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Summary 
A multi-kinase inhibitor, rigosertib (ON 01910.Na) has recently been 

highlighted as a novel type of anti-cancer agent for the treatment of the 
myelodysplastic syndromes (MDS), but its action mechanisms remain to be 
clarified. We investigated the in vitro effects of rigosertib on an MDS-derived cell 
line MDS-L and a myeloid leukemia cell line HL-60. Rigosertib suppressed the 
proliferation of both HL-60 and MDS-L cells and induced apoptosis by inhibition of PI3 
kinase/Akt pathway. As the effects on cell cycle, rigosertib treatment promoted the 
phosphorylation of histone H2AX and led to the DNA damage-induced G2/M arrest. In 
addition, immunofluorescence staining study demonstrated the abnormal localization of 
aurora A kinase, suggesting that rigosertib causes perturbation of spindle assembly and 
deregulated mitotic patterns towards cell cycle arrest and apoptosis. We also found that 
rigosertib exerted growth inhibitory effects on two lymphoid cell lines, Jurkat and Ramos.  

We further examined the molecular pathways influenced by rigosertib from the gene 
expression profiling data of MDS-L cells and found a possible involvement of rigosertib 
treatment in up-regulation of the genes related to microtubule kinetics and down-regulation of 
mRNA degradation system. The gene set enrichment analysis (GSEA) showed the 
suppression of ‘nonsense-mediated mRNA decay (NMD)’ as the most significantly affected 
gene set. 

These data provide a new aspect and a potential utility of rigosertib for the treatment of 
refractory hematopoietic malignancies. 
 
Introduction   
  The myelodysplastic syndromes (MDS) are a group of acquired hematopoietic disorders 
characterized by cytopenias and dysplasia, as a result of clonal growth of pathological stem 
cells and ineffective hematopoiesis, and bear an increased risk of progression to acute 
myeloid leukemia (AML) (1). Patients with MDS are classified from low- to high-risk on the 
basis of the revised international prognostic scoring system (IPSS-R) (2,3). Although 
hematopoietic stem cell transplantation (HSCT) is the only potentially curative treatment for 
patients with high-risk MDS, it is restricted to a small subset of MDS patients owing to the 
factors such as advanced ages, concomitant comorbidities, and donor availability (4). DNA 
methyltransferase inhibitors (DNMT inhibitors), azacitidine (AZA) and decitabine (DAC) 
have recently been used as chemotherapeutic agents for patients with high-risk MDS who are 
not candidates for HSCT. Notably, the treatment with AZA significantly increased overall 
survival in patients with high-risk MDS as compared with conventional therapy (AZA-001), 
whereas it has a low potential for a complete cure (5). Hence, novel therapeutic agents are 
desired for refractory cases after initial therapy with DNMT inhibitors or those without 
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indication for HSCT (6-8). 
Rigosertib (ON 01910.Na) is a multi-kinase inhibitor that inhibits cell cycle progression by 

selectively inducing a mitotic arrest and apoptosis in cancer cells. First, this agent was 
reported to suppress the activity of polo-like kinase 1 (Plk1) which modulates mitosis, spindle 
assembly and centrosome maturation in various tumors (9-12). Subsequent reports, however, did 
not support the relationship between rigosertib and Plk1 inhibition (13-15). In hematological 
malignancies, Prasad A, et al. demonstrated that rigosertib treatment results in a rapid 
decrease in cyclin D1 level in mantle cell lymphoma cells probably due to the inhibition of 
mRNA translation in conjunction with inhibition of the phosphatidylinositol-3 (PI3) kinase 
/Akt/mTOR/eIF4E-BP pathway (13). Chapman CM, et al. reported that rigosertib is selectively 
cytotoxic for chronic lymphocytic leukemia cells through a dual mechanism of action 
involving inhibition of PI3K/Akt pathway and induction of oxidative stress (14). Oussenko IA, 
et al. demonstrated that the biological activity of rigosertib correlated with prolonged 
phosphorylation/ hyperphosphorylation of RanGAP1SUMO1 (15).    

In clinical studies, Steetharam M, et al. showed decreased intracellular Akt phosphorylation 
of bone marrow CD34+ cells of high-risk MDS patients who did not respond to DNMT 
inhibitor but responded to rigosertib (16). Olnes, et al. demonstrated that rigosertib suppressed 
cyclin D1 in bone marrow CD34+ cells of MDS patients with trisomy 8 and monosomy 7 
(17-19). Furthermore, the efficacy of oral rigosertib administration for MDS patients has also 
been reported (20). However, the action mechanisms of rigosertib remain to be solved. 

In this study, we investigated the effects of rigosertib on an MDS cell line established in our 
laboratory, and demonstrated that rigosertib induces cell death by inhibition of PI3 kinase/Akt 
pathway and by DNA damage-induced G2/M arrest. We further examined the molecular 
pathways regulated by rigosertib from the gene expression profiling of MDS-L cells treated 
with rigosertib. It was also suggested that rigosertib exerts an inhibitory effect on the gene 
groups involved in the nonsense-mediated mRNA decay system. 
 
Material and methods 
Reagents  
  Rigosertib (ON01910.Na, EstybonR) was generously provided by Onconova Therapeutics 
Inc, (Newton, PA, USA). It was dissolved in dimethylsulfoxide and stored at -20°C with 
being protected from light. We used rigosertib at the concentrations up to 5 µM.  
 
Cell lines and culture   

MDS-L cell line was established as a blastic subline from the parental MDS92 cell line. 
MDS-L cells were positive for CD34, c-Kit, HLA-DR, CD13 and CD33 and partially positive 
for CD41. The main karyotype was 49, XY, +1, der(5)(5;19), -7, +8, -12, der(13)t(7;13), 
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der(14)t(12;14), der(15)(15;15), +19, +20, +21, der(22)(11;22) but showed multiple 
chromosomal abnormalities similar to those of MDS92 (21-24). The MDS-L cells were 
maintained in RPMI1640 medium supplemented with 10% fetal bovine serum, 50 µM 
2-mercaptoethanol, 2.0 mM L-glutamine and 100 U/ml IL-3. A human myeloid leukemia cell 
line, HL-60, T-acute lymphoblastic leukemia cell line Jurkat and Burkitt lymphoma cell line 
Ramos were also used in this study. The morphological assessment was performed with 
May-Gruenwald Giemsa-stained cytospin slides.  
 
Cell growth assay and MTT assay 
  Cell growth was assessed by counting the number of living cells after trypan blue staining. 
Cell suspensions were plated into 96-well plates in the presence of the drug or solvent alone, 
incubated as above at 37°C for 1-4 days, and analyzed by the 3-(4,5-dimethythiazol-2-yl)-2,5 
-diphenyl tetrazolium bromide (MTT) assay.  
 
Apoptosis assay 
  Apoptosis was examined using an AnnexinV Apoptosis Detection Kit (BD Pharmingen, 
San Diego, CA, USA) and all samples were analyzed with FACS Calibur flowcytometer and 
CellQuest software (Becton Dickinson, Franklin Lakes, NJ, USA) (25,26). 
  
Cell cycle analyses 
  Cells were fixed with 100% methanol for 30 min and treated with 2 mg/ml ribonuclease A 
(Nacalai Tesque, Kyoto, Japan) for 30 min at 37°C, then with 50 µg/mL propidium iodide (PI; 
Sigma, St Louis, MO, USA) for further 20 min at room temperature.  
 
Immunoblotting analysis    
  Cell lysates of MDS-L and HL-60 were prepared in lysis buffer containing 50 mM 
Tris-HCL, 150 mM NaCl, 5 mM EDTA, 0.5% TritonX-100, 0.05% sodium dodecyl sulfate 
(SDS), 0.5% sodium deoxycholate, 2 mM phenylmethylsulfonyl fluoride and 1 mM Na3VO4. 
The lysates were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 
immunoblotting analysis was performed as previously described (27). Primary antibodies were 
obtained from Santa Cruz Biotechnology (p53, bcl2, bcl-XL/Xs; Santa Cruz, CA, USA), Cell 
Signaling Technology (phospho-aurora A (Thr288), Akt, phospho-Akt (Ser473), phospho-p53 
(Ser15), phospho-H2AX (Ser139), cleaved-PARP (cPARP), cyclin A; Danvers, MA, USA), 
Sigma-Aldrich (α-tubulin; St. Louis, Mo, USA), BD biosciences (aurora A, aurora B, cyclin 
B1, cyclin D; San Jose, CA, USA) and Abcam (Plk-1, phosphor-Plk-1; Cambridge, MA, 
USA). Horse-radish peroxidase-conjugated mouse and rabbit antibodies were from GE 
Healthcare Life Sciences (Piscataway, NJ).  
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Immunofluorescence staining of the cells  

Cells were centrifuged onto cytospin slides and fixed for 30 sec in 4% formalin/50% 
acetone, then (permeabilized with lysis buffer including 0.2% Triton X-100, 25 mM HEPES, 
60 mM PIPES, 10 mM EGTA and 2 mM MgCl2 for 30 sec). Immunofluorescence staining 
was performed using mouse monoclonal anti-aurora kinase A (BD biosciences, San Jose, CA, 
USA) to detect centrosomes, and AlexaFluor488-conjugated anti-IgG antibodies (Molecular 
Probes, Eugene, OR, USA) as secondary antibodies. Spindle assembly was detected with 
AlexaFluor 555-conjugated rabbit polyclonal anti-β-tubulin antibodies (Sigma-Aldrich; St. 
Louis, Mo, USA). The nucleus was stained with DAPI (Dojindo, Kumamoto, Japan). Cells 
were observed under Olympus BX51 fluorescence microscope.  

  
Gene expression profiling and gene set enrichment analysis (GSEA) 

Gene expression profiling of MDS-L cells was examined in three independent experiments 
(rigosertib-treated or untreated cells were harvested after 24 h treatment). Total RNA was 
extracted with RNeasy Mini Kit (Qiagen,Germantown, MD, USA), converted to cDNA and 
amplified with GeneChip® WT Terminal Labeling and Controls Kit (Affymetrix, 
Santa Clara, CA, USA). The fragmentation, the labeling and the hybridization of cDNA were 
treated with GeneChip® Hybridization, Wash, and Stain Kit (Affymetrix). Chips were 
scanned with a GeneChip Scanner 3000 7G System (Affymetrix).  

The gene set enrichment analysis (GSEA) was performed by the use of the gene expression 
profiling data as above obtained and by handling the GSEA software and the Molecular 
Signatures Database according to the references (28,29). 
 
Statistical analyses    
 Most data were expressed as mean±SEM. Comparisons between the groups were done 
using the one-way ANOVA analysis. Differences were considered statistically significant if 
p-values were less than 0.05. Data analysis was performed using the Prism software 
(GraphPad, La Jolla, CA). 
  
Results   
Rigosertib inhibits the proliferation of myeloid and lymphoid cell lines and causes 
apoptosis 
  We added rigosertib into the culture of HL-60, MDS-L, Jurkat and Ramos cells and found 
that all four cell lines were susceptible to rigosertib and each cell viability was reduced at 
concentrations less than 200 nM (Fig. 1a and data not shown). We determined dose-response 
curves and the half-maximal inhibitory concentration (IC50) of rigosertib in HL-60 cells (24 
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and 48 h), MDS-L cells (24, 48, 72 and 96 h), Jurkat cells (24 and 48 h) and Ramos cells (24 
and 48 h)  with MTT assay, respectively. The IC50 value of rigosertib for HL-60 cells, Jurkat 
cells and Ramos cells at 48h was 58.5±1.8 nM, 95.4±0.6 nM and 193.1±2.5 nM, whereas 
that of rigosertib for MDS-L cells at 96 h was 52.1±0.8 nM. Cell counting by trypan blue 
staining indicated a similar tendency to the result of MTT assay (data not shown).  

Next, we examined the presence and the degree of apoptosis of regosertib-treated HL-60, 
MDS-L, Jurkat and Ramos cells by dual staining of annexinV and PI. Rigosertib induced 
apoptosis in these cells in a dose-dependent (0, 50, 100 and 200 nM) and time-dependent 
manner (24 and 48 h), respectively (Fig. 1b). Since rigosertib was previously reported to 
inhibit PI3K/Akt pathway, we examined the status of phospho-Akt by immunoblotting 
analysis. The phospholylation of Akt in HL-60 and MDS-L cells was suppressed by rigosertib 
in a dose-dependent manner (0, 50, 100 nM at 24 h) (Fig. 1c).  The amount of cleaved PARP 
(cPARP), a marker of undergoing apoptosis in HL-60 and MDS-L cells was increased in a 
dose-dependent manner (0, 50, 100 and 200 nM at 48 h) by rigosertib treatment (Fig. 1d). In 
contrast, the expression of bcl-2 family members (Bcl-2, Bax, Bcl-XL, Bcl-Xs) did not change 
in spite of massive cell death after rigosertib treatment (data not shown).   
 
Rigosertib has inhibitory effects on the cell cycle in myeloid and lymphoid cell lines 

Since rigosertib has been reported to affect the cell cycle, we checked the morphology of 
rigosertib-treated HL-60, MDS-L, Jurkat and Ramos cells by May-Gruenwald-Giemsa 
staining and calculated the percentage of mitotic cells (mitotic index) (Fig. 2a). The mitotic 
index of HL60 cells after rigosertib treatment (at 50 nM for 24 h and 48 h) was increased as 
compared with that of the control cells (7.9% at 50 nM for 24 h and 16.2% at 50 nM for 48 h 
versus 2.0% in the control). Likewise, the mitotic index of MDS-L cells after rigosertib 
treatment was increased (9.0% at 100 nM and 15.5% at 200 nM for 48 h versus 1.5% in the 
control). In addition, lymphoid cells also had a similar and marked tendency of mitotic arrest 
(Jurkat: 7.4% at 50nM, 27.5% at 100 nM and 34.9% at 200nM for 24 h versus 2.4% in the 
control; Ramos: 5.3% at 50nM, 15% at 100 nM and 43.7% at 200 nM for 24 h versus 1.9% in 
the control ).  

Next, we performed the cell cycle analysis of rigosertib-treated HL-60, MDS-L, Jurkat and 
Ramos cells by flow cytometry and demonstrated that exposure of each cell line to 50-200 
nM rigosertib for 24 h or 48 h led to the increase in the number of the cells at G2/M phase in a 
dose-dependent manner (Fig. 2b). Phosphorylation of histone H2AX (phospho-H2AX) is the 
most reliable marker for activated DNA damage response (DDR), and we actually observed 
that the amount of phospho-H2AX was increased by rigosertib treatment in a dose-dependent 
manner (Fig. 2c). In addition, we also evaluated the status of TP53, p21, cyclin A, cyclin B1 
and cyclin D1 which were associated with cell cycle arrest, but the expression of them was 
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apparently unchanged (data not shown). Although rigosertib is considered as a multi-kinase 
inhibitor including Plk-1 inhibition, the present study could not demonstrate the in vitro data 
indicating Plk-1 inhibition clearly (data not shown). 
 
Rigosertib causes profound spindle abnormalities and abnormal centrosome localization 
in HL-60 and MDS-L cells 

Since we demonstrated that rigosertib exerts inhibitory effects on the cell cycle, particularly 
on the progress of M phase, we attempted to explore whether rigosertib affects aurora A and B 
kinases which are involved in mitosis and cell division and examined their expression and 
localization in HL-60 and MDS-L cells. Although the protein amount of both kinases after 
rigosertib treatment appeared unchanged, the phosphorylation of aurora A kinase was found to 
be increased (Fig. 3a).   

The behavior of aurora A and B kinases in mitosis is well-known. In G1 phase the activity 
of both kinases is markedly reduced; in prophase aurora A kinase is located around the 
centrosome; in metaphase aurora A kinase is on the microtubules whereas aurora B kinase is 
concentrated in the spindle midzone; in cytokinesis both kinases are concentrated in the 
midbody (9,30). After rigosertib treatment, the mitotic cells with abnormal localization of 
aurora A kinase around the centrosome and deregulated spindle assembly were observed 
frequently in both cell lines (Fig. 3b). We defined them as deregulated mitotic patterns and 
evaluated them by counting more than 500 cells. The percentage of deregulated mitotic 
patterns following rigosertib treatment in MDS-L cells was significantly increased as 
compared with that of control cells (Fig. 3c). These data suggested that the suppression of 
mitosis due to deregulated spindle formation as above described resulted in massive cell 
death. 
 
Rigosertib is possibly implicated in the kinetics of microtubules and inhibition of the 
quality control of mRNA biogenesis in MDS-L cells  

To further investigate the action mechanisms of rigosertib, the molecular pathways 
influenced by rigosertib were explored using the gene expression profiling of MDS-L cells 
treated with or without 50 nM rigosertib for 24 h. Genes whose expression changed by more 
than 1.5 fold or less than 0.66 following the treatment were defined as regulated genes. In fact, 
54 genes were up-regulated and 44 genes down-regulated in rigosertib-treated MDS-L cells, 
and gene expression profiling suggested that rigosertib significantly affected various gene 
biogroups. To better understand the action mechanisms of rigosertib, we examined the Gene 
Ontology (GO) categories. Table 1 shows the list of nine top-ranked biogroups that were 
up-regulated after rigosertib treatment such as microtuble organizing center, DNA-dependent 
DNA replication, mitotic spindle elongation, and microtubule binding, and nine top-ranked 
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biogroups whose expression was decreased after the treatment including deoxynucleotide 
transport, nuclear-transcribed mRNA catabolic process and deadenylation-dependent decay. 
To further investigate the gene groups related with the targets of rigosertib, we performed the 
gene set enrichment analysis (GSEA) and found that the most significantly suppressed GSEA 
set was ‘nonsense-mediated mRNA decay (NMD)’ (Fig. 4).  

Taken together, the gene expression profiling suggested that rigosertib suppresses the 
genetic pathway involved in the quality control of mRNA biogenesis in MDS-L cells.   

We further examined the gene expression profiling and the molecular pathways affected by 
rigosertib using HL-60 cells treated with rigosertib. However, the gene expression profiles of 
rigosertib-treated HL-60 showed minimal changes including upregulation of USP17L9P, 
SNORA11C and downregulation of MIR4720, and GSEA did not show any significant 
deviation of the gene sets such as NMD which was significantly affected in MDS-L cells (data 
not shown). 

 
Discussion 

Rigosertib is expected as a novel therapeutic drug for acute leukemia and MDS. In the 
present study, we investigated the effects of rigosertib on leukemia cell lines, and 
demonstrated that rigosertib induces cell death by DNA damage-induced G2/M arrest and that 
the suppression of mitosis due to deregulated spindle formation may contribute partly to 
massive cell death. Gumireddy, et al. examined the effects of rigosertib on several tumor cell 
lines and reported that rigosertib induces apoptosis of all cell lines with IC50 which ranged 
from 50 to 250 nM (10). In our in vitro study, IC50 of the four cell lines varied from 50 nM to 
200 nM (Fig. 1a), and the time point of IC50 evaluation was different probably due to the 
difference of the doubling time of the cell lines (for example, the doubling time of HL-60 and 
MDS-L is around 24 h and 48 h, respectively). 
  We confirmed that rigosertib shows a remarkable cytocidal effect on all cell lines studied in 
the present study, but we also found a difference in the degree of the influence on apoptosis 
and the cell cycle, a difference in the sensitivity to rigosertib among cell lines. Prasad A, et al. 
reported that rigosertib rapidly suppresses the level of cyclin D1 expression through the 
inhibition of PI3 kinase/Akt pathway in mantle cell lymphoma cells. We confirmed that 
rigosertib inhibits the phosphorylation of Akt (Fig. 1c) but it did not accompany the 
suppression of cyclin D1 expression in our study (data not shown). This discrepancy might be 
explained by the difference of the cyclin D1-dependence for cell growth between mantle cell 
lymphoma cells which bear cyclin D1 gene activation and myeloid cells which do not. The 
phosphorylation of H2AX, a marker of DNA damage response (DDR) increased after 
rigosertib treatment (Fig. 2c). We assessed the expression of TP53 and its phosphorylation 
(Serine 15) in our model, but the involvement of TP53 seemed unlikely because the amount 
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of TP53 was very low in MDS-L and HL-60 was lacking in TP53 molecule itself. 
 Based on the observation that rigosertib exerts inhibitory effects on the cell cycle, 
particularly on the progress of M phase (Fig. 2a,b), we explored whether rigosertib affects 
aurora A and B kinases. The expression of both kinases was not significantly changed 
following rigosertib treatment by immunoblotting analysis, whereas the phosphorylation of 
aurora A kinase was enhanced after rigosertib treatment (50-100 nM) in both cell lines (Fig. 
3a). It is known that the activity of aurora A kinase is markedly reduced in G1 phase and it 
increases with progression from S phase to M phase with a shift of intracellular localization. 
As it is unlikely that rigosertib promotes the phosphorylation of aurora A kinase, this 
treatment is supposed to have induced cell cycle arrest at G2/M phase and resulted in the 
relative increase of the cell population whose aurora A kinase phophorylation was 
up-regulated. We next examined the effect of rigosertib on intracellular location of aurora A 
kinase by immunofluorescence staining of the treated cells and found that rigosertib causes 
multipolar centrosomes and deregulated spindle assembly (Fig. 3b).  
  It might not be surprising that rigosertib exerts multiple functions and affects plenty of 
genes or gene sets related to cell survival or death. Hence, we compared the gene expression 
profile of MDS-L cells treated with or without 50 nM rigosertib for 24 h. Under this treatment 
condition most cells were alive as shown in Fig. 1a but such-treated cells finally underwent 
cell death. Therefore, serious changes in gene expression would occur under this condition. 
The GO term analysis suggested rigosertib-induced up-regulation of the genes related to 
microtubule kinetics and DNA replication system, and such-induced down-regulation of 
deoxynucleotide transport and mRNA degradation system (Table 1). To further investigate the 
gene groups related with the targets of rigosertib, we performed the gene set enrichment 
analysis (GSEA) and found that the most significantly suppressed GSEA set was 
‘nonsense-mediated mRNA decay (NMD)’ (Fig. 4) and it coincided with the part of the results 
of GO term analysis (Table 1).  

NMD is an essential system for the quality control of mRNA, which eliminates abnormal 
mRNA containing premature stop codons and reduces errors in gene expression. The 
disturbance of NMD might proceed toward tumorigenesis (31). On the other hand, the defect in 
this system might be toxic to the cells and our study raised the possibility that rigosertib 
suppresses NMD and potentially causes cell death. Ishigaki, et al. reported that depletion of 
NMD-associated molecules causes cell cycle arrest at G2/M phase and subsequent 
apoptosis(32). Their report provides the data supporting our experimental results and could 
explain a possible relation of cell cycle inhibition with reduction of NMD. Inhibition of NMD 
brings autophagy (33), or causes up-regulation of TP53 and finally leads to cell death (34).  
Therefore, NMD might be a potential target of a novel treatment strategy of MDS.  

On the contrary to the above result of MDS-L cells, the gene expression changes of 



10 
 

 
 

rigosertib-treated HL-60 were minimal and GSEA did not show any significant deviation of 
the gene sets including NMD, although both cell lines are of the similar myeloid lineage. It is 
uncertain and should be clarified whether the effect of rigosertib on NMD is specific to 
MDS-L cells. These data suggest that different tumor cells reveal different cell death patterns 
or different sensitivity to rigosertib probably due to different cell features including 
genetic/epigenetic changes or altered gene expression profiles. Further investigation about the 
effects of rigosertib on malignant diseases including MDS is needed.  
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Figure legends 
Fig. 1. Rigosertib suppresses the growth of myeloid and lymphoid cells mainly by 
apoptosis. 

(a) HL-60, MDS-L, Jurkat and Ramos cells were treated with rigosertib (0-5,000 nM) for 

http://www.broadinstitute.org/gsea/index.jsp
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indicated times and cell count was assessed by MTT assay. The value without 
rigosertib was adjusted to 100%. The data represent the mean values with SD from 
five independent experiments.  

 
(b) HL-60, MDS-L, Jurkat and Ramos cells were treated with different concentrations of 

rigosertib (0, 50, 100 and 200 nM) for 48 h and apoptosis was assessed by flow 
cytometry using annevin V/propiodium iodide (PI) staining. The single-positive 
fraction for annexin V implies early apoptosis, and the double-positive fraction for 
annexin V/PI implies late apoptosis. The values of lower right area and upper right 
area indicate the percentage of the cells in early apoptosis and late apoptosis, 
respectively.  

 
(c) HL-60 and MDS-L cells were treated with indicated concentrations of rigosertib for 24 

h and 48 h, respectively, and protein lysates were analyzed by immunoblotting 
analysis for the detection of Akt and phospho-Akt with each antibody. The amount of 
alpha-tubulin was shown as a loading control.  

 
(d) HL-60 and MDS-L cells were treated with indicated concentrations of rigosertib for 24 

h and 48 h, respectively, and protein lysates were analyzed by immunoblotting 
analysis for the detection of cleaved-PARP. The amount of alpha-tubulin was shown as 
a loading control.  

 
Fig. 2. Effects of rigosertib on the morphology and cell cycle of myeloid and lymphoid 
cells 

(a) Morphological changes of rigosertib-treated HL-60, MDS-L, Jurkat and Ramos cells. 
Four cell lines were cultured without treatment (control) or treated with 50 nM, 
100nM and 200 nM rigosertib for 24 h and 48 h, respectively, and cytospin slides are 
indicated (May–Gruenwald–Giemsa stain, original magnification x400). 

 
(b) The cell cycle analyses by PI staining are shown. HL-60, MDS-L, Jurkat and Ramos 

cells were treated with indicated concentrations of rigosertib for 24 h and 48 h, 
respectively, and the cells were stained with PI and analyzed by flow cytometry. The 
cell fractions at G1, S and G2/M phase are presented by white, gray and black bars, 
respectively.  

 
(c) HL-60, MDS-L, Jurkat and Ramos cells were treated with indicated concentrations of 

rigosertib for 24 h and 48 h, respectively, and protein lysates were analyzed by 
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immunoblotting analysis for the detection of phospho-H2AX. The amount of 
alpha-tubulin was shown as a loading control.  

 
Fig. 3. Rigosertib causes aberrant multiplication of centrosomes and abnormal spindle 

assembly in MDS-L cells 
 

(a) HL-60 and MDS-L cells were treated with indicated concentrations of rigosertib for 24 
h, and protein lysates were analyzed by immunoblotting analysis for the detection of 
aurora A kinase, aurora B kinase and phospho-aurora A kinase with each antibody. The 
amount of alpha-tubulin was shown as a loading control.  

 
(b) Immunofluorescence staining of rigosertib-treated MDS-L cells. Cells were treated 

with or without 50 nM rigosertib for 24 h and immunostained by anti-aurora A 
kinase followed by AlexaFluor488(green) -conjugated secondary antibody and 
AlexaFluor555 (red)-conjugated rabbit polyclonal anti-β-tubulin antibody. The 
chromosome area was stained with DAPI (blue) (original magnification x1000). 
Representative images of normal and abnormal mitotic patterns are shown.  

 
(c) The location of aurora A kinase in mitotic cells was classified into normal metaphase, 

normal anaphase and telophase, and deregulated mitotic pattern, and each rate 
(percentage) was indicated below from counting more than five hundreds cells at M 
phase in each concentration. Rigosertib 0 nM: normal metaphase 66%, normal 
anaphase and telophase 25%, and deregulated mitotic pattern 9%. Rigosertib 50 nM: 
normal metaphase 12%, normal anaphase and telophase 14%, and deregulated mitotic 
pattern 74%. Rigosertib 100 nM: normal metaphase 1%, normal anaphase and 
telophase 1%, and deregulated mitotic pattern 98%. 

 
Fig. 4. Suppression of the gene set ‘nonsense-mediated mRNA decay (NMD)’ in the gene 

set enrichment analysis (GSEA) 
 
Gene expression profiling of MDS-L cells was examined in three independent 
experiments (rigosertib-treated or untreated cells were harvested after 24 h treatment) and 
obtained data were used for GSEA by handling the GSEA software and the Molecular 
Signatures Database according to the references (28,29). Nominal p-value: 0.000, FDR 
q-value: 0.126, FWER p-value: 0.000. 
 

Table 1. Gene expression profiling in MDS-L cells treated with 50 nM rigosertib for 24 h. 


