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Abstract: Objective: Our previous study found KCTD10 negatively regulates Notch signaling, but whether KCTD10
regulates human hepatocellular carcinoma (HCC) carcinogenicity was uncertain. Methods: We used lentivirus infec-
tion to regulate KCTD10 expression in HCC cell lines, then monitored tumor sphere formation rate, cell migration,
in vitro and in vivo tumorigenicity, cancer stem cell (CSC) biomarkers and Notch signaling variation. Results: Down-
regulation of KCTD10 in HCC cell lines (Hep3B and MHCC97H) enhanced the expression of CSC marker genes,
promoted self-renewal and tumorigenic ability, and increased the CD133" cell population. Further molecular studies
showed that the transmembrane/intracellular region (NTM) of Notch1 decreased when KCTD10 was knocked down
in HCC cell lines, and that the balance between P53 and Notch activity was regulated. Conclusions: The results
demonstrated that KCTD10 can act as a tumor suppressor in HCC cells through Notch signaling.

Keywords: KCTD10, hepatocellular carcinoma, Notch, Numb/P53 balance, tumor suppressor

Introduction

Hepatocellular carcinoma (HCC) is the fifth
most common human tumor and has the high-
est mortality rate, with a five-year survival rate
of 25%-39% and a recurrence rate of 80% [1-
3]. There is a theory that HCC maintenance,
therapeutic resistance, and tumor recurrence
are highly correlated with HCC stem cells
(HCSCs) or stem-like cells (HSLCs) [4, 5]. HCSCs
or HSLCs are cell populations that express
stem cell markers and are more malignant and
have a higher capability for self-renewal com-
pared to parental cell lines [6, 7]. Chemore-
sistance leads to HCSCs surviving after con-
ventional treatments and ultimately being
responsible for relapse [8]. As a result, HCSCs
are crucial for liver cancer therapy and have
become a therapeutic target of primary interest
for drug discovery [9]. Therefore, the identifica-
tion of key genes or molecular events underly-

ing the progression of HCSC or HSLC is
needed.

Previous reports have shown that KCTD10 is
essential for mammalian development [10-13].
Further functional studies showed that KCTD10
interacts with proliferating cell nuclear antigen
(PCNA) and plays an important role in DNA syn-
thesis [12]. Its down-regulation impairs the pro-
liferation of AB49 lung cancer cells [11]. In
gastrointestinal stromal tumors, inhibition of
KCTD10 expression increased the tumor cell
proliferation and invasion, suggesting that
KCTD10 acts as a tumor suppressor [14]. Since
KCTD10 can regulate the Notch signaling path-
way [13, 15], we investigated whether knocking
down KCTD10 in HCC cell lines could modulate
the self-renewal ability of HSLCs and the tumor-
igenicity of HCC, as well as the Notch signaling
pathway and the balance between Numb and
P53 in these cancer cells.
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Materials and methods
Reagents and antibodies

Dulbecco’s modified Eagle’s medium (DMEM),
DMEM/F12 medium, trypsin-EDTA and penicil-
lin/streptomycin were purchased from Hy-
Clone (Logan, Utah, USA). Fetal bovine serum
(FBS) was purchased from Biowest (Cat. No.
51820-500). Anti-B-actin monoclonal antibo-
dy was obtained from Sigma-Aldrich (No.
A5441-.2ML, St. Louis, MO, USA). Polyclonal
anti-ABCG2 (Cat. No. AP1490b), anti-Nanog
(Cat. No. 1486¢), anti-BMI1 (Cat. No. AP8756a)
and anti-ALDH1A1 (Cat. No. AP1465d) antibod-
ies were obtained from WuXi AppTec. CD133/2-
PE (Cat. No. 130-112-157) was purchased from
MiltenyiBiotec Technology & Trading (Shanghai,
China) Co., Ltd. The rabbit Notchl antibody
(Cat. No. D6F11) and Notch receptor inte-
raction antibody sampler kit (Cat. No. #8658)
were purchased from Cell Signaling Technology,
Inc. Anti-P53 antibody was purchased from Cell
Signaling Technology, Inc (Cat. No. #2425).

Cell culture and lentivirus infection

HCC cell lines MHCCO97H and Hep3B were
obtained from Shanghai Fu Cheung Biological
Technology Co., Ltd. (Shanghai, China), and cell
lines LX2, HepG2, and Huh7 were obtained
from Bogu Biotechnology (Shanghai, China).
Cells were cultured in DMEM containing high
glucose and 10% FBS at 37°C in a humidified
incubator with 5% CO,. KCTD10 interference
short hairpin RNA (shRNA) sequence (CCAG-
CAAUUCUGACGACAATTUUGUCGUCAGAAUU-
GCUGGTA) was used to generate KCTD10
knockdown HCC cells. Negative control se-
quence (TTCTCCGAACGTGTCACGT) and KCTD-
10 cDNA were synthesized to construct AD-
V1 (U6/CMV-GFP)-KCTD10-shRNA, ADV1 (U6/
CMV-GFP)-Lenti-NC, and ADV1 (U6/CMV-GFP)-
KCTD10 lentiviruses produced by Suzhou Ji
Kai Gene Technology Co., Ltd. (Suzhou, China).
MHCC97H and Hep3B cells were infected with
lentiviruses expressing KCTD10 shRNA, or a
negative control sequence, or KCTD10 cDNA in
the presence of 5 uyg/ml polybrene. Twenty-four
hours after infection, the cell supernatant was
replaced with normal culture media.

Western blotting

Cells were washed with PBS and mixed with
appropriate RIPA buffer (Solebo, Cat. No.
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R0O020), supplemented with 1% PMSF (Biyun
Sky, Cat. No. P1005). After incubation on ice
for 30 min, cell lysates were centrifuged at
12000 x g for 5 min at 4°C to obtain whole
cell extracts. A BCA assay kit (Vazyme, Cat. No.
E112-01) was used to determine protein con-
centration. Proteins were resolved by 10%
SDS-polyacrylamide gel electrophoresis and
transferred to a polyvinylidene difluoride mem-
brane (PVDF, Millipore, Billerica, MA, USA). The
membrane was incubated overnight at 4°C
with the primary antibody, washed six times
with TBST, and incubated for one hour with goat
anti-mouse IgG antibody or goat anti-rabbit IgG
antibody coupled to horseradish peroxidase-
coupled. The band signal was detected using
an enhanced ECL chemiluminescence detec-
tion kit (Vazyme, Cat. No. E411-05).

Extraction of RNA and quantitative real-time
PCR

Total RNA from HCC cell lines was extracted
with TRIzol reagent (Invitrogen, Carlsbad, CA),
and reverse transcription was performed with
a cDNA first-strand synthesis kit (Roche Diag-
nostics, IN) according to the manufacturer’s
instructions. Real-time PCR analysis was per-
formed using SYBR Green Supermix (Bio-Rad)
and a C1000 Thermal Cycler (Bio-Rad). All
data were normalized to the 36b4 gene.
Primers were designed as follows: Kctd10
forward 5-CGTACCAAAGTGCTTCCCAC-3’; Kctad-
10 reverse 5-CTATACCACCATGCAGACGC-3’;
Nanog forward 5-CCAGCTGTGTGTACTCAATAG-
TAG-3’; Nanog reverse 5-ATTGTCATTCTTCGG-
CCAGTTG-3’; Bmil forward 5-GTTTCCTCACA-
TTTCCAGTACTATG-3’; Bmil reverse 5-TTCC-
TTAACAGTCTCAGGTATCAAC-3’; Cd133 forward
5-ACCCAACATCATCCCTGTTCTTG-3’; Cd133 re-
verse 5-GCTGGTCAGACTGCTGCTAAG-3’; Otc4
forward 5-GTGGTCCGAGTGTGGTTCTGT-3’; Ot-
c4 reverse 5-GCATAGTCGCTGCTTGATCG-3’;
36b4 forward 5-AGATGCAGCAGATCCGCAT-3’;
36b4 reverse 5-GTTCTTGCCCATCAGCACC-3'.

Sphere formation assay

HCC cells were plated in ultra-low attachment
6-well plates (5 x 103, 1 x 10* and 2 x 10%
cells per well) for regular sphere formation in
stem cell medium (SC-M) containing DMEM/
F12 (Gibco, Invitrogen) plus 20 ng/mL EGF
(PeproTech, NJ, USA), 10 ng/mL bFGF (Pe-
proTech, NJ, USA), 1 x B27 (Invitrogen, CA, USA)
and 0.4 ug/mL insulin (PeproTech). The number
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of spheres was counted after one week under a
microscope (IX71, Olympus, Japan).

Colony formation assay

Colony formation assay was performed to
monitor the ability of HCC cells to form colo-
nies. The single-cell suspension was seeded
into a 6-well plate with DMEM plus 10% FBS at
a density of 5 x 102 cells/per well. Cells were
incubated at 37°C in a CO, incubator for two
weeks, and colonies were stained with Giemsa
and observed under a microscope (SZX16,
Olympus, Japan). Each sample was analysed in
triplicate, and this experiment was repeated
three times.

Cell viability assay

Cell viability was determined using the Cell
Counting Kit-8 (CCK-8) assay. Cells were seed-
ed in 96-well plates at a density of 2 x 103
per well. After 24 hrs, 48 hrs, and 72 hrs of cul-
ture, 10 yL CCK-8 reagent was added to each
well. After an additional 2 hrs of culture, cell
supernatant was detected at 450 nm by the
Synergy Multifunctional enzyme labeling instru-
ment (Biotek Synergy 2, USA).

Wound-healing migration assays

Hep3B and MHCC97H cells were cultured in
24-well plates until reaching 90% confluence.
A 100-pl pipette tip was used to generate
wounds. After wound generation, cells were
washed twice and changed to medium contain-
ing 2% serum. Three wound areas in each well
were marked on the bottom of the plates and
imaged at O and 24 hrs after wound formation
with an inverted microscope (Olympus IX71,
Japan).

In vivo tumorigenicity assay

Four-week-old BALB/c-nu mice weighing 12-14
g were purchased from Nanjing University
Institute of Biopharmaceuticals (SCX (Su)
2018-0008). Then, the mice were housed on a
normal 12 hr/12 hr light/dark cycle with ad libi-
tum access to regular mouse chow and water in
a specific pathogen-free facility (SYXK (Xiang)
2019-0008). Animal welfare and experimental
procedures were carried out strictly in accor-
dance with the Guide for the Care and Use of
Laboratory Animals (National Research Council,
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1996). All animals were carefully monitored,
and animal ethics board approved of the
research. All experiments on mice were based
on protocol standards approved by the Ethics
Committee of Hunan Normal University and the
Board of Laboratory Animal Feeding and Use
Management Committee (approval No. 2015-
146). Animals were randomly divided into 2
groups. For group 1 (n = 3), 1 x 10" MHCC97H
cells infected with either lentivirus with empty
vector (Lenti-NC) or lentivirus with GFP-fused
KCTD10 silencing RNA sequence (Lenti-
KCTD10 Si) were taken separately and mixed
with an equal part of Matrigel (Corning,
Germany) and then injected subcutaneously
near the left or right forelimb separately. For
group 2 (n = 7), mice were inoculated with 1 x
107 cells that infected with lentivirus contain-
ing Lenti-KCTD10 Si near the left forelimb, and
cells infected with lentivirus, containing Lenti-
KCTD10 Si followed by lentivirus containing
GFP-fused KCTD10 cDNA and overexpressing
KCTD10 (Lenti-KCTD10 Si-OE) were inoculated
near the right forelimb. Tumor volume was
monitored twice weekly after inoculation
according to the formula V (xenograft volume,
mm?3) =1 (6 x L x W x H), where L, W, and H
represent the tumor length, width, and height,
respectively. At the end of the experiment, the
xenograft-bearing BALB/c-nu mice were sacri-
ficed by CO, asphyxiation, and the tumor sam-
ples were collected and fixed in 10% neutral
formalin.

Flow cytometry

MHCC97H cells were analyzed by flow cytome-
try with anti-CD133 antibody. Cells were sus-
pended in PBS at a density of 1 x 10° cells/
ml. After centrifugation, the supernatant was
discarded, and the cells were resuspended in
PBS supplemented with 5% BSA and then incu-
bated for 10 minutes at 4°C with CD133/2-PE
antibody (Metropolitan. Cat. No. 130-112-157).
The percentage of CD133* cells was counted
by BD FACS Calibur, and the data were analyz-
ed by BD FACS Diva 8.0.1 (BD Cantoll, USA).

Statistical analysis

Statistical analyses were performed using
SPSS 20.0 software (IBM, Armonk, NY, USA)
and SigmaPlot 12.5 (Systat Software Inc., San
Jose, CA, USA). Data are represented as mean
+ standard error of the mean (SEM). To test for
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differences between groups, we used an un-
paired two-tailed Student’s t test to compare
the different groups with controls. For the pair-
wise comparison among groups, we used the
one-way test ANOVA followed by post-hoc
Tukey’'s test. P<0.05 was considered signi-
ficant.

Results

Knockdown of KCTD10 promotes self-renewal
of HCC cells

To determine the significance of KCTD10 ex-
pression in HCC, we determined mRNA levels
by quantitative PCR (Figure 1A) and protein
levels by western blotting (Figure 1B) in HCC
cell lines HepG2, Hep3B, Huh7, and MHCCO7H.
We found that KCTD10 was highly expressed
in Hep3B, Huh7, and MHCC9O7H cells, so we
decreased the levels of KCTD10 in Hep3B and
MHCCO7H cells to explore its biological func-
tion. After validating the silencing efficacy of
KCTD10 shRNA on both the mRNA and protein
levels of KCTD10 (Figure 1C-F), we first deter-
mined whether KCTD10 affects the character-
istics of HCSCs. A typical feature of HCSCs is
their ability to form three-dimensional struc-
tures or spheres in conditioned media, which is
also referred to as self-renewal ability. To ana-
lyze the effects of KCTD10 on the self-renewal
ability of HSLC, Hep3B, and MHCC97H cells
transfected with either Lenti-KCTD10 Si or
Lenti-NC were cultured in 6-well ultra-low
attachment plates containing CSC-CM. The
number of spheres in each group of cells was
counted after one week. We found that the
number of tumor spheres in the first, se-
cond-, and third-generation Lenti-KCTD10 Si
cell populations was approximately twice that
in the Lenti-NC group in both Hep3B (Figure
1G, 1H) and MHCC97H cells (Figure 1G, 1l).
These results suggest that inhibition of KCT-
D10 increases the self-renewal ability of HCC
cells in vitro. These results demonstrate that
KCTD10 inhibits the properties of HCC stem
cells (HCSCs) or stem-like cells (HSLCs).

Knockdown of KCTD10 promotes in vitro tu-
morigenic potential of HCC cells

Tumorigenic potential is one of the characteris-
tics of HCSCs. We next examined the effects of
KCTD20 inhibition on the tumorigenic potential
of Hep3B and MHCC97H cells (untreated) and
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lentivirus-infected cells using a colony forma-
tion assay on plates. There wano significant dif-
ference in colony formation rate between
untreated cells and cells infected with Lenti-
NC. The number of colonies in Lenti-KCTD10 Si
cells increased 4-fold compared to Lenti-NC
and untreated Hep3B cells (Figure 2A, 2B),
and the increase was 2-fold in MHCC97H cells
(Figure 2A-C), suggesting that KCTD10 inhibi-
tion may increase the tumorigenic potential
of HCC cells in vitro. We also used a CCK-8
assay to test cell viability after KCTD10 knock-
down in Hep3B cells. We found that the OD,
level was statistically higher in the Lenti-
KCTD10 Si groups than in the uninfected
cells (mock) or the Lenti-NC groups at 24 hrs,
48 hrs, and 72 hrs (Figure 2D). Our results indi-
cate that inhibition of KCTD10 levels promotes
the proliferation and tumorigenic potential of
HCC cells in vitro.

Knockdown of KCTD10 promotes HCC cell mi-
gration of in vitro

We next examined the effect of KCTD10 on
HCC cell migration by wound healing assay. As
shown in Figure 3, knockdown of KCTD10
resulted in a migration distance twice that of
mock or Lenti-NC Hep3B cells (Figure 3A, 3C).
In MHCC9O7H cells, the migration distance in
Lenti-KCTD10 Si cells was three times that of
Lenti-NC cells (Figure 3B, 3D). Thus, the above
data show that knocking down KCTD10 can sig-
nificantly increase the motility of HCC cells.

Knockdown of KCTD10 promotes tumorigenic-
ity of MHCC97H cells in vivo

1 x 10" MHCCO97H cells infected with Lenti-
KCTD10 Si or Lenti-NC were injected subcuta-
neously into nude mice, and the mice were
observed for tumor formation and growth.
Figure 4 shows that all mice injected with
MHCC9O7H cells infected with Lenti-NC (in the
left dorsal regions) and Lenti-KCTD10 Si (in the
right dorsal regions) were able to form xeno-
graft tumors. However, tumor size and tumor
weight increased 30% in the Lenti-KCTD10 Si
group compared to the Lenti-NC group (Figure
4A, 4B). The tumors were visible at day 18
post inoculation and were almost the same
size, but at day 24 after inoculation, they were
slightly larger in the MHCCO7H cells infected
with Lenti-KCTD10 Si. At day 30 after inocula-
tion, the tumor volume of MHCCO7H cells
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Figure 1. Inhibition of KCTD10 promotes self-renewal ability in HCC cells. (A) RT-PCR shows the relative mRNA levels
of KCTD10 in hepatocellular cancer cell lines. (B) KCTD10 protein levels in different hepatocellular cancer cell lines
were detected by western blotting. B-actin was used as an internal control. Quantitative PCR (C) and western blotting
(D) were performed to examine KCTD10 mRNA and protein levels in Hep3B cells (Mock) or the cells infected with
Lenti-KCTD10 Si or Lenti-NGC; (E) Quantitative PCR was performed to check KCTD10 mRNA levels in cell populations
of Mock, Lenti-NC, and Lenti-KCTD10 Si cell populations in MHCC97H cells; (F) In MHCC9O7H cells, KCTD10 protein
levels in Mock, Lenti-NC and Lenti-KCTD10 Si cell populations were measured by western blotting, B-actin was used
as an internal control; (G) Sphere formation assay for cells transfected with Lenti-NC or Lenti-KCTD10 Si in Hep3B
and MHCCO7H cells. Scale bars, 100 um; (H) Statistics of the number of the first-, second- and third-generation
spheres formed in Hep3B cells; (I) Number statistics of the first-, second- and third-generation spheres formed in
MHCCO7H cells. (A, C, E) Relative mRNA values represented as mean + SEM of three independent experiments per-
formed in triplicate. (H, I) Relative sphere formation rates, shown as mean + SEM of three independent experiments
performed in triplicate. Statistical test used: unpaired two-tailed Student’s t-test. *, P<0.05.
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Figure 2. Knockdown of KCTD10 increases the colony formation rate in HCC cells. A. Colony formation assay in un-
treated cells (Mock) or in cells infected with Lenti-NC or Lenti-KCTD10-Si in both Hep3B cells and MHCCO7H cells. B.
Number of colonies formed in Hep3B cells upon inhibition of KCTD10 expression. C. Number of colonies formed in
MHCC97H cells under inhibition of KCTD10 expression. B, C. Relative colony formation rates represented as mean *
SEM of three independent experiments performed in triplicate. Statistical tests used: unpaired two-tailed Student’s
t-test. *, P<0.05, **, P<0.01. D. Cell proliferation rate in Hep3B cells and KCTD10 knockdown cells (n = 5). Data
are shown as mean + SEM. Statistical test: unpaired two-tailed Student’s t-test. *P<0.05, **, P<0.01 compared to

Mock at each time point.

infected with Lenti-KCTD10 Si increased by
approximately 40% compared to the Lenti-NC
group (Figure 4C). As a result, the mice in the
Lenti-KCTD10 Si group had a higher tumor bur-
den than the mice in the Lenti-NC group (Figure
4D). These results demonstrate that knocking
down KCTD10 promotes the in vivo tumorige-
nicity of MHCC97H cells in nude mice.
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Re-expression of KCTD10 abrogates the pro-
moting effect of KCTD10 knockdown on in vivo
tumorigenicity of MHCCO7H cells

To further confirm the effects of KCTD10 on
tumorigenesis in MHCCO97H cells, we re-
expressed KCTD10 in MHCC97H cells infected
with Lenti-KCTD10 Si (Lenti-KCTD10 Si-OE),
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Figure 3. Knockdown of KCTD10 promotes cell migration in HCC cells. (A, B) Representative images of wound
healing assays were acquired at the indicated time points after the onset of the scoring in lentivirus-infected and
parental Hep3B cells (A) as well as in MHCC9O7H cells (B). Scale bars, 100 um. (C, D) Relative migration distance
represented as mean + SEM of three independent experiments performed in triplicate of Hep3B cells (C) and
MHCC97H cells (D). Statistical tests used: unpaired two-tailed Student’s t-test. *, P<0.05, **, P<0.01.

injected these cells into nude mice, and moni-
tored the mice for tumor formation and growth.
The tumors in mice injected with Lenti-KCTD10
Si-OE cells were much smaller than those in
mice injected with Lenti-KCTD10 Si cells (Fi-
gure 5A, 5B). The tumor volume (Figure 5C)
(P<0.05) and weight (Figure 5C, 5D) (P<0.05)
were much smaller in the Lenti-KCTD10 Si-OE
group than in the Lenti-KCTD10 Si group. We
also measured the protein levels of KCTD10
in these two MHCC97H cell groups (Lenti-
KCTD10 Si and Lenti-KCTD10 Si-OE) by WB
analysis, and the results showed that the pro-
tein levels in the Lenti-KCTD10 Si-OE groups
were similar to those in the negative control
groups (Lenti-KCTD10 NC) after the rescue
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experiment by re-expression (Figure 5E). Our
results clearly demonstrate that KCTD10 can
effectively inhibit the in vivo tumorigenicity of
HCC cells in a nude mouse model.

Knockdown of KCTD10 increases the expres-
sion of HCSC biomarkers

Given the above results that inhibition of
KCTD10 increases the tumorigenic potential
of HCC cells in vitro and in vivo, we asked
whether KCTD10 regulates HCSC cells. As
shown in Figure 6A, of the four CSC marker
genes tested, Cd133 mRNA levels were three
folds higher in cell populations knocking
down KCTD10 (Lenti-KCTD10 Si) than those of
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Figure 4. Knockdown of KCTD10 promotes tumorigenicity of MHCCO7H cells in vivo in nude mouse model. A.
MHCC97 cells infected with lentivirus containing empty vector (Lenti-NC), or GFP fused KCTD10 silent RNA se-
quence fused with GFP (Lenti-KCTD10 Si) were injected into the left or right forelimb of nude mice separately. Mice
were photographed 31 days after inoculation; B. Tumor weights were measured 31 days after tumor cells injection.
Left: Lenti-KCTD10 NC-MHCC97H cells. Right: Lenti-KCTD10 Si MHCC9OT7H cells; C. Tumor volumes were measured
at day 18, 24, 30 post tumor cells injection. D. Tumor weights were calculated at 31 days after tumor cells injection.
Results are presented as mean + SD, n = 3. Scale bars, upper panel = 3.5 cm, lower panel = 2.5 cm. *P<0.05,

**P<0.01, unpaired t test.

mock or Lenti-NC-infected cells, as were Oct4,
Bmil, and Nanog. Western blotting analysis
showed that protein levels of ALDH1 and Nanog
were higher in Lenti-KCTD10 Si cells than in
mock and Lenti-NC-infected cells (Figure 6B).
Notably, the percentage of CD133* cells
increased from 87% to 94.3% (Figure 6C).
These results demonstrate that inhibition of
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KCTD10 may alter the HCSC population of HCC
cells.

Notch signaling pathway may be involved in
modulation of HCC tumorigenicity by KCTD10

Our team and Ye et al. found that KCTD10 func-
tions as a regulator of Notch signaling [13, 15].
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Figure 5. Re-expression of KCTD10 suppresses tumor growth in nude mice. A. Mice infected with Lenti-KCTD10 Si-
MHCC97H cells and Lenti-KCTD10 Si-OE-MHCC97H cells (5.0 x 107) were photographed at day 31 after inoculation.
B. Mice were euthanized and tumor weights were measured. Upper: tumor tissues inoculated with Lenti-KCTD10
Si-MHCCO7H cells. Lower: tumor tissues inoculated with Lenti-KCTD10 Si-OE-MHCC97H cells; C. Tumor size was
measured at an interval of two weeks after inoculation; D. Tumor weights/body weights were calculated when mice
were euthanized on day 31 post-injection. Results are presented as mean + SEM, n = 7. Scale bars, upper panel =
3.5 cm, lower panel = 2.5 cm. *P<0.05, **P<0.01, unpaired t test. E. Protein levels of KCTD10 in groups of cells
infected as a negative control (Lenti-NC), Lenti-KCTD10 Si, and Lenti-KCTD10 Si-OE were detected by western blot.

Notch signaling may promote oncogenesis by
activating liver progenitor cells [16]. Therefore,
we investigated whether Notch signaling is
affected by knocking down of KCTD10 in HCC
cells. When KCTD10 was silenced in Hep3B
cells, protein levels of Notch ligands Jaggedl
and Jagged2 were up-regulated. However,
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RBPSUH (Recombining Binding Protein, Supp-
ressor of Hairless, also referred to as RBP-J or
CSL), which functions as the DNA-binding com-
ponent of the transcriptional complex regulat-
ed by canonical Notch signaling, was slightly
down-regulated when KCTD10 was partially
silenced (Figure 7A). In MHCCO7H cells, protein
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Figure 6. Knockdown of KCTD10 increases the expression of HCSC markers. A. mRNA levels of Cd133, Oct4, Bmil,
and Nanog in Mock, Lenti-NC, and Lenti-KCTD10 Si cells by gPCR. Relative mRNA levels are shown as mean *
SEM of three independent experiments performed in triplicate. Statistical tests used: unpaired two-tailed Student’s
t-test. *, P<0.05. B. Western blot results show protein levels of ALDH1 and Nanog in Mock, Lenti-NC, and Lenti-
KCTD10 Si cells separately. C. Flow cytometry analysis of the percentage of CD133" cell population in Mock, Lenti-

NC, and Lenti-KCTD10 Si cells separately.

levels of the Notch ligand Jagged2 were not
affected, but Jagged1, DLL1, DLL3, DLL4, and
RBPSUH were significantly decreased when
KCTD10 was knocked down (Figure 7B). In
addition, we found that inhibition of KCTD10
could increase HES1 protein levels in both
Hep3B and MHCC97H cells (Figure 7C). We
then examined the differences between the
molecular mechanisms of Hep3B and MHC-
C97H cells. In a previous publication, Notch sig-
naling was shown to promote cholangiocarci-
noma progression and was enhanced by P53
inactivation [17, 18]. We determined the expres-
sion status of P53 in various hepatocellular cell
lines and found that P53 was highly expressed
in MHCCO7H cells but not in Hep3B cells
(Figure 7D). Numb plays an important role in
the activation of P53 [19]. In our experiment,
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P53-positive HCC cell lines exhibited increas-
ed Numb protein levels (Figure 7D). Taken
together, our results showed that KCTD10
silencing increased Nanog and HES1 protein
levels in both high-level P53-expressing and
absent hepatocellular cell lines, but it
decreased P53 protein levels, as well as in-
creased Numb expression in high P53-
expressing HCC cell lines, suggesting that
KCTD10 may play an important role in main-
taining the balance between P53 and Notch
activity and has important implications for
HCSC homeostasis and tumorigenesis.

Discussion

The present study provides evidence that carci-
nogenicity and stem cell formation in HCC cells
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Figure 7. Inhibition of KCTD10 affects Notch signaling. A, B. Hep3B and MHCC9O7H cell lysates (100 pg) from Mock,
Lenti-NC, or Lenti-KCTD10 Si cells were immunoblotted with Notch signaling antibodies. C. Lysates of Hep3B and
MHCC97H cells (100 pg) from Mock, Lenti-NC, or Lenti-KCTD10 Si were immunoblotted with anti-HES1 and anti-P53
antibodies. D. Multiple lysates from hepatocellular cell lines (100 pg) were immunodetected by western blot with
anti-P53 and anti-Numb antibodies separately. B-actin was used as a loading control.

can be inhibited by KCTD10. Knockdown of
KCTD10 in HCC cell lines increased mRNA
and protein levels of stem cell markers, pro-
moted self-renewal and tumorigenic ability,
and increased CD133* cell populations. As for
the molecular mechanism, knocking down
KCTD10 decreased the transmembrane/intra-
cellular region (NTM) of Notchl and the bal-
ance between P53 and Notch activity in HCC
cell lines. These results suggest that KCTD10
may act as a tumor suppressor in HCC cells
and regulate the balance between P53 and
Notch activity.

KCTD10 belongs to the polymerase delta-inter-
acting protein 1 (PDIP1) family, which interacts
with proliferating cell nuclear antigen (PCNA)
and DNA polymerase 0 and plays a role in cell
proliferation, including DNA synthesis, DNA
repair, DNA methylation and cell division [12,
20]. Wang et al. showed that silencing KCTD-
10 expression can inhibit cell proliferation in
A549 Jung adenocarcinoma cells [11]. Kubota
et al. showed that silencing of KCTD10 pro-
moted cell proliferation and invasion, suggest-
ing that KCTD10 protein plays an inhibitory
role in gastrointestinal tumor cells [14]. In this
study, we inhibited the level of KCTD10 in HCC
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cells and found that this modulation increas-
ed the cells’ self-renewal ability and tumorige-
nicity in vitro and in vivo. Consistent with the
findings of Kubota et al., our results suggest
that KCTD10 may be a tumor suppressor, and
that inhibition of KCTD10 expression may
increase stem-like properties and tumorigenic-
ity [14].

Notch signaling is multifaceted and highly con-
text-dependent in cancer development; it
may have opposite functions at different time
points even within the same tissue [21, 22]. In
liver cancer, Notch has been shown to act as a
tumor suppressor by inhibiting the develop-
ment of HCC [23]. However, two other research
groups have suggested Notch to have in-
creased activity in the progression of HCC [24,
25]. In our studies, inhibition of KCTD10 pro-
moted HCC development accompanied by a
decrease in protein levels of the Notch ligands
Jaggedl, DLL1, DLL3, and DLL4, suggesting
that KCTD10 and the Notch ligands act as
tumor suppressors in HCC. We tested two HCC
cell lines based on the expression status
of P53. MHCC97H cells, which have high P53
protein levels, showed decreased protein levels
of Notch ligands after partial knockdown of
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KCTD10. In addition, Hep3B cells lacking P53
showed increased Notch ligands Jaggedl and
Jagged 2 when KCTD10 was knocked down,
but no effect on other ligands.

Previous studies have shown that human Numb
forms a complex with the tumor protein P53
and prevents its ubiquitination and degrada-
tion [19, 26, 27]. Importantly, higher Nanog
expression leads to increased Numb phosphor-
ylation and decreased P53 protein levels [28-
30]. In our study, silencing of KCTD10 resulted
in higher Nanog protein and mRNA levels and
lower P53 protein levels, suggesting that
KCTD10 modulates this molecular balance.

Currently, there are few studies on the function
of KCTD10 in tumor cells, and the role of
KCTD10 mechanisms in tumor cells is poorly
understood. We found that the status of
KCTD10 affects stem cell-like properties and
tumorigenicity and modulates the balance
between Numb and P53 and the Notch signal-
ing pathway in HCC cells. Our findings provide a
theoretical basis for future HCC therapy.
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