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Background: Hepatocellular carcinoma (HCC) has an increasing incidence and high mortality. 

Surgical operation is not a comprehensive strategy for liver cancer. Moreover, tolerating systemic 

chemotherapy is difficult for patients with HCC because hepatic function is often impaired due 

to underlying cirrhosis. Therefore, a comprehensive strategy for cancer treatment should be 

developed. DTL (Cdc10-dependent transcript 2) is a critical regulator of cell cycle progression 

and genomic stability. In our previous study, the upregulation of DTL expression in aggressive 

HCC correlated positively with tumor grade and poor patient survival. We hypothesize that 

targeting DTL may provide a novel therapeutic strategy for liver cancer. DTL small interference 

RNAs were used to knock down DTL protein expression.

Methods: A clonogenic assay, immunostaining, double thymidine block, imaging flow cytom-

etry analysis, and a tumor spheroid formation assay were used to analyze the role of DTL in 

tumor cell growth, cell cycle progression, micronucleation, ploidy, and tumorigenicity.

Results: Our results demonstrated that targeting DTL reduced cell cycle regulators and chromo-

some segregation genes, resulting in increased cell micronucleation. DTL depletion inhibited liver 

cancer cell growth, increased senescence, and reduced tumorigenesis. DTL depletion resulted in 

the disruption of the mitotic proteins cyclin B, CDK1, securin, seprase, Aurora A, and Aurora B 

as well as the upregulation of the cell cycle arrest gene p21. A rescue assay indicated that DTL 

should be targeted through TPX2 downregulation for cancer cell growth inhibition. Moreover, 

DTL silencing inhibited the growth of patient-derived primary cultured HCC cells.

Conclusion: Our study results indicate that DTL is a potential novel target gene for treating 

liver cancer through liver cancer cell senescence induction. Furthermore, our results provide 

insights into molecular mechanisms for targeting DTL in liver cancer cells. The results also 

indicate several other starting points for future preclinical and clinical studies on liver cancer 

treatment.
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Introduction
DTL (Cdc10-dependent transcript 2; also known as CDT2, DCAF2, L2DTL, and 

RAMP) is a DDB1- and CUL4-associated factor (DCAF) that enables CRL4 to 

form CRL4Cdt2, a critical regulator of cell cycle progression and genome stability.1 

Human L2DTL is homologous to lethal (2) denticleless, l(2)dtl, initially identified in 

Drosophila melanogaster. Drosophila l(2)dtl is so designated because embryos with 

homozygous mutations of the gene lack ventral denticle belts and are lethal.2 The DTL  
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protein is a nuclear-matrix-associated protein and is down-

regulated during the retinoic acid-induced neuronal differen-

tiation of NT2 cells; hence, it is designated as RAMP.3

DTL belongs to the family of WD40 repeat-containing 

DCAF proteins that work as substrate receptors for CRL4 

ubiquitin ligases. DTL is conserved from nematodes to 

humans and plays fundamental roles in the regulation of 

the S phase of the cell cycle by regulating the degradation 

of replication licensing (CDT1), cell cycle control (p21), 

and chromatin modification (SET8) for destruction by 

CUL4-based E3 ligases (CRL4) under normal and stress 

conditions.4,5 DTL expression is also elevated in human 

breast and gastric cancers and in various cell lines derived 

from these primary tumors.6,7 In vitro, DTL could promote 

the growth of mammary epithelial and gastric cancer cells, 

and the silencing of DTL by small interference RNA (siRNA) 

significantly impaired the growth of these cells by inducing 

defects in chromosomal segregation and cytokinesis as well 

as apoptosis.6,7 DTL depletion alone could induce apoptotic 

death in all tested human cancer cell lines; however, it did 

not affect nontransformed human cells.8 These studies pro-

vide insights into how elevated CDT2 expression levels may 

provide tumors with a proliferative advantage. Therefore, we 

hypothesize that investigating the biological function of DTL 

targeting and its downstream molecules can provide novel 

therapeutic strategies for liver cancer.

In our previous study, the expression of DTL was fre-

quently upregulated in aggressive hepatocellular carcinoma 

(HCC), and its level correlated positively with tumor grade 

and poor patient survival.9 DTL is a nuclear protein and 

a novel component of centrosome proteins throughout 

the cell cycle and participates in cell cycle progression.9 

Although DTL silencing suppressed tumor cell growth and 

invasion capability, cDNA microarray analysis indicated that 

DTL was involved in chromosome segregation, DNA replica-

tion, and cell division.9 However, other mechanisms of this 

protein in cancer cell proliferation are now being identified, 

and further understanding of the functional relevance of DTL 

may facilitate the design of therapeutic approaches for HCC. 

In this paper, we present the first evidence regarding mecha-

nisms for targeting DTL in liver cancer cells. Targeting DTL 

arrested cell cycle progression; caused genomic instability 

events, such as DNA damage, multinuclearity, and increased 

senescence; and suppressed the tumorigenesis of HCC cells. 

DTL depletion resulted in the disruption of the mitotic proteins 

cyclin B, CDK1, securin, seprase, Aurora A, and Aurora B as 

well as the upregulation of the cell cycle arrest gene p21. The 

results of a rescue assay indicated that targeting DTL inhibited 

cancer cell growth through TPX2 downregulation. 

Materials and methods
cell culture
Human liver cancer cells (Sk-Hep-1) were cultured in 

RPMI1640 medium supplemented with 10% fetal bovine 

serum (FBS). A human retinal pigment epithelial cell line 

(ARPE-19) was cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM):F12 medium supplemented with 10% 

FBS. The Sk-Hep-1 cell line was kindly provided by Prof 

Hey-Chi Hsu, Graduate Institute of Pathology, College of 

Medicine, National Taiwan University, Taipei, Taiwan.10–12 

The ARPE-19 cell line was kindly provided by Dr Wen-Huei 

Chang, Department of Applied Chemistry, National Pingtung 

University, Pingtung, Taiwan.

reverse-transcription polymerase chain 
reaction (rT-Pcr)
We used RT-PCR assays for the semiquantitative analysis 

of DTL mRNA, as described previously.9,11,13,14 The mRNA 

encoding S26 ribosomal protein (RPS26) was used as an 

internal control for initial RNA loading. PCR was performed 

using the SelectCycler Thermal Cycler SBT9600 (Select 

BioProducts, Edison, NJ, USA). The quantification of mRNA 

expression levels (quantitative RT-PCR) was performed 

in an automated DNA thermal cycler, the StepOnePlus 

Real-Time PCR System (Thermo Fisher Scientific, Waltham, 

MA, USA). The human beta-actin gene (ACTB) was used as 

an internal control for quantitative RT-PCR. Primers used for 

target amplification are listed in Table 1. All quantitative PCR 

data were calculated and expressed using the 2−∆∆Ct method 

and then converted into fold changes.

Western blotting
Protein samples (60 µg) were separated through sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (10% 

gels) and transferred to nitrocellulose membranes (Amer-

sham Pharmacia Biotech, Buckinghamshire, UK). The 

membranes were then incubated with primary and secondary 

antibodies, and immunoreactive signals were detected using 

an ECL kit (Amersham Pharmacia Biotech).

antibodies
The anti-DTL antibody was produced using GST–L2DTL 

protein, as previously described.9 The following antibodies 

were used: cyclin A, cyclin B1, cyclin E, CDK1, and CDK2 

(Thermo Fisher Scientific); β-actin, separase, securin, and 

Aurora B (Abcam, Cambridge, UK); TPX2 (Sigma-Aldrich 

Co., St Louis, MO, USA); Aurora A (Leica, Milton Keynes, 

UK); and NDC80 (Proteintech, Rosemont, IL, USA).
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sirna and knockdown of gene 
expression
The DTL siRNA oligonucleotide pool (1: 5′-TCAAATCA 

GTGGAGCTCAC-3′ and 2: 5′-GTGTGTGAAGAGTT 

GTAAC-3′) was synthesized by Sigma-Aldrich Co. All 

transient transfections of the DTL siRNA oligonucleotide 

pool at a final concentration of 50 nM were performed 

using Lipofectamine RNAiMAX (Thermo Fisher Scientific) 

according to the manufacturer’s protocol. 

cell proliferation, colony formation, 
and anchorage-independent (spheroid) 
growth
The initial cell density for DTL siRNA transfection was 

1.5×105 cells per 2-mL suspension. For cell proliferation 

analysis, 1,000 living cells were plated on 96-well plates 

after transfection with 20 nM siRNA oligonucleotide pool. 

Luminescence units indicating cell growth were determined 

at 0, 1, 2, and 3 days by using the CellTiter-Glo lumines-

cent cell viability assay (Promega, Madison, WI, USA). 

For colony formation assays, 2,500 cells were seeded in 

six-well plates and incubated for 2 weeks. The colonies 

were then fixed with 2% formaldehyde and stained with 

0.5% crystal violet. Photographs were obtained, and the 

number of colonies in each well was counted. For spheroid 

formation assays, 1,000 living cells were seeded in an ultra-

low-attachment 96-well microplate (Corning Incorporated, 

Corning, NY, USA), and cell spheroids were visualized 

under a microscopic low-power field. Spheroid sizes (n=12) 

were measured using ImageJ software. The experiments and 

readings were repeated and analyzed using the two-sided 

Student’s t-test.

expression vector and stable transfection
RT-PCR-amplified full-length TPX2 cDNA was subcloned 

into the expression vector pEGFP-C1 (Takara Bio USA, 

Mountain View, CA, USA). HCC cells (Sk-Hep-1) were 

grown in DMEM. We used the Lipofectamine 3000 reagent 

(Thermo Fisher Scientific) for transfection. Cells stably 

expressing EGFP-TPX2 were obtained by culturing HCC 

cells in a medium with G418 (800 µg/mL) for more than 

2 weeks. EGFP-H2B (human histone H2B protein) was 

used as the control vector.

Cell cycle analysis (imaging flow 
cytometry)
Cells were harvested and washed with phosphate-buffered 

saline (PBS) and then fixed in 0.5% formaldehyde for 

1 h at 0°C. After a second wash with PBS, the cells were 

resuspended in 50% ethanol in PBS for 1 h at −20°C. The 

cells were washed at least once with cold PBS and then 

resuspended in 300–500 µL of PI/Triton X-100 staining 

solution (10 mL of 0.1% [v/v] Triton X-100; Sigma-Aldrich 

Co.) in PBS and 0.40 mL of 500 mg/mL 4′,6-diamidino-2- 

phenylindole (DAPI) (Sigma-Aldrich Co.). Data were 

acquired using the NucleoCounter NC-3000 machine 

(Chemometec, Allerød, Denmark) and Nucleoview NC-3000 

software for automated imaging flow cytometry analysis. The 

cell cycle distribution was determined using the Nucleoview 

NC-3000 software.

Immunofluorescence staining
Cells cultured on coverslips were fixed in 4% paraformal-

dehyde in 1× PBS for 10 min at room temperature. After 

being washed in PBS, the cells were incubated with 1× PBST 

(0.2% Triton X-100 in 1× PBS) for 20 min and then incubated 

in 5% FBS blocking solution for 30 min. The cells were 

incubated with rhodamine-phalloidin for specifically label-

ing actin filaments at 37°C for 30 min. After being washed 

with 1× PBST three times for 5 min each, the coverslips were 

incubated with DAPI (2.5 µg/mL) for 2 min and rewashed 

in 1× PBST three times for 5 min. The cells were mounted 

Table 1 Primers for rT-Pcr and quantitative rT-Pcr analysis

Gene name Forward Reverse

rT-Pcr
DTL 5′-aagTgcTTcaaagaaTggaTggcTc-3′ 5′-gaaTaTccaagTTTTcgagTgcTgcT-3′
TPX2 5′-TgaacTTgaTcccagaaTacTTga-3′ 5′-cTgggTcacaTTcTTTaccTTcTT-3′
RPS26 5′-ccgTgccTccaagaTgacaaag-3′ 5′-gTTcggTccTTgcgggcTTcac-3′

Quantitative rT-Pcr
qDTL 5′-gcccTTaTTccTgTgagcca-3′ 5′-ggccaTcaagcTcagTcaca-3′
qTPX2 5′-gcTggaaTagggcaaccTgT-3′ 5′-TTagTcacTcgggcaggaga-3′
qCCNB2 5′-gTacagaTggaaaagTTggcTcc-3′ 5′-agcTgagggTTcTcccaaTc-3′
qP21 5′-aTgagTTgggaggaggcagg-3′ 5′-ccTcTTggagaagaTcagccg-3′
qIL-8 5′-ggTgcagTTTTgccaaggag-3′ 5′-TTcTccacaacccTcTgcac-3′
qACTB 5′-TccgcaaagaccTgTacgc-3′ 5′-cgcTcaggaggagcaaTga-3′

Abbreviations: rT-Pcr, reverse-transcription polymerase chain reaction; rPs26, s26 ribosomal protein.
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in 90% glycerol in Tris buffer (pH 10.0) and observed using 

a fluorescence microscope.

comet assays
Neutral comet assays were performed using a CometAssay 

kit (Trevigen, Gaithersburg, MD, USA) in accordance with 

the manufacturer’s instructions. Images were acquired using 

an Olympus IX81F-3 fluorescence microscope mounted with 

an Olympus DP70 digital camera. The comet tail lengths 

were measured using ImageJ software. 

senescence-associated β-galactosidase 
assay
Senescence-associated β-galactosidase (SA-β-gal), a widely 

used marker for identifying senescent cells, was detected 

according to the manufacturer’s protocol (Senescence Cells 

Histochemical Staining Kit; Sigma-Aldrich Co.). Briefly, 

cells were fixed in 4% paraformaldehyde and stained with 

β-gal staining solution containing X-Gal (1 mg/mL), citric 

acid/sodium phosphate (pH 6.0, 40 mM), potassium fer-

rocyanide (5 mM), potassium ferricyanide (5 mM), NaCl 

(150 mM), and MgCl
2
 (2 mM). The plates were incubated in 

a dry incubator and monitored every 2 h for the development 

of blue color. The reaction was then inhibited by the addition 

of 50% glycerol solution and then photographed under a light 

microscope. Twelve photos (10× magnification) of the cells 

from different fields were examined for β-gal positivity to 

quantify the senescent cells in each treatment.

Patient-derived primary hcc cells 
Surgically resected HCC samples were obtained from 

Kaohsiung Veterans General Hospital. All patients provided 

written informed consent for the use of tissue samples in this 

research. Our study was approved by the Ethics Committee 

of Kaohsiung Veterans General Hospital (IRB protocol: 

VGHKS13-CT3-009). To establish a primary HCC culture, 

single-cell suspensions from HCC specimens were generated 

using a dissociator. Briefly, the tumor tissue was washed and 

minced using fine scissors into fragments of 1×1×1 mm³ 

and placed in the GentleMACS Dissociator (Miltenyi Biotec, 

Bergisch Gladbach, Germany). The single-cell suspensions 

were subjected to red blood cell (RBC) cell lysis in RBC 

lysis buffer (Qiagen NV, Venlo, the Netherlands). Then, 

the cells were seeded into an ultra-low-attachment 24-well 

microplate (Corning Incorporated), and spheroids formed 

after 14–21 days in defined media. The spheroids were then 

seeded into a six-well culture plate. When a monolayer of 

primary tumor cells was formed, the cells were detached 

using trypsin/EDTA and resuspended in defined media for 

primary HCC cells,15 which contained DMEM:F12 (1:1) 

medium supplemented with 15 ng/mL basic fibroblast 

growth factor, 20 ng/mL epidermal growth factor, 2 mM/L 

l-glutamine, 4 U/L insulin growth factor, and B27 supple-

ment (1:50; Sigma-Aldrich Co.). The cells were cultured in 

a humidified atmosphere at 37°C and 7% CO
2
.

statistical analysis
For all bar plots, two-sided t-tests were used to determine 

the significance of the data with a normal distribution and 

equal variances. A box plot was plotted using SigmaPlot.v10, 

with the bottom and top of the box corresponding to the 

25th and 75th percentiles, respectively, and whiskers 

representing data points. The gray line extending through 

the box plot indicates the mean value and the black line 

within the box plot represents the median value. Groups 

with P-values of less than an alpha of 0.05 were considered 

significantly different.

Results
silencing DTl inhibits liver cancer cell 
growth
To investigate the role of DTL in liver cancer cell prolifera-

tion and to evaluate DTL functions in Sk-Hep-1 cells, we 

synthesized two commercial siRNAi oligonucleotides for 

DTL. RT-PCR analysis indicated that the DTL transcript was 

downregulated by DTL siRNA oligonucleotides (Figure 1A). 

The depletion of DTL protein expression completely inhibited 

anchorage-dependent cell growth, as observed in the clono-

genic formation assay (Figure 1B), and anchorage-indepen-

dent cell growth, as observed in the spheroid formation assay  

(Figure 1C), in Sk-Hep-1 liver cancer cells. These results indi-

cate that DTL can be a therapeutic target for liver cancer.

Changes in cell fitness caused by DTL 
depletion were reflected by changes in 
cell cycle regulation and feature genes of 
chromosome segregation
DTL depletion reduced the proportion of cells in the G2/M 

phase. By contrast, inhibiting DTL expression increased the 

proportion of sub-G1 cells (cell death, ~11%; Figure 2A). We 

further elucidated the role of DTL in the mitosis of liver cancer 

cells. Morphological examination indicated that DTL-depleted 

cells were enlarged and flattened. The number of micronu-

cleated Sk-Hep-1 cells was increased compared with that of 

control RNAi-oligonucleotide-transfected cells (Figure 2B). 
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The mitosis phase of Sk-Hep-1 cells was produced by synchro-

nization in nocodazole medium and these cells were released 

into standard cell culture medium for 30 minutes. Morphologi-

cal examination indicated that DTL-depleted cells had DNA 

lagging abnormal architecture of spindle and centrosome bod-

ies (Figure S1A). The number of mitotic cells was decreased 

compared with that of control RNAi-oligonucleotide- 

transfected cells (Figure S1B) and they had decreased 

γ-tubulin (Figure S1C). This phenomenon indicated the occur-

rence of mitotic defects and consequent genomic instability. 

We further characterized molecular changes accompanying 

the depletion at the DTL level. The Western blot assay showed 
that the G2/M phase proteins that are required in chromo-
some segregation (cyclin B1, cyclin B2, CDK1, securin, and 

separase), spindle pole organization (TPX2 and NDC80), 

and kinetochore attachment (Aurora A and Aurora B) 

decreased after DTL depletion in liver cancer cells. Because of 

the observed inhibitory effect on cell growth, we evaluated the 

expression of cyclin E, cyclin A, and CDK2, which are crucial 

initiators of DNA replication in the S phase. We found that 

the expression of these proteins decreased after the silencing 

of DTL (Figure 2C). To define the role of DTL depletion in 

genomic instability, we assessed DNA damage in Sk-Hep-1 

cells transfected with siRNAs targeting DTL. DNA damage 

was measured using a comet assay (a single-cell gel electro-

phoresis assay). Undamaged DNA remained in the nucleoid 

and was observed as the comet head, whereas damaged DNA 

migrated through the agarose gel and formed a comet tail. We 

measured the tail length and found a significant increase in the 

mean tail length in DTL-depleted cells (Figure 2D), indicating 

that DTL inhibition increased DNA damage.

DTl depletion arrested cell cycle 
progression and senescence
To elucidate the biological role of DTL in cell cycle progres-

sion in liver cancer cells, we analyzed the dynamics of cell 

Figure 1 silencing of DTl inhibits cell growth and reduces tumorigenesis in human liver cancer cell lines. 
Notes: human liver cancer cells (sk-hep-1) were transfected with scrambled sirna (50 nM, si-nTc) or an sirna oligonucleotide pool against DTl (50 nM, si-DTl) for 
96 h. (A) DTl mrna expression was detected in sirna-treated sk-hep-1 cells. DTl mrna levels were measured using endpoint rT-Pcr and real-time rT-Pcr assays. in 
endpoint RT-PCR assays, DTL was amplified for 32 cycles, and RPS26, as an internal control, was amplified for 22 cycles. (B) cells transfected with sirna were seeded in a 
six-well plate for clonogenic assay. representative data and quantitative results are shown. (C) cells transfected with sirna were seeded in an ultra-low-attachment 96-well 
microplate for the spheroid formation assay. representative data and quantitative results are shown. scale bar =100 µm; magnification 100×. all representative graphs are 
obtained from three independent experiments. The results are expressed as mean ± sD from two individual experiments (student’s t-test; *P,0.05, ***P,0.001).
Abbreviations: sirna, small interfering rna; rT-Pcr, reverse transcription polymerase chain reaction; rPs26, s26 ribosomal protein.
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Figure 2 DTl depletion increased the proportion of sub-g1 cells, micronucleation, and Dna damage. 
Notes: (A) DTl depletion increased the proportion of cells in the sub-g1 phases; by contrast, the proportion of human liver cancer cells in the g2/M phase decreased. 
sk-hep-1 cells were transfected with scrambled sirna (50 nM, si-nTc) or an sirna oligonucleotide pool against DTl (50 nM, si-DTl) for 96 h; then, the cells were 
harvested. The knockdown cells were fixed and stained with DAPI to examine the proportions of cells in phases of the cell cycle by using an imaging flow cytometry 
assay. The data were analyzed and quantitated using the nucleoview nc-3000 software. (B) Rhodamine–phalloidin immunofluorescence in DTL-depleted Sk-Hep-1 cells. 
representative images are shown. histograms of micronucleation in sk-hep-1 liver cancer cell lines (the number of counted photos and cell numbers are indicated under the 
x axis of the histogram). Morphological examination of the cell nucleus (DaPi stain) indicated that transfection with the DTl rnai oligonucleotide led to cell micronucleation 
(yellow arrows). scale bar =10 µm; magnification 1,000×. (C) Western blot analysis was performed to determine the protein levels of DTl, cyclin a, cyclin e, cDK2, cDK1, 
securin, separase, cyclin B1, cyclin B2, aurora a, aurora B, TPX2, and nDc80 in DTl-targeted cells. β-actin was used as a loading control (the target/rPs26 ratio indicated 
the relative expression level of target mrna and the target/β-actin ratio indicated the relative expression level of target protein that was quantitated using image density). 
(D) neutral comet assay of sk-hep-1 cells 4 days after transfection with sirnas. representative nuclei are shown. Dot plots of tail moments are shown (si-nTc, n=100; 
si-DTl, n=100). scale bar =50 µm; magnification 400×. The results are expressed as mean ± sD from two individual experiments (student’s t-test; *P,0.05, **P,0.01, 
***P,0.001).
Abbreviations: sirna, small interfering rna; DaPi, 4′,6-diamidino-2-phenylindole; rPs26, s26 ribosomal protein.
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cycle progression in DTL-depleted cells. The cell cycle of 

Sk-Hep-1 cells was synchronized at the G1/S boundary by 

a double thymidine block, and the cells were then released 

into nocodazol medium for arresting cell cycle progression 

in the G2/M phase (Figure 3A). Through the time courses of 

cell cycle progression, we found that DTL-depleted cells did 

not progress from the G1/S to the G2/M phase and observed 

a cell cycle progression arrest event (Figure 3B and C). Con-

sistently, cell cycle arrest in G2/M to G1/S phase progression 

when DTL depletion Sk-Hep-1 cells released into standard 

cell culture medium from nocodazole block (Figure S2).  

Cellular senescence is a stable form of cell cycle arrest that 

limits the proliferative potential of cells.16,17 Senescent cells 

have well-defined features, which include cell cycle arrest, 

Figure 3 cell cycle progression arrest by DTl depletion.
Notes: (A) The cell cycle of sk-hep-1 cells was synchronized using a double thymidine block, and these cells were released into nocodazole medium for the indicated times. 
(B) The cell cycle proportions were measured through imaging flow cytometry; DNA contents are indicated by the arrowheads (G1 and G2/M). (C) Quantitated values of 
the cell cycle phase at each time point in the histogram. (D) an sa-β-gal assay was used for identifying senescent cells. representative and quantitative frequency data are 
shown in the right panel. scale bar =50 µm; magnification 200×. (E) The mrna expression levels of DTl, TPX2, cyclin B2, il-8, and p21 were measured through real-time 
rT-Pcr in hcc cells transfected with two sirnas. The results are expressed as mean ± sD from two individual experiments (student’s t-test; ***P,0.001).
Abbreviations: sirna, small interfering rna; rT-Pcr, reverse transcription polymerase chain reaction; hcc, hepatocellular carcinoma.
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and morphological changes, such as enlarged and flattened 

cells with enlarged nuclei.17–19 Our results demonstrated that 

DTL depletion resulted in enlarged and flattened cells, cell 

cycle arrest, and DNA damage. Hence, in the β-galactosidase 

assay, DTL-depleted cells exhibited strong positive β-gal stain-

ing (senescent cells, ~73%; Figure 3D). Moreover, the collec-

tive expression of SA-β-gal, p21 (a potent cell cycle inhibitor), 

and interleukin (IL)-8 (a gene of the senescence-associated 

secretary phenotype [SASP]) is known as the cellular senes-

cence signature.17 The quantitative RT-PCR assay indicated 

the upregulation of p21 and IL-8 mRNA (Figure 3E). 

DTl downregulation in cell cycle arrest 
caused by contact inhibition
When cells reach a high density, they stop proliferating and 

can stay in cell cycle arrest caused by contact inhibition. 

To elucidate the biological role of DTL in the G1 phase of the 

cell cycle in liver cancer cells, we analyzed DTL expression 

during G1 phase cell cycle arrest by using growth contact inhi-

bition treatment. We plated Sk-Hep-1 cells at a regular den-

sity. After 6 days, the cells reached high-density confluence 

and were completely contact inhibited. The contact-inhibited 

cells were arrested in the G1 phase, as observed through flow 

cytometry (Figure 4A). By using RT-PCR in the linear range 

and quantitative RT-PCR, we observed that DTL mRNA 

expression decreased upon entry into G1 phase arrest at day 

6, and TPX2 had an expression pattern similar to that of DTL 

(Figure 4B and C). Consistently, DTL and TPX2 had a similar 

pattern in protein expression (Figure 4D).

TPX2 is a downstream molecule of DTl 
in liver cancer cell growth
In our previous study, targeting TPX2 suppressed the tum-

origenesis of HCC cells, arrested cell cycle progression, 

increased genomic instability, and led to liver cancer cell 

senescence.20 Moreover, DTL-silenced cells exhibited TPX2 

downregulation. DTL and TPX2 had concordant expression 

in G1-phase-arrested cells. To further evaluate whether 

TPX2 is a downstream protein of DTL, we stably expressed 

EGFP-TPX2 protein in Sk-Hep-1 cells. The EGFP-TPX2 

stable expression cell line was used for DTL depletion treat-

ment and the EGFP-H2B cell line was used as a control. 

TPX2 and EGFP-TPX2 protein levels were measured using 

Western blot analysis (Figure 5A). Cell growth inhibition 

was diminished by the ectopic expression of EGFP-TPX2. 

DTL silencing reduced cell growth inhibition (Figure 5B), 

increased the number of large tumor spheroids (Figure 5C), 

and reduced senescence (Figure 5D) in EGFP-TPX2 cells 

compared with EGFP-H2B cells. These results indicate that 

TPX2 is a downstream molecule of DTL and contributes to 

tumorigenesis in liver cancer cells.

Therapeutic potential of targeting DTl 
in hcc
To investigate the therapeutic potential of targeting DTL 

in HCC, we performed the suspension culture process for 

patient-derived primary cultured HCC cells (PDC-HCCs; 

Figure 6A). Eight types of PDC-HCCs were cultured in 

our laboratory and named VGHKS-#-3T-L, 21T, 25T, 71T, 

72T, 80T, 89T, and 90T (Figure 6B). By using RT-PCR in 

the linear range, we measured the mRNA expression levels 

of DTL and TPX2 for study targets. The hepatocyte-linked 

genes hepatocyte growth factor and albumin were expressed 

in these PDC-HCCs, but not in ARPE19 cells (Figure 6C). 

DTL depletion caused cell growth inhibition in three of the 

four examined PDC-HCC types, of which two (72T and 90T) 

had cell growth inhibition of more than 40% (Figure 6D). 

Moreover, DTL-silenced cells exhibited TPX2 protein 

downregulation in two PDC-HCC types with growth inhibi-

tion (ie, 72T and 90T) (Figure 6E), but not in the 21T and 

25T PDC-HCCs. These results indicate that targeting DTL 

has therapeutic potential for HCC. However, the cell cycle 

proportions were not influenced in 72T and 90T cells in si-

DTL transfection (Figure S3).

Discussion
HCC has an increasing incidence and high mortality. Treat-

ment options are limited if the disease is not diagnosed in its 

early stage.21 The natural course of the disease is aggressive 

but not always predictable. Surgical operation is the most 

effective treatment for cure; however, this is not a compre-

hensive strategy in liver cancer.22 In addition, tolerability to 

chemotherapy is a concern in the cirrhotic population, and 

the complications of cirrhosis, such as impaired liver function 

and thrombocytopenia, have rendered a substantial propor-

tion of patients not suitable for chemotherapy.23,24 Because of 

the lack of success in treating advanced HCC with traditional 

modalities of radiation and systemic chemotherapy, studies 

have recently focused on developing targeted therapies.25 

In this study, our results indicated the therapeutic potential 

of targeting DTL in liver cancer treatment.

Rereplication and G2 cell cycle arrest were observed in 

DTL-depleted cells.5 DTL promotes the degradation of Set8 

during the S phase of the cell cycle.26 Inactivation of DTL-

mediated Set8 degradation results in DNA damage, induc-

tion of p53 gene and p53-transactivated proapoptotic genes, 

delayed progression through the G2 phase of the cell cycle 

due to activation of the G2/M checkpoint, and repression 
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Figure 4 DTl downregulation in cell cycle arrest caused by contact inhibition. 
Notes: (A) Cells were seeded and cultured for 6 days, after which the cells reached high-density confluence and were completely contact inhibited. The cell cycle proportions 
were measured through imaging flow cytometry; DNA contents are indicated by the arrowheads (G1 and G2/M). Scale bar =200 µm; magnification 40×. (B) DTl and TPX2 
mRNA levels were measured using an endpoint RT-PCR assay. In RT-PCR assays, DTL and TPX2 were amplified for 32 cycles, and RPS26, as an internal control, was amplified 
for 22 cycles (the target/rPs26 ratio indicated the relative expression level of target mrna that was quantitated using image density). (C) The mrna expression levels of 
DTl and TPX2 were measured through quantitative real-time rT-Pcr in hcc cells transfected with two sirnas. (D) Western blot analysis was performed to determine 
the protein levels of DTl and TPX2 in contact inhibition cells. β-actin was used as a loading control (the target/β-actin ratio indicated the relative expression level of target 
protein that was quantitated using image density). 
Abbreviations: sirna, small interfering rna; rT-Pcr, reverse transcription polymerase chain reaction; rPs26, s26 ribosomal protein; hcc, hepatocellular carcinoma.
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Figure 5 TPX2 is a downstream molecule of DTl in liver cancer cell growth.
Notes: (A) sk-hep-1 cells were stably transfected with vectors expressing egFP-h2B or egFP-TPX2. sk-hep-1 cells stably expressing egFP-TPX2 fusion protein were 
transfected with scrambled sirna (50 nM, si-nTc) or sirna oligonucleotides against DTl (50 nM, si-DTl) for 96 h. rT-Pcr was used to detect the mrna levels of DTl 
in egFP-h2B and egFP-TPX2 cells. For Western blot assay analysis, the cells were harvested and lysed for immunoblotting to determine the protein levels of DTl and 
TPX2. β-actin was used as a loading control (the target/rPs26 ratio indicated the relative expression level of target mrna and the target/β-actin ratio indicated the relative 
expression level of target protein that was quantitated using image density). (B) cell viability was measured using the cellTiter-glo luminescent cell Viability assay, and 
luminescence units indicating cell growth were measured and plotted in a growth curve and a bar plot. representative data and quantitative results are shown. (C) DTl-
silenced Sk-Hep-1 cells stably expressing EGFP-TPX2 fusion protein were seeded in an ultra-low-attachment 96-well microplate for spheroid formation. The cells were fixed 
to observe spheroid formation (left panels) for 10 days, and spheroid sizes were measured using a micrometer ruler under a microscopic low-power field. The quantitative 
results are shown in right panels. scale bar =50 µm; magnification 100×. (D) DTl-silenced sk-hep-1 cells stably expressing egFP-TPX2 fusion protein were plated and 
cultured for 96 h. an sa-β-gal assay was used for identifying senescent cells. representative and quantitative frequency data are shown in the right panel. scale bar =50 µm; 
magnification 100×. The results are expressed as mean ± sD from two individual experiments (student’s t-test; **P,0.01, ***P,0.001).
Abbreviations: rT-Pcr, reverse transcription polymerase chain reaction; mrna, messenger rna; rPs26, s26 ribosomal protein; sirna, small interfering rna; 
egFP-h2B, egFP-human histone h2B protein fusion protein; egFP-TPX2, egFP-TPX2 fusion protein.
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Figure 6 Therapeutic potential of targeting DTl in hcc.
Notes: (A) a graphic illustration of the suspension culture process for PDc-hccs. (B) The cell morphology of eight types of PDc-hccs (namely 3T-l, 21T, 25T, 71T, 72T, 
80T, 89T, and 90T). Scale bar =50 μm; magnification 200×. (C) rT-Pcr was used to detect the mrna levels of DTl, TPX2, hgF, alB, and rPs26 in PDc-hccs. (D) Four 
types of PDc-hccs were transfected with scrambled sirna (20 nM, si-nTc) or sirna oligonucleotides against DTl (50 nM, si-DTl). cell viability was measured using the 
cellTiter-glo luminescent cell Viability assay, and luminescence units indicating cell growth were measured. representative data and quantitative results are plotted in a 
bar plot. (E) For Western blot assays, the cells were harvested and lysed for immunoblotting to determine the protein levels of DTl and TPX2. β-actin was used as a loading 
control (the target/β-actin ratio indicated the relative expression level of target protein that was quantitated using image density). The results are expressed as mean ± sD 
from two individual experiments (student’s t-test; ns, nonsignificant; *P,0.05, **P,0.01, ***P,0.001).
Abbreviations: PDc-hccs, patient-derived primary cultured hepatocellular carcinoma cells; arPe19, human retinal pigment epithelial cells; rT-Pcr, reverse 
transcription polymerase chain reaction; mrna, messenger rna; hgF, hepatocyte growth factor; alB, albumin; rBc, red blood cell; rPs26, s26 ribosomal protein 
mrna; sirna, small interfering rna.
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of E2F1-dependent gene transcription.26,27 Knockdown of 

DTL by siRNA resulted in enhanced G2 arrest, p53 and 

p21 induction, and reduced cell proliferation in colon cancer 

cells.28 DTL-dependent destruction of Set8 in the S phase 

preserves genomic stability by preventing aberrant chromatin 

compaction during DNA synthesis.26 These results demon-

strate a central role of DTL-dependent cell cycle regulation 

in the maintenance of a stable epigenetic state essential for 

cell viability. In our study, we observed that targeting DTL 

stopped cell cycle progression; reduced cell cycle regula-

tion and mitosis progression; caused genomic instability 

events, such as DNA damage and micronuleation; and led to 

growth inhibition in Sk-Hep-1 liver cancer cells. Moreover, 

DTL depletion led to cell growth inhibition in PDC-HCCs. 

These results indicated that targeting DTL has therapeutic 

potential in HCC.

Cellular senescence is a stress response that entails an 

irreversible cessation of mitotic activity. The senescence 

response is a potent tumor suppressor mechanism.29,30 

Senescence can be induced by different stimuli, such as 

telomere attrition, DNA damage, chromatin perturbations, 

and oncogene activation. These triggers initiate signaling 

cascades that activate p53–p21 and/or p16INK4a–pRB tumor 

suppressor pathways, which promote proliferation arrest 

and the senescence response.31 Senescent cells also develop 

the SASP and secrete multiple proinflammatory molecules 

(cytokines, chemokines, growth factors, and proteases),30 

such as proinflammatory cytokines (IL-1α, IL-1β, IL-6, and 

IL-8).30,31 The senescent hepatocyte gene signature includes 

changes in cell cycle regulation, morphology, inflammation, 

signal transduction, metabolism, and stellate cell activation.17 

A study on the senescent hepatocyte gene signature reported 

that major downregulated genes in liver cancer cell senes-

cence were cell cycle regulation genes.17 Genes involved 

in cell cycle phases beyond the G1/S transition, including 

the S phase, DNA replication, and cytokinesis, were down-

regulated, indicating G1/S cell cycle arrest in senescent 

liver cancer cells.9 In our study, DTL depletion caused DNA 

damage; genomic instability; downregulation of cyclin B2, 

Aurora B, and NDC80 proteins; and an increase in p21 and 

IL-8 mRNA expression in liver cancer cells, finally resulting 

in cancer cell senescence.

TPX2 is a protein required for spindle assembly, par-

ticularly for spindle pole organization, in cells.32,33 Further-

more, TPX2 silencing causes cell cycle arrest,34–37 inhibits 

cell proliferation,35–37 and induces cell apoptosis35,36 in several 

cancer types. In our previous study, targeting TPX2 arrested 

cell cycle progression, increased genomic instability and cell 

senescence, and suppressed tumorigenesis in HCC and 

prostate cancer cells.20,38 These results indicated that TPX2 

is an important factor for tumor cell growth. In our study, 

the TPX2 rescue assay demonstrated that DTL depletion 

suppressed tumorigenesis and increased senescence through 

TPX2 inhibition in liver cancer cells. Downregulation of 

TPX-2 expression by DTL depletion was observed in si-DTL 

and si-DTL EGFP-TPX-2 cells. This phenomenon indicated 

that DTL depletion led to TPX2 protein degradation not only 

in endogenous TPX2 but also in epigenetic TPX2 protein. 

However, as described in the introduction, DTL belongs to 

the family of WD40 repeat-containing DCAF proteins that 

work as substrate receptors for CRL4 ubiquitin ligases and 

promotes the ubiquitylation of proteins in S phase and after 

DNA damage. Our previous study showed that the down-

regulation of TPX2 increased DNA damage in liver cancer 

cells. Taken together, these results suggested that DTL may 

influence TPX2 stabilization after DNA damage.

Conclusion
Our study results indicated that DTL is a potential novel 

target gene for treating liver cancer through cancer cell senes-

cence induction. Furthermore, our results provide insights 

into molecular mechanisms for targeting DTL in liver cancer 

cells. The results of this study also indicate several other 

starting points for future preclinical and clinical studies on 

liver cancer treatment.
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Figure S1 DTl depletion led to Dna lagging and reduced the mitotic cells and γ-tubulin protein expression during mitosis.
Notes: sk-hep-1 cells were transfected with scrambled sirna (50 nM, si-nTc) or an sirna oligonucleotide pool against DTl (50 nM, si-DTl) for 96 h. The cell cycle 
of sk-hep-1 cells was synchronized using nocodazole medium and these cells were released into standard cell culture medium for 30 minutes. (A) α-Tubulin and γ-tubulin 
immunofluorescence in DTL-depleted Sk-Hep-1 cells. Representative images are shown. Morphological examination of the cell nucleus (DAPI stain) indicated that transfection 
with nTc rnai oligonucleotide showed normal metaphase Dna and healthy centrosome (γ-tubulin stain; white arrow); however, the DTl rnai oligonucleotide led to 
Dna lagging (arrow heads) and abnormal centrosome (γ-tubulin stain; red box). scale bar =10 µm; magnification 1,000×. (B) histograms of mitotic index in sirna-
oligonucleotide-treated sk-hep-1 liver cancer cell lines (the numbers of counted photos and cell numbers were indicated under the x axis of the histogram). (C) Western 
blot analysis was performed to determine the protein levels of γ-tubulin in DTl-targeted cells. β-actin was used as a loading control (target/β-actin ratio indicated the relative 
expression level of target protein that was quantitated using image density).
Abbreviations: sirna, small interfering rna; DaPi, 4′,6-diamidino-2-phenylindole.
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Figure S2 cell cycle progression arrest by DTl depletion in nocodazole block and release. 
Notes: sk-hep-1 cells were transfected with scrambled sirna (50 nM, si-nTc) or an sirna oligonucleotide pool against DTl (50 nM, si-DTl) for 96 h. The cell cycle 
of sk-hep-1 cells was synchronized using nocodazole medium and these cells were released into standard cell culture medium for the indicated times. (A) The cell  
cycle proportions were measured by imaging flow cytometry; DNA contents are indicated by arrowheads (G1 and G2/M). (B) Quantitated values of the cell cycle phase at 
each time point in the line chart.
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Figure S3 DTL depletion did not influence the cell cycle proportions in 72T and 90T primary HCC cells.
Notes: (A) 72T and (B) 90T cells were transfected with scrambled sirna (50 nM, si-nTc) or an sirna oligonucleotide pool against DTl (50 nM, si-DTl) for 96 h; then, the 
cells were harvested. The knockdown cells were fixed and stained with DAPI to examine the proportions of cells in phases of the cell cycle using an imaging flow cytometry 
assay. The data were analyzed and quantitated using the nucleoview nc-3000 software.
Abbreviations: sirna, small interfering rna; DaPi, 4′,6-diamidino-2-phenylindole; hcc, hepatocellular carcinoma.
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