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Fig. S1. In vitro pharmacological profile of TAK-931. (A) Reagents and conditions: (a) 1, 

N,N-dimethylformamide dimethyl acetal, 80 °C, 1 h, then EtOH, Et3N, 

p-methoxybenzyl(PMB)-hydrazine hydrochloride, 0 °C to room temperature, overnight; (b) 

DMF, POCl3, 0 °C, 15 min, then 2, 0 °C to 60 °C, 30 min, then hydroxylamine hydrochloride, 

80 °C, 30 min; (c) methyl thioglycolate, NaH, DMF, 0 °C, 5 min, then 3, 40 °C, 2 h; (d) 

2-quinuclidinecarboxylic acid, SOCl2, 30 °C, 18 h, then 4, DIEA, THF, room temperature to 

60 °C, 75 min; (e) 5, NaOH, MeOH, 60 °C, 1.5 h, then EDCI, HOBt, Et3N, NH4Cl, DMF, room 

temperature overnight; (f) 6, NaOH, EtOH, 70 °C, 2 h; (g) 7, TFA, anisole, 90 °C, 18 h; (h) 8, 

Preparative HPLC (CHIRALPAK AD). (B) TAK-931 exhibits high-selectivity toward CDC7 

kinase. The 318 kinases were used for enzymatic assay. The IC50 values and % inhibition at 

1,000 nM of TAK-931 are shown. (C) TAK-931 is an ATP-competitive CDC7 inhibitor with 

slow-binding kinetics. The red and blue lines indicate low (1 µM) and high (50 µM) ATP 

concentrations in the absence of preincubation (-), respectively. The green and black lines 

indicate low and high ATP concentrations in the presence of preincubation (+), respectively. (D) 

KD values of TAK-931. Kinetics analysis for TAK-931 was performed by surface plasmon 

resonance (SPR) in the Proteros reporter displacement assay. (E) Cellular activity of TAK-931. 

SW948, PANC-1, RKO, and MRC5 cells were treated with the indicated concentration of 

TAK-931 for 4 h. pMCM2 was used for the target engagement markers of CDC7 kinase. 

GAPDH was used for the loading controls. (F) Effect of TAK-931 on stalled S phase between 

cancer cell lines and untransformed fibroblasts. COLO205, SW948, and PANC-1 were used as 

representative cancer cell lines. BJ, WI38, and MRC5 were used as representative untransformed 

fibroblasts. The cells were treated with DMSO (control, red) and TAK-931 (300 nM, blue). The 

cells were collected 24 h after TAK-931 treatment and analyzed by flow cytometry. (G) Effect of 



TAK-931 on BrdU incorporation in SW948 and MRC5 cells. The cells were treated with DMSO 

(red) or TAK-931 (300 nM, blue) for 24 h, and then BrdU was incorporated for 30 min. The cells 

were stained with PI and anti-BrdU antibody to be analyzed by flow cytometry.  

  



 



Fig. S2. Effect of TAK-931 on DNA replication, RS, and DDR. (A) Experimental schemes for 

DNA fiber assay. HeLa cells were treated with DMSO or TAK-931 (300 nM) for the indicated 

periods. The cells were sequentially incubated with CldU (green) and IdU (red) for 30 min for 

each. After CldU/IdU incorporation, the cells were collected for DNA fiber assay according to 

the manufacturer’s procedures (GenomicVision). (B) Effects of TAK-931 on DDR, DNA 

damage checkpoint, and apoptosis in COLO205 (left) and MRC5 (right). The cells were treated 

with TAK-931 at the indicated concentrations for 24 h. Immunoblotting for pMCM2, MCM2, 

cyclin B1, pCDC2, pCHK1, CHK1, γH2A.X, PARP1, and GAPDH was performed. Upper band 

of CDC2 indicates phosphorylated CDC2. Lower band of PARP1 indicates cleaved PARP1. 

MCM2 and GAPDH were used for loading controls. (C) (D) Effect of TAK-931 on RPA2 and 

53BP1 foci formation. HeLa cells were treated with DMSO or TAK-931 (300 nM) for 24 h. 

Immunofluorescence for RPA2 (C) and 53BP1 (D) was performed. PRA2 and 53BP1 were used 

as markers for SSBs and DSBs, respectively. Red signals indicate PRA2 (C) or 53BP1 (D). Blue 

signals indicate DAPI (DNA). White bars indicate 50 μm (left) or 100 μm (right). Y-axis 

indicate % cells with >10 foci per nucleus. Data are presented as the mean ± SD (n = 3). 

Differences were considered significant at p ≤ 0.05 (*). (E) Effect of TAK-931 on 

antiproliferation in cancer cells (COLO205 and HeLa) and untransformed fibroblasts (WI38, BJ, 

and MRC5). The cells were treated with TAK-931 at the indicated concentrations for 72 h (n=3). 

Relative DNA contents were calculated relative to the DNA content of 0 nM TAK-931 

treatment. (F) Representative pictures of COLO205 and MRC5 with or without TAK-931 

treatment (300 nM, 72 h). (G) Effect of ATR on TAK-931-induced DNA replication stalling in 

SW948 (upper) and PANC-1 (lower). The cells were treated with DMSO (red, left), TAK-931 



(300 nM, blue at left), ATR inhibitor (VE-821, 1 μM, red at right), and combination (blue, right). 

The cells were collected 24 h after TAK-931 treatment and analyzed by flow cytometry. 



  



Fig. S3. Irreversible antiproliferative effects of TAK-931 and mitotic aberrations. (A) 

Experimental schemes to assess time-dependent antiproliferative activity of TAK-931. 

COLO205 cells were treated with TAK-931 at the indicated concentrations for 8, 24, 48, and 72 

h (red arrows) and then cultured in TAK-931free medium (black arrows). Cells were collected 

72 h after treatment for cell viability analysis. (B) Summary of phosphorylation detected by 

phosphoproteomics analysis. (C) Immunoblotting analysis in SILAC-labeled COLO205 cells. 

COLO205 cells cultured in light, medium, or heavy SILAC media were treated with TAK-931 at 

100 nM for 0, 4, or 24 h, then immunoblotting of pMCM2, MCM2, and GAPDH was performed; 

MCM2 and GAPDH were used as loading controls. (D) Volcano plot of quantified 

phosphorylation sites. The x-axis indicates the log10-scaled mean ratio of each phosphorylation 

site between TAK-931 and DMSO treatments. Plus and minus indicate upregulation and 

downregulation, respectively; dotted lines indicate 2-fold changes. The y-axis indicates the 

standard deviation. The volcano plots of 4 h (left) and 24 h (right) treatments are shown. The 

significantly changed phosphorylation sites at 24 h treatment are depicted in red. (E) 

Immunoblotting forpCDC6 (Ser-106, Ser-54), CDC6, cyclin B1, pMCM2 (Ser-40), MCM2, and 

GAPDH was performed. MCM2 and GAPDH were used for loading controls. COLO205 cells 

were treated with TAK-931 at 100 nM for 24 h. (F) Effect of TAK-931 on mitotic arrest in a 

time-dependent manner. HeLa cells were treated with TAK-931 at 300 nM for the indicated 

number of hours. pHH3 was used as a mitotic index. R1 indicates the % pHH3-positive cells. (G) 

Representative immunofluorescence images of centrosomal markers. Upper and lower images 

depict TAK-931-treated and G2 synchronous HeLa cells, respectively. Red: centrin-2, green: 

γ-tubulin, and blue: DAPI. The distances between centrosomes were measured by AxioVision.  

  



  



Fig. S4. Large-scale in vitro cell panel studies of TAK-931. (A) Fold increase curves of 

pHH3-positive cells by TAK-931 in the representative cancer cell lines are shown (HeLa, 

SW948, COLO205, PANC-1, and RKO cells). Cells were stained with fluorescently-labeled 

pHH3 antibody 72 h after TAK-931 treatment at the indicated concentrations. The fold-change in 

pHH3-positive cells was calculated relative to % pHH3 positive cells with 0 nM TAK-931 

treatment. (B) GI50 values of TAK-931 in each pathological type of the 246 cancer cell lines. (C) 

No significant correlation was observed between TAK-931 sensitivity and the doubling-speed in 

the 246 cancer cell lines. (D) Expression of CDC7 and DBF4 in normal and cancer tissues. The 

mRNA expressions of CDC7 (left) and DBF4 (right) in normal and cancer tissues are shown. 

The databases of Genotype-Tissue Expression (GTEX, normal tissue), International Cancer 

Genome Consortium (ICGC, cancer tissue), and the Cancer Genome Atlas (TCGA, cancer 

tissue) were used.  Red and blue indicate cancer and normal tissues, respectively. (E) 

Experimental schemes to evaluate the correlation between TAK-931 sensitivity and CDC7/DBF4 

expression. The expression data in the Cancer Cell Line Encyclopedia (CCLE) database were 

used. A total of 192 of 246 cell lines, for which expression data were available in the CCLE 

database, were divided into sensitive (pGI50 > 6.67) and resistant (pGI50 < 6.67) cell line groups, 

and the expression levels of CDC7/DBF4 were compared. (F) Correlation of TAK-931 with 

CDC7/DBF4 expression. Dot plots of CDC7 (left) or DBF4 (right) expression values between 

TAK-931-sensitive (pGI50>6.67, n=82) and TAK-931-resistant (pGI50<6.67, n=164) cell lines 

are shown. The red lines indicate mean pGI50 values in each group. Statistical analyses were 

performed using Student’s t-tests. Differences were considered significant at p<0.05. n.s., not 

significant. (G) Effect of baseline expression of CDC7, DBF4, and pMCM2 between sensitive 

and insensitive cancer cell lines. Seven cancer cell lines were used to evaluate the baseline 



expression of CDC7, DBF4, and pMCM2. GAPDH was used for loading controls. (H) Dot plots 

of TAK-931 GI50 values in mutant and wildtype cell lines with RAS, TP53, PTEN, RB1, and 

BRAF mutations. Red lines indicate mean pGI50 values in each group. Sequence data in the 

CCLE database were used. Statistical analysis was performed using Student’s t-tests. 

  



 



Fig. S5. Effect of KRAS mutation on TAK-931 antiproliferative activity, showing unique 

antiproliferative spectrum in cancer cells. (A) Active RAS was significantly increased in both 

DLD1-based and SW48-based isogenic cell lines of KRAS mutations. Active RAS was pulled 

down by GST-fusion protein of the Ras-binding domain (RBD) of Raf1, and then detected by 

immunoblotting with anti-RAS antibody. RAS and GAPDH in whole cell lysate (WCL) were 

used for loading controls. (B) Colony formation assays in KRAS-mutant or KRAS-wildtype cells 

with or without TAK-931 treatment. SW48-bsaed (left) and DLD1-based (right) isogenic cell 

line pairs were sued. Representative images of crystal violet staining are shown. (C) Effect of 

KRAS mutation on caspase-3/7 induction by TAK-931 treatment. SW48-based (left) and 

DLD1-based (right) isogenic cell line pairs were treated with TAK-931 at the indicated 

concentrations for 24 h. Fold increases in caspase-3/7 activity were calculated with 

chemiluminescence assay and compared with the chemiluminescence value of 0 nM TAK-931 

treatment in each cell. (D) Summary of GI50 values of the following chemotherapeutic drugs in 

various cancer cell lines: cisplatin, carboplatin, oxaliplatin, gemcitabine, methotrexate, SN-38, 

doxorubicin, and paclitaxel. (E) Summary of correlation coefficient (R) of the GI50 values of 

TAK-931 and the GI50 values of the indicated chemotherapeutic drugs. Red, yellow, and green 

indicate R > 0.7, 0.7 ≥ R > 0.4, and R ≤ 0.4, respectively. (F) Dot plots of GI50 values in 

RAS-mutant and -wildtype cell lines for SN-38, carboplatin, doxorubicin, gemcitabine, and 

paclitaxel. Sequence data in the CCLE database were used. Statistical analyses were performed 

using Student’s t-tests for cisplatin, and the Wilcoxon-Mann-Whitney test for SN-38, 

methotrexate, gemcitabine, and paclitaxel.  

  



 

 



Fig. S6. PK/PD/efficacy study of TAK-931 in tumor xenograft mouse model. (A) Time- and 

dose-dependent plasma PK of TAK-931. Plasma was collected to measure drug concentrations at 

the indicated time points after TAK-931 oral administration. Black, blue, green, red, and purple 

lines indicate 10, 20, 40, 60, and 80 mg/kg doses. (B) Summary of TAK-931 PK profile in 

plasma and tumor. COLO205-xenografted nude mice were orally administered TAK-931 at the 

indicated doses. Time at peak serum concentration (Tmax), peak serum concentration (Cmax), 

mean resident time (MRT), and area under the curve from 0–72 h (AUC0-72h) are shown. (C) 

Expression of pMCM2 in SW948 xenografts at the indicated time points after oral administration 

of TAK-931 at a dose of 80 mg/kg. MCM2 and GAPDH were used as controls. (D) Time- and 

dose-dependent PD of TAK-931 in COLO205 xenografts. COLO205 xenografts were collected 

to measure pMCM2 expression at the indicated time points after TAK-931 oral administration. 

Black, blue, green, orange, and red lines indicate 10, 20, 40, 60, and 80 mg/kg doses. The pHH3 

intensity was quantified using immunoblotting, and normalized to the intensity of vehicle 

control. (E) Time- and dose-dependent PD of TAK-931. SW948 xenografts were collected to 

measure pMCM2 expression at the indicated time points after TAK-931 oral administration. 

Black, blue, green, and red lines indicate 10, 30, 60, and 80 mg/kg doses, respectively. pHH3 

intensity was quantified using immunoblotting, and normalized to the intensity of vehicle 

control. (F) (G) Immunohistochemistry of pMCM2 in the tumor sections from COLO205 (F) and 

SW948 (G) xenograft nude mice at the indicated time points after oral administration of 

TAK-931 at 80 mg/kg.  

 

  



  



Fig. S7. Antitumor efficacy of TAK-931 in tumor xenograft mouse model. (A, B, C) 

Summary of %T/C and BWC in the COLO205 xenograft nude mouse model. 

COLO205-xenografted nude mice were orally administered TAK-931 at the indicated dose 

regimens, either continuously (A) or intermittently (B) (C) (n=5; day 15). (D) Antitumor efficacy 

of TAK-931 in the SW948 xenograft nude mouse model. SW948 xenografted nude mice were 

orally administered TAK-931 at the indicated dose regimens, either continuously (left) or 

intermittently (right). Efficacy data are plotted as mean tumor volumes (mm
3 

± SEM; n = 5). (E) 

Summary of %T/C and BWC on day 15. (F) Representative results of the efficacy study for 

sensitive (left) and resistant (right) PDXs. Black and red lines indicate vehicle and TAK-931 

treatment, respectively. The efficacy data are plotted as mean tumor volumes (mm
3
 ± SEM; n = 

3). (G) Kaplan-Meier survival curve in 93 PDX models. Black and red lines indicate vehicle- and 

TAK-931-treated groups, respectively. Xenografted mice were orally administered TAK-931 at 

60 mg/kg, twice daily, 3-days ON/4-days OFF, for the indicated cycles. Three mice were treated 

with vehicle or TAK-931 for each model. 

 

  



 

 

Fig. S8. Pathway network between CDC7 and KRAS knockdown. The network analysis of 

CDC7 and KRAS knockdown has been performed previously (45) 

<<https://oncologynibr.shinyapps.io/drive/>>. (A) The list of genes correlated with CDC7 

knockdown effects is shown. The genes of which knockdown effects are correlated with CDC7 

knockdown effects at > |0.3| are listed. (B) The pathway network of CDC7 and KRAS 

knockdown is shown. The network analysis was performed using CDC7 and KRAS as seed 

genes. The neighborhood correlations for CDC7 and KRAS are shown with positive correlations 

in green and negative correlations in red. The thickness of the lines between two genes represents 

the strength of the correlation. 

 



Table S1. Phosphorylation sites modulated after 4 and 24 hours of TAK-931 treatment in 

COLO205 cells. Protein and gene names, ratios of phosphorylation changes, and amino acid 

positions are shown. 

 



 



Table S2. %T/C values of antitumor efficacy studies in colorectal, lung, ovarian, and 

pancreatic PDXs. 

 

Model ID Tumor Type TGI (%)
TGI endpoint

(Day)
BWC (%) Model ID Tumor Type TGI (%)

TGI endpoint

(Day)
BWC (%)

CR_1 Colon 80.0 22 -7.1 LU_8 Lung 84.7 33 -6.9

CR_2 Colon 97.6 21 -8.7 LU_9 Lung 81.9 42 -5.1

CR_3 Colon 89.3 22 -3.5 LU_10 Lung 99.1 22 -6.4

CR_4 Colon 66.4 22 -12.3 LU_11 Lung 97.8 17 -8.2

CR_5 Colon 85.6 22 -9.1 LU_12 Lung 95.4 22 -8.5

CR_6 Colon 79.7 22 -11.7 LU_13 Lung 79.8 26 -9.2

CR_7 Colon 70.8 22 -5.0 LU_14 Lung 78.9 22 -8.0

CR_8 Colon 64.0 22 -18.6 LU_15 Lung 78.1 22 -5.9

CR_9 Colon 59.7 22 -14.3 LU_16 Lung 72.4 22 -9.0

CR_10 Colon 48.4 22 -9.5 LU_17 Lung 73.3 22 -7.0

CR_11 Colon 53.5 22 -4.7 LU_18 Lung 76.8 20 -4.5

CR_12 Colon 54.6 22 -11.9 LU_19 Lung 67.9 22 -2.8

CR_13 Colon 38.7 22 -6.4 LU_20 Lung 54.0 22 -3.1

CR_14 Colon 48.3 22 -0.1 LU_21 Lung 59.0 22 -5.8

CR_15 Colon 54.5 22 -6.7 LU_22 Lung 53.1 22 -6.9

CR_16 Colon 50.2 22 -7.2 LU_23 Lung 55.3 22 -4.3

CR_17 Colon 54.6 22 -15.4 LU_24 Lung 50.8 22 -6.9

CR_18 Colon 50.1 22 -13.9 LU_25 Lung 30.8 22 -3.7

CR_19 Colon 51.1 22 -15.0 OV_1 Ovary 71.7 22 -7.3

CR_20 Colon 38.6 22 -9.2 OV_2 Ovary 57.4 22 -4.2

CR_21 Colon 45.1 22 -13.9 OV_3 Ovary 56.5 22 -14.9

CR_22 Colon 35.4 22 -10.9 PA_1 Pancreas 98.5 22 -6.0

CR_23 Colon 49.5 22 -15.4 PA_2 Pancreas 82.6 22 -6.8

CR_24 Colon 41.6 22 -7.8 PA_3 Pancreas 84.2 22 -17.5

CR_25 Colon 42.3 22 -5.2 PA_4 Pancreas 73.0 22 -5.3

CR_26 Colon 42.5 22 -3.7 PA_5 Pancreas 66.2 22 -4.1

CR_27 Colon 38.3 22 -6.3 PA_6 Pancreas 66.5 22 -12.5

CR_28 Colon 38.7 22 -8.5 PA_7 Pancreas 54.0 22 -8.2

CR_29 Colon 36.1 22 -5.1 PA_8 Pancreas 56.5 22 -6.5

CR_30 Colon 33.9 22 -11.9 PA_9 Pancreas 52.2 22 -15.3

CR_31 Colon 35.2 22 -14.5 PA_10 Pancreas 41.7 22 -17.4

CR_32 Colon 28.4 22 0.4 PA_11 Pancreas 23.8 22 -9.5

CR_33 Colon 17.1 22 -6.6 PA_12 Pancreas 85.8 22 -15.5

CR_34 Colon 21.9 22 -1.1 PA_13 Pancreas 89.0 22 -8.0

CR_35 Colon 15.7 22 -5.9 PA_14 Pancreas 79.2 28 -2.4

CR_36 Colon 18.6 22 -12.8 PA_15 Pancreas 81.7 22 -2.0

CR_37 Colon 15.3 22 -11.9 PA_16 Pancreas 86.7 22 -8.1

CR_38 Colon 10.2 22 -3.9 PA_17 Pancreas 81.3 22 -5.8

CR_39 Colon 3.8 22 -18.6 PA_18 Pancreas 73.3 22 -5.4

CR_40 Colon 2.9 22 -13.3 PA_19 Pancreas 64.6 37 -1.8

LU_1 Lung 82.8 22 -11.6 PA_20 Pancreas 54.6 28 -6.3

LU_2 Lung 70.0 22 -9.2 PA_21 Pancreas 67.7 22 -6.6

LU_3 Lung 43.9 22 0.0 PA_22 Pancreas 73.3 17 -5.7

LU_4 Lung 21.5 22 -10.4 PA_23 Pancreas 70.1 22 -4.7

LU_5 Lung 94.4 35 -10.2 PA_24 Pancreas 55.1 22 -3.1

LU_6 Lung 90.2 22 -5.9 PA_25 Pancreas 40.5 22 -10.8

LU_7 Lung 91.4 22 -4.8
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