has showed that the spindle microtubules were clearly visible in the SP600125-treated fish cells (Figure 2). It seems that SP600125 could not inhibit the spindle microtubule assembly, but colchicine can do (Herdman et al., 2016). Since SP600125 can arrest cell cycle at prometaphase of mitosis, we have selected SP600125 to pretreat the fish cells in chromosomes preparation for karyotype analysis. It was also shown that the chromosome specimens prepared by SP600125 were of clear morphology and moderate length in vitro and in vivo. Therefore, the presented method in this article forms a new way of chromosomes preparation for karyotype analysis by replacing colchicine with SP600125.

As a drug with lower toxicity, SP600125 has been used to treat cancer, induce pluripotent stem cells, and breed polyploidy (Kim et al., 2014; Wei et al., 2014; Yao et al., 2014; Ou et al., 2016; Zhou et al., 2016). About 40% of all human tumors undergo a tetraploid intermediate state (Zack et al., 2013). The transition from diploid cells to tetraploid ones is a critical event in the early stages of tumorigenesis (Ganem et al., 2007; Gordon et al., 2012; Jemaà et al., 2013; Ohshima and Seyama, 2013, 2017; Kuznetsova et al., 2015). Therefore, the proposed way of tetraploidization using the SP600125 treatment might be helpful to further explore the molecular mechanism of polyploidy in tumorigenesis.



CONCLUSIONS

In this study, we have proposed a new method of chromosomes preparation for karyotype analysis by SP600125 via enhancement of endomitosis in fish. Specifically, by flow cytometry analysis and cytological observation, we have found that in the SP600125-treated fish cells, the cell cycle progression can be arrested at prometaphase of mitosis and cell polyploidization displays, which might be caused by enhancement of the p53 signaling pathway and weakening of the SAC. Therefore, the obtained results might provide important implications to further explore the molecular mechanism of polyploidy in tumorigenesis and cancer treatment.
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