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Supplementary Figures 

Fig. S1.  The original image of western blot analysis shown in Fig. 1D. Lane numbers correspond to 

those in Fig. 1D. 

Fig. S2.  PVHD121 does not induce detectable DNA damage, related to the Results section 

“PVHD121 causes efficient cell cycle arrest in mitosis”. (A) Flow cytometry analysis of histone 

H2AX phosphorylation on Ser139 in PVHD121-arrested mitotic A549 cells. The phosphorylated 

histone H2AX on Ser139, γH2AX, is a biomarker for DNA damage (Rogakou, 1998, 1999). The 

γH2AX single fluorescence intensity in the PVHD121-treated cells (middle) was analyzed and plotted 
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as a histogram. Untreated (top) and doxorubicin-treated (bottom) cells were analyzed as controls. Note 

that doxorubicin induces the production of γH2AX (Kurz, 2004). (B) Immunostaining analysis of 

γH2AX in PVHD121-arrested mitotic A549 cells. Representative fluorescence images of 

PVHD121-treated A549 cells are shown in the middle row. The images of the untreated (top) and 

doxorubicin-treated (bottom) cells are also presented. Cellular DNA was immunofluorescently labeled 

with an anti-γH2AX antibody (red) and counterstained with DAPI (cyan). Note that H2AX 

phosphorylation occurs along the entire length of the chromosomes aligned properly at the equatorial 

plate of the mitotic spindle during or near metaphase of the normal cell cycle (McManus, 2005). Scale 

bar indicates a distance of 50 μm. 

Fig. S3.  PVHD121 is a potent mitotic inhibitor, related to the Results section “PVHD121 causes 

efficient cell cycle arrest in mitosis”. (A) PVHD121 concentration-response curve in the mitotic arrest 

of HCT116 cells. Graph, mean of two independent experiments. More than 100 cells were counted at 

each point. (B) Concentration-dependent phenotype profile of PVHD121-treated cells. HCT116 cells 

were treated with PVHD121 at concentrations ranging from 0.25 μM to 16 μM. The colors correspond 

to the phenotypes shown in Fig. 3B. Two independent experiments were performed, counting more 

than 40 cells in each condition. It is noted that treatment of HCT116 cells with PVHD121 at 

concentrations below 8.0 μM caused a larger population of the puncta-type cells (green in Fig. 3B) 

rather than the radially arranged-type cells (red in Fig. 3B), compared to that of HeLa cells (refer to 

the Discussion section).  
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Fig. S4.  Inhibition of mitosis progression by PVHD121, related to Figure 2. The detailed 

information on the time-lapse observation of HeLa cells treated with 4 M PVHD121, 60 nM 

colchicine, or 350 nM nocodazole. (A) Summary table of the mitotic entry time and mitotic arrest of 

the cells treated with each mitotic inhibitor. N shows the number of the cells examined. (B, C) 

Behavior of representative 35 cells treated with each mitotic agent. Each dot indicates the time point 

of mitotic entry (B) and duration of mitotic arrest (C) for the individual cells. Median time points are 

indicated as bars. 
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Fig. S5.  Representative images of four major mitotic phenotypes induced by PVHD121, related to 

Figure 3B.  PVHD121-treated HeLa cells were stained with anti-α-tubulin antibody (red) and DAPI 

(cyan). The colors of the square in the top left corner of each image correspond to those used in Fig. 

3B. Each phenotype was named after the distribution status of microtubules. Scale bar, 10 μm.  

Fig. S6.  PVHD121 inhibits centrosome separation in mitosis, related to Figure 4A and 4B. 

Representative images of mitotically arrested HeLa cells cultured in the presence of different 

concentrations of PVHD121 for 16 h. After fixation, the cells were stained with an anti-γ-tubulin 

antibody (red) and DAPI (cyan). Scale bar, 10 μm. 
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Fig. S7.  Visualization and bioactivity of PVHD277 in HeLa cells immediately after addition of 

PVHD277, related to the Results section “PVHD277 localizes around centrosomes in the early stage 

of mitosis”. (A) PVHD121 has a much lower fluorescence feature than PVHD277. Representative live 

fluorescence images of the HeLa cells treated with 20 M PVHD121 or 2 M PVHD277 were 

presented. All images were taken under the same condition and was subject to the same processing 

using both MetaView and Adobe photoshop softwares. Scale bar, 50 μm. (B) Representative series of 

the fluorescence images of HeLa cells treated with 2 M of PVHD277 by time-lapse microscopic 

observation. Two fields of a microscopic view of the PVHD277 fluorescence were presented. The time 

point before and after the addition of PVHD277 is indicated on each image. It is noted that after the 

addition of PVHD277, no obvious increase in the fluorescence intensity was observed in the region 

where cells were absent. (C) Representative series of the fluorescence images of HeLa cells expressing 

the fluorescent α-tubulin by time-lapse microscopic observation. The fluorescence of the α-tubulin in 
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interphase and mitotic cells was presented. The time point after the cells were exposed to 2 M 

PVHD277 is indicated on each image. The centrosome position in the interphase cells had a high 

fluorescence intensity, because the centrosomes function as the microtubule-organizing center (Ludin, 

1998). Spindle microtubules in mitotic cells were observed as brighter fluorescence than the 

microtubules in interphase cells (Ludin, 1998). After the treatment of HeLa cells with PVHD277, such 

high-intensity fluorescent spot in the interphase cells and bright microtubules in mitotic cells were 

disappeared in several minutes. In addition, the interphase cell was contracted into a rounded shape. 

Scale bars indicate 20 m. 

Fig. S8.  Inhibition of mitosis progression by PVHD277, related to the Results section “PVHD277 

localizes around centrosomes in the early stage of mitosis”. (A) Tables for EC50 values of PVHD121 

and PVHD277 for HeLa cell proliferation and mitotic progression (upper), and for the concentrations 

required for overall elimination of detectable microtubules from HeLa cells (bottom). 
a
 The value 

previously reported (Kuroiwa, 2015); 
b 
the values previously reported (Suzuki, 2017). (B) Summary of 

time-lapse observation of HeLa cells treated with 2 M PVHD277. The fate profile of the 

representative twenty cells treated with PVHD277 was presented. Each bar indicates the individual 

cell. The figure was presented in the same manner as shown in Figure 2. (C) Tables showing the time 

point of the mitotic entry of the cells treated with 2 M PVHD277 after the thymidine release, and the 

mitotic arrest duration of the cells treated with 2 M PVHD277. All values are for 42 cells from two 

independent experiments. The data of individual PVHD277-treated cells are also shown in Fig. S4. It 
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is noted that PVHD277 did not show statistically significant differences from PVHD121 in mitotic 

entry and mitosis duration (P > 0.10, Student’s t-test). 

Fig. S9. Subcellular localization of the Plk1 fused to a fluorescent monomeric Azami-Green in HeLa 

cells, related to Figure 6. HeLa cells expressing the recombinant Plk1 were stained with anti-γ-tubulin 

antibody (red), anti-Azami-Green antibody (green), and DAPI (cyan). The subcellular localization of 

the recombinant Plk1 in mitosis was identical to that of endogenous Plk1 (Barr, 2004), indicating that 

fusing of Azami-Green to Plk1 does not disturb the spatiotemporally-controlled localization of the 

recombinant Plk1. Our fluorescent Plk1 construct appears not to be suitable for visualization of the 

kinetochore localization of Plk1 very much, compared with the former report (Kishi, 2009). Scale bar, 

10 μm. 

Fig. S10.  Delayed mitotic entry of HeLa cells treated by podophyllotoxin, related to the Results 

section “PVHD277 localizes around centrosomes in the early stage of mitosis”. Summary of 

time-lapse observation of HeLa cells treated with 0.8 M podophyllotoxin (A) or a combination of 0.8 
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M podophyllotoxin and 2 M PVHD277 (B). (A) Each dot indicates the time point of mitotic entry 

for the individual cells. Median time points of mitotic entry from the last thymidine release are 

indicated as bars. Seventy eight percentages of the cells (60 cells of 77 cells) treated with 

podophyllotoxin entered mitosis by 16 h after the thymidine release. (B) In the case of HeLa cells 

treated with a combination of podophyllotoxin and PVHD277, the majority (71%; 45 cells of 63 cells) 

caused cell death without mitotic entry, so each dot indicates the time point of cell death (the upper in 

panel B). The minority (29%; the rest 18 cells) entered mitosis followed by cell death directly from 

aberrant mitosis, so each dot indicates the time point of mitotic entry for the individual cells (the 

bottom in panel B). The median time of mitotic arrest until cell death was 9 h 4 min. The triangles 

indicate the time point (7 h) when the synchronized cells were exposed to the chemical(s). (C) Tables 

showing the median time point of the mitotic entry or cell death for the cells treated with 

podophyllotoxin or a combination of podophyllotoxin and PVHD277 after the thymidine release. A 

single treatment of podophyllotoxin delayed mitotic entry to about the same extent as an individual 

treatment of the other TBAs targeting the colchicine-site of tubulin (Fig. 2B). Two independent 

time-lapse experiments were performed for each condition.   

Fig. S11.  The subcellular distribution of PVHD277 in the presence of PVHD121, related to the 

Results section “PVHD277 localizes around centrosomes in the early stage of mitosis”. Time-course 

population profile of the PVHD277-treated cells, according to the distribution pattern of the PVHD277 

fluorescence in each cell. The colors in the graph correspond to the colors used in Fig. 6. HeLa cells 

expressing the fluorescent Plk1 were exposed to the combination of 2 M PVHD277 and 20 M 

PVHD121 along with 0.8 M podophyllotoxin (A) or 2 M PVHD277 (B) at 7 h after the last 
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thymidine release, and fluorescence microscope observation was performed in the same way as in Fig. 

6B. Two independent experiments were performed, counting more than 40 cells in each time point. It 

is noted that the fluorescence of PVHD121 at 20 M was much weaker than that of PVHD277 at 2 

M and was below detection limit as shown in Fig. S6A. 
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Supplementary table 

Table S1. Primers used to construct the plasmid  

cDNA Primer # Sequence 

Plk1 1 5’- CAGGATCCATGAGTGCTGCAGTGACTGCA -3’ 

 2 5’- CTGAATTCTTAGGAGGCCTTGAGACGGTTGC -3’ 
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Supplementary Materials and Methods 

Chemicals and antibodies. PVHD121 and PVHD277 was prepared as previously described (Suzuki, 

1998; Kuroiwa, 2015). Thymidine and colchicine were purchased from Sigma. All chemicals were 

dissolved in DMSO and stored at −20 °C until use. Primary antibodies were mouse monoclonal 

anti-α-tubulin DM1A (Sigma, St. Lous, MO; cat #T6199), mouse monoclonal anti-γ-tubulin GTU-88 

(Sigma; cat #T5326), and mouse monoclonal anti-γH2AX JBW301 (Upstate, Temecula, CA; cat 

#05-636). Secondary antibodies were AlexaFluor-conjugated goat anti-rabbit and anti-mouse 

IgG(H+L) (Molecular Probes, Eugene, OR). 

Cell culture. HCT116 cells were purchased from the American Type Culture Collection (Manassas, 

VA). HeLa and HCT116 cells were grown in Dulbecco’s Modified Eagle Medium (WAKO, Osaka, 

Japan) supplemented with 10% FCS (Nichirei, Tokyo, Japan), 1% penicillin–streptomycin (Invitrogen, 

Walthan, MA), sodium pyruvate (Invitrogen), and non-essential amino acids (Invitrogen) in a 

humidified atmosphere containing 5% CO2, at 37°C. Cell synchronization during the cell cycle was 

conducted using the double thymidine method (Bostock, 1971). HeLa cells expressing a certain 

fluorescent recombinant protein were similarly maintained and prepared for experiments.  

Flow Cytometry. Asynchronous and subconfluent A549 cells from the human lung adenocarcinoma 

epithelial cell line were cultured in presence of PVHD121 for 20 h. After harvesting, the cells were 

washed three times in PBS, aliquoted at 2 × 10
6
 cells per tube and fixed and permeabilized in 80% 

ice-cold ethanol. Fixed cells were immunofluorescently labeled with anti-γH2AX antibody for 1 h, 

washed three times with PBS, and incubated with the secondary Alexa Fluor antibody (Molecular 

Probes) for 1 h. After treatment with 50 μg/mL of RNase A (Sigma) at 37°C for 30 min, cells were 

resuspended in 0.5 mL of 60 μM propidium iodide (Invitrogen) to stain for DNA. The fluorescent 

signal intensities were quantified using Cytomics FC500MPL (Beckman Coulter, Brea, CA) and 

compared with controls, A549 cells treated with DMSO or doxorubicin (Sigma). For each sample, 

10,000 events were collected, and aggregated cells were gated out. Graphs were exported as tiff 
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images and assembled in Adobe Illustrator. 

Immunostaining and fluorescence microscopy. The experimental procedures were described in the 

Materials and Methods of the main text. Microtubules and damaged DNA were stained with 

anti-α-tubulin antibody and anti-γH2AX, respectively. The positions of centrosomes in cells were 

visualized using anti-γ-tubulin antibody. 

Evaluation of antimitotic activity and mitotic phenotypes. Evaluation of antimitotic activity and 

mitotic phenotype of PVHD121 was performed as described in the Materials and Methods of the main 

text. 

Plasmid Construction. The primers used in this study are listed in Table S1. Plk1 cDNA was obtained 

by PCR using a human cDNA library (BD Bioscience) with the primer pairs #1 and #2. The cDNA 

was cloned into the position between the BamHI and EcoEI sites of pQCXIN/AG-X (Sawada, 2016) 

to generate pQCXIN/AG-Plk1. All of the cDNA sequences were confirmed using a ABI3700 

sequencer (ABI). 

Establishment of HeLa cells expressing recombinant fluorescent proteins. HeLa cells expressing 

fluorescent recombinant Plk1 were prepared as follows. Retroviruses carrying Plk1 cDNA that was 

conjugated with hmAG1 cDNA were obtained using GP2-293 packaging cells transfected with 

pQCXIN/AG-Plk1 and p10A1env plasmid, according to the manufacturer’s instruction of Retroviral 

Gene Transfer and Expression system (Clontech, Mountain View, CA). HeLa cells were infected with 

the retroviruses, and the resultant cells were grown in the DMEM medium containing 0.4 mg/mL of 

G418. The subcellular localization of the recombinant Plk1 was confirmed as shown in Fig. S8. HeLa 

cells expressing fluorescent α-tubulin were prepared as described previously (Suzuki, 2017). 

Western blot analysis. Western blot analysis was performed as described in the Materials and 

Methods of the main text. 

Live-cell imaging. Live-cell imaging was performed as described in the Materials and Methods of the 
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main text. Each series of the fluorescence images of the individual experiments was taken under the 

same conditions and then was subjected to the same processing in both MetaView and Adobe 

photoshop softwares so that the actual fluorescence intensity was reflected in the images throughout 

the entire series. 
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