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Abstract

Background Potassium channel tetramerization domain-containing 1 (KCTD1) plays a critical role in transcriptional regula-
tion and adipogenesis, but its significance in hepatocellular cancer (HCC) has not been reported.

Methods Immunohistochemistry, Western blotting and quantitative real-time PCR analysis were performed to assess the
expression of KCTDI and related genes in HCC cells. MTT assays, colony formation, cell migration, invasion and the
in-vivo mouse models were utilized to evaluate the function of KCTD1 in HCC progression. Co-immunoprecipitation,
chromatin immunoprecipitation and luciferase reporter assays were conducted to elucidate the molecular mechanisms of
KCTD1 in HCC.

Results KCTD1 expression was increased in human HCC tissues and closely associated with advanced tumor stages.
KCTD1 overexpression enhanced growth, migration, and invasion of Huh7 and HepG2 cells both in vitro and in vivo, while
KCTDI1 knockdown reversed these effects in MHCC97H cells. Mechanistically, KCTDI interacted with hypoxia-inducible
factor 1 alpha (HIF-1a) and enhanced HIF-1a protein stability with the inhibited prolyl-hydroxylases (PHD)/Von Hippel-
Lindau (VHL) pathway, consequently activating the Vascular Endothelial Growth Factor (VEGF)/VEGFR2 pathway in
HCC cells. Sorafenib and KCTD1 knockdown synergistically inhibited intrahepatic tumor growth following in situ injection
of MHCC97H cells. miR-129-5p downregulated KCTD1 by binding to KCTD1 3'UTR. Finally, 45 pg exosomes from miR-
129-5p-overexpressing MHCC97H cells combined with 25 mg/kg sorafenib to decrease HCC tumor size.

Conclusions These results suggested that KCTDI1 protects HIF-1a from degradation and activates the VEGF signaling cas-
cade to enhance HCC progression. Therefore, KCTD1 may serve as a novel target of HCC and pave the way for an efficient
combined therapy in advanced HCC.
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1 Introduction

The development, progression and metastasis of hepatocel-
lular cancer (HCC) is very devastating, and advanced HCC
has an extremely poor prognosis [1, 2]. The kinase inhibitor
sorafenib exhibits antiproliferative and antiangiogenic prop-
erties predominantly through inhibition of Raf-kinase and
VEGFR2 and functions as one of the few FDA-approved
targeted drugs to improve the median overall survival time
by less than three months for patients with advanced HCC
[3]. Therefore, the molecular events underlying HCC pro-
gression and improved sorafenib sensitivity need to be
urgently addressed in order to develop more powerful, life-
prolonging approaches for future therapeutic interventions
of advanced HCC.

The BTB (Broad-Complex, Tramtrack and Bric a brac)/
POZ (poxvirus and zinc finger) domain-containing protein
KCTDI1 has been identified as a transcriptional suppressor
and interacts with activator protein-2 (AP-2) transcription
factor family to inhibit AP-2 transcriptional activities [4, 5].
The physiological significance of KCTDI1 has been eluci-
dated, KCTD1 promotes adipogenesis via interactions with
AP-20, a known inhibitor of adipogenesis [6]. The AP-2p/
KCTD1 axis blocks renal fibrosis by suppressing -catenin
activity, while KCTD1 knockout exhibits enhanced renal
fibrosis [7]. Although limited roles of KCTD1 have been
investigated to date, these findings indicate that KCTDI1
is associated with key transcription factors and regulates
canonical signaling pathways in development, lipid metabo-
lism and diseases.

Carcinogenesis is a complicated process involving
transformation, proliferation, migration, metastasis, angio-
genesis, glycolysis and immune evasion, during which mul-
tiple genes function and interact [8]. Extracellular vesicles
exosomes including proteins and noncoding RNAs are key
players in cancers and exerts therapeutic potential as pre-
cision medicine [9, 10]. Noncoding RNAs play a major
role in not only fundamental biological processes but vari-
ous human disease, especially cancer [11]. However, there
is no reported evidence showing the underlying roles and
mechanisms of KCTDI1 in carcinogenesis. Here, the impor-
tance of KCTD1 in HCC progression is studied to confirm
the upregulation of KCTD1 expression in human HCC tis-
sues. The tumor-promoting effects of KCTD1 were exerted
by enhancing the HIF-1a/VEGF signaling pathway, which
was reversed by the tumor suppressive gene miR-129-5p
targeting KCTD1 3'UTR. KCTD1 downregulation sensi-
tized HCC cells to sorafenib and combination therapy could
inhibit HCC development by the exosome-based delivery.
Our results demonstrated that the KCTD1 protein directly
interacts with HIF-la to activate the VEGF signaling
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cascade, thus highlighting KCTD1 as a potential clinical
marker in HCC patients and novel target of HCC therapy.

2 Materials and methods
2.1 Human tissues

70 HCCs and 10 adjacent normal liver tissues were analyzed
(Supplemental Tables 1, 2). The experiments were approved
by Hunan Normal University in China and informed con-
sent was gotten from all participants. IHC analysis was
carried out on paraffin-embedded samples as described
[12]. The protein levels of KCTD1, Ki67, CD31 and Argl
were detected with the rabbit polyclonal antibodies against
KCTD1 (bs16924R, Bioss), Ki67 (A11390, Abclonal),
CD31 (ab28364, Abcam) and Argl (A1847, Abclonal) at
1:200 dilution followed by Maxvision™3 HRP-Polymer
(Mouse/Rabbit) IHC detection Kit (KIT-5220, Maxim Bio-
tech). The percentage of stained HCC cells was scored as
follows: 0 for no staining, 1 for 1-30%, 2 for 31-60%, and
3 for 61-100%. Correlation of KCTD1 RNA expression and
the overall survival of HCC patients in the TCGA cohort
was analyzed by online Kaplan-Meier Plotter [13].

2.2 Cell lines

The authenticated HEK293, 293T, HCC cell lines
MHCC97H, HepG2, Huh7 and Hep3B (ATCC, Manas-
sas, USA) were cultured in DMEM medium (Hyclone,
Logan, UT, USA) containing 10% fetal calf serum (FCS,
Hyclone) and 1% PS antibiotics (Penicillin and Streptomy-
cin) (Gibco). The cells were cultured at 37 °C in a 5% CO,
humidified incubator.

2.3 Plasmid construction

The recombinant plasmid pCMV-Myc-KCTD1 was
reported [4]. The KCTD1 cDNA was ligated into the lentivi-
ral vector pEZ-Lv105-Puromycin (GeneCopoecia) [14]. The
KCTD1 shRNA and stem-loop sequence of miR-129-5p
was ligated into the GV248 vector (Genepharma, Shanghai,
China). The 3’ untranslated region (UTR) fragments of the
KCTDI1 gene were amplified from HEK293 genomic DNA,
and ligated into the pmirGLO vector (Promega, Madison,
WI, USA) between Pmel and Xhol sites. Mutagenesis of
the KCTD1 3" UTR luciferase construct was directly ligated
to the pmirGLO vector to mutate the potential miR-129-5p-
binding site. The mimics of miR-16-5p and miR-129-5p
were synthesized by GenePharma. All the constructs had
been sequenced by the sanger method for verification (San-
gon Biotech, Co., Ltd).
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2.4 Generation of KCTD1 overexpressing/
knockdown and miR-129-5p overexpressing
lentivirus

Lentiviral particles were generated as previously reported
[12]. Briefly, 293T cells were cotransfected with the lenti-
virus plasmids for KCTD1 overexpression and Lenti-Pac™
HIV packaging mix (HPK-LvTR-20). The supernatants
were collected, filtered, and concentrated. The Huh7, and
HepG2 cells were infected with KCTDI1-lentivirus [mul-
tiplicity of infection (MOI) of 5-20], 5 pg/mL polybrene
(Sigma). Cells were observed under the fluorescence micro-
scope on Day 4 followed by stable cell selection with 3 pg/
mL of puromycin.

The sequence of KCTD1 shRNA and pre-miR-129-5p
were ligated to the lentiviral vector GV248. Recombinant
vectors were cotransfected into 293T cells with pHelper1.0
and pHelper2.0 (Genepharma). The viral-containing super-
natants were collected 48 h after transfection and purified.
The MHCC97H cells were infected with lentivirus carrying
KCTD1 shRNA or NC shRNA at an MOI of 10 and 5 pg of
polybrene/mL, the miR-129-5p-infected MHCC97H cells
were then screened with 3 pg/mL of puromycin on Day
4. The miR-129-5p-overexpressing MHCC97H cells were
infected with KCTD]1-overexpressing lentivirus. Mock
refers to the parental cell line without any treatment.

2.5 Growth assays

For MTT analysis, 2,000 HCC cells were plated on 48-well
plates either untreated or treated with sorafenib (5-10 puM)
for 6 h. The cell viability at the indicated timepoints was
measured with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytet-
razolium bromide solution (1 mg/mL MTT, Sigma) for 4 h at
37°C. 100 pL of dimethylsulfoxide (DMSO) was employed
to dissolve the formed formazan crystals and the absorbance
of the mixture was determined using EnSpire Multimode
Plate Reader (PerkinElmer, USA). Liquid colony formation
assays were carried out as reported [12, 14]. 500-1,000 HCC
cells were plated in duplicate on 6-well plates and cultured
for 7-15 days. The cell colonies were stained for counting.
All the experiments were performed in triplicate.

2.6 Migration and invasion assays

The HCC cell migration and invasion analysis was car-
ried out as stated previously [15]. 2% 10* of HCC cells in
serum-free medium were added to the upper compartments
of chambers with or without matrigel. DMEM medium
with 15% FCS was put in the lower compartments. After
a 24-48 h incubation period, HCC cells were fixed and

stained. The mean number of HCC cells per field was calcu-
lated. These experiments were done in triplicate.

2.7 Quantitative real-time PCR

The total RNA from the HCC cell lines, and mouse and
human tumor tissues were collected using the TRIzol
reagent (Invitrogen, Waltham, USA) and first-strand cDNA
was obtained by reverse transcription (Roche Diagnostics,
Germany). qRT-PCR was performed using the SYBR Green
(TakaRa, Shiga, Japan) on the Applied Biosystems 7900HT
system (Weiterstadt, Germany). Reactions were performed
in 384-well PCR plates following the standard qualitative
PCR conditions. The forward and reverse primers are shown
in Supplemental Table 3. The Ct values were detected in
the exponential phase of the amplification and the relative
expression level was calculated by the AACt method com-
pared to a reference gene.

2.8 Luciferase reporter assays

The HEK293 cells were seeded on 12-well plates and tran-
siently cotransfected with the reporter plasmids and miRNA
mimics using Lipofectamine 3000 as reported previously
[16, 17]. At 24-48 h after transfection, both luciferase
activities of the cellular lysate were measured using a Dual-
Luciferase Assay kit (Promega). The experiments were
done in triplicate.

2.9 Western blotting

The HCC cells were lysed in the RIPA lysis buffer as
reported [18, 19] and Western blots were carried out fol-
lowing the standard protocol. The information about the
antibodies is shown in the following: rabbit polyclonal anti-
bodies against KCTD1 (PA5-24877, ThermoFisher), AKT
(A11027, Abclonal), phosphorylated AKTS*® (AP0140,
Abclonal), HIFla (A7684, Abclonal), ARNT (A0972,
Abclonal), CD31 (A11525, Abclonal), VEGFR2 (A5609,
Abclonal), p-VEGFR2 (AP0595, Abclonal), AFP (A0200,
Abclonal), PHD2 (A14557, Abclonal), PHD3 (A8001,
Abclonal), VHL (A0377, Abclonal), GPC3 (A12383,
Abclonal) and CANX (A4846, Abclonal), rabbit mono-
clonal antibodies against PHD1 (A3730, Abclonal), mouse
monoclonal antibodies against VEGF (A17877, Abclonal),
GAPDH (AC002, Abclonal), TSG101 (16293, UpingBio),
HSP70 (04337, UpingBio), CD63 (10628D, ThermoFisher)
and CD81 (10630D, ThermoFisher), secondary HRP-con-
jugated antibodies against goat anti-rabbit (sc-2004) and
anti-mouse (sc-2005) IgG (Santa Cruz Biotechnology).
For protein degradation, the HCC cells overexpressing or
knocking down KCTD1 were treated with cycloheximide
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(CHX) at different time points and different concentrations
and then lysed in RIPA buffer. The HCC cells were treated
with the defined concentration of cobalt chloride (CoCl,)
for 24 h to induce hypoxia, harvested and analyzed by West-
ern blotting.

2,10 CO-IP assays

The MHCC97H cells were collected and lysed as reported
[20]. The cellular extracts were immune-precipitated using
polyclonal antibodies against KCTD1, ARNT or HIF-1a and
protein A/G plus-agarose (Santa Cruz Biotech). The mixture
was detected with rabbit anti-KCTD1 polyclonal antibodies
and mouse monoclonal antibodies against HIF-1a (3C144),
or ARNT (G-3, Santa Cruz Biotech). Normal rabbit IgG (sc-
2027) served as the negative control.

2.11 ChIP assays

ChIP was performed using an EZ-ChIP assay kit from
Upstate Biotechnology (Lake Placid, NY, USA) follow-
ing the standard protocol. Briefly, 2x 107 cells were used
for further analysis. The cellular extracts were immunopre-
cipitated with rabbit polyclonal antibodies against KCTD1
and HIF-1a. The DNA fragments of the VEGF regulatory
regions span nucleotides —1041 to -750. PCR assays were
carried out using specific PCR primers (Supplemental Table
3).

2.12 FACS

The HCC cells were trypsinized, centrifuged and resus-
pended in Annexin V Binding Buffer. Cells were then labeled
with both Annexin V-FITC (1 pg/mL) and propidium iodide
(PL, 40 pg/mL) for 20 min in darkness at room temperature.
The samples were run by BD FACSCalibur (CA, USA) and
analyzed with the FlowJo 10 software.

2.13 Invivo mouse experiments

The mouse experiments were performed following the ethi-
cal principles and guidelines for Experiments on Animals
and approved by Hunan Normal University. The tumorigenic
capacity in vivo was determined using the xenograft mouse
model. Lentivirus-infected Huh7 (1 x 107), and MHCC97H
(8 x 10%) were suspended in 0.2 mL of DMEM and subcu-
taneously injected into two points of the back of BALb/c
nude mice (4-week old, female, n=>5 mice per group). The
mice were examined every other day and the formed tumors
were calculated as stated previously [21]. After two to four
weeks, the mice were sacrificed and subcutaneous tumors
were removed, photographed and measured.
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The metastatic ability in vivo was determined after intra-
venous injection of 5x 10® Huh7 and MHCC97H cells into
the tail veins of nude mice (6-week old, »=5 per group) in
two groups. The mice were sacrificed after 5-6 weeks and
the number of formed metastasis nodules on the surfaces of
mouse lungs and livers were assessed. The lungs and livers
were removed, fixed and embedded in paraffin for further
hematoxylin and eosin (HE) staining and IHC analysis.

In the mouse intrahepatic experiments, the mice in four
groups with 3—4 mice in each group were administered by
intrahepatic injections of 2x 10® MHCC97H cells infected
with KCTD1 shRNA. 7 days post injection, the mice were
orally gavaged with 25 mg/kg of sorafenib every 2 days
for 15 days or injected three times with 15 pg of exosomes
per injection via the tail vein for two weeks. After 3 weeks,
the mice were then sacrificed and the livers were removed,
tumor foci were photographed.

2.14 Exosome extraction

Exosomes from the cell media were extracted using an
exosome isolation kit (Invitrogen, Waltham, USA) follow-
ing the manufacturer’s instructions. Briefly, the fresh cell
medium was harvested from 8x10° MHCC97H cells in
a volume of 15 mL culture medium and cells were grown
without FBS for 24 h. The culture medium was centrifuged
at 700 x g for 8 min to remove the cells and debris. Then,
the medium was filtered through 0.22-pm-pore-size nitro-
cellulose membrane, the supernatant was added to 7.5 mL of
total exosome isolation reagent and the samples were mixed
and incubated overnight at 4 °C. Then, samples were centri-
fuged at 13,000 x g at 4 °C for 70 min. The pellet was resus-
pended and washed followed by 100,000 x g centrifugation
for 90 min. The pelleted exosomes were finally dissolved
in 80 pL of PBS and stored at -80 °C. By dropping the exo-
some suspensions onto an electron microscopy copper grid,
the morphology of exosomes was determined by transmis-
sion electron microscopy (TEM, JEOL2100, Japan).

2.15 Statistical analysis

The data analysis was performed using SPSS 16.0 software
(Chicago, IL, USA) and Prism 6 statistical software (San
Diego, CA, USA) and the Pearson’s x2 test was applied to
evaluate the association between gene expression and clini-
cal parameters. The differential expression levels of inter-
est genes between HCC tissues and non-tumor tissues were
assessed with Student’s t-test. The two-way ANOVA was
performed to compare more than two groups. Multiple com-
parisons among groups were carried out using the Tukey’s
test in the post-hoc analysis. The survival function was esti-
mated by the Kaplan-Meier curve. All data are presented as
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the mean=+SD of at least three independent experiments and
P values less than 0.05 were statistically significant.

3 Results
3.1 KCTD1 upregulation in HCC tissues

To measure the clinical significance of KCTD1 in malignant
tumors, the expression level of KCTD1 in 10 normal livers
and 70 HCCs was detected by IHC analysis. KCTD1 was
highly expressed in 50% of adjacent normal liver tissues
and detected in 10 (14%) of the 70 HCCs as indicated by
intense staining (3+). 23 (33%) of the 70 HCCs were mod-
erately positive (2+) and 37 (53%) were weakly positive or
negative for KCTD1 expression (1+/0) (Fig. 1A, B). Clini-
copathologic association analysis of the HCCs revealed that
KCTD1 expression is associated with the advanced clinical
stage of HCC (Supplemental Table 1). Low KCTD1 expres-
sion was observed from low-grade hepatocellular cancers
(I/11), whereas high KCTD1 expression was detected from
high-grade HCC (III/TV) (P<0.05) (Fig. 1B). In paired
HCC and adjacent non-tumor samples, KCTDI1 expres-
sion showed a high proportion of upregulation in the HCC
samples compared with non-tumor samples as analyzed by
quantitative RT-PCR and Western blots (Fig. 1C, D). Fur-
thermore, high-level KCTD1 expression was correlated
negatively with the overall survival of patients according
to Kaplan-Meier Plotter database (Fig. 1E) and therefore,
KCTDI1 expression increased in high-grade HCC tissues.

3.2 KCTD1 overexpression enhances both in vitro
and in vivo proliferation, migration and metastasis
of HCC cells

The effects of KCTD1 overexpression on the malignancy
of human HCC were analyzed by examining the expression
profile of the KCTDI1 protein in the HCC cell lines. The rel-
atively low expression of KCTD1 proteins was detected in
human hepatoma cell lines HepG2, Hep3B, and Huh7, while
high expression of KCTDI was found from MHCC97H
cells (Supplemental Fig. 1A). To evaluate the role of
KCTD1 in HCC, stable expression HCC cell lines (pFLAG-
KCTD1 and pFLAG-NC) were generated with HepG2 and
Huh7 cells (Supplemental Fig. 1B). Western blotting dem-
onstrated overexpression of KCTD1 in both HCC cell lines
(Fig. 2A). KCTD1 overexpression resulted in more viable
HCC cells (Supplemental Fig. 1C), increased colony num-
ber, and larger HCC cell size than the control cells (Fig. 2B
and Supplemental Fig. 1D), indicating the strong tumori-
genicity of KCTD1. Transwell cell migration and invasion
assays indicated that overexpression of KCTD1 results in a

significant increase in the HCC cell motility (Supplemental
Fig. 1E), and more KCTD1-overexpressing HCC cells than
control cells are invasive (Supplemental Fig. 1F). These
results suggested that KCTD1 increases the in vitro prolif-
eration, migration, and invasion of HCC cells.

To corroborate the similar effect of KCTDI overex-
pression on the tumorigenic ability of HCC cells in vivo,
KCTD1 LV-infected Huh7 cells were injected subcutane-
ously into the back of female nude mice. Within 4 weeks,
the mean tumor weight and volume in the KCTD1 group
increased significantly in comparison with the control group
mice (Fig. 2C-E). HE staining confirmed that the HCC cells
are arranged tightly in the KCTD1 group (Fig. 2F) and IHC
staining showed that KCTD1 overexpression increases the
expression of the proliferation marker Ki67 in the subcuta-
neous tissues derived from Huh7 cells (Fig. 2G, H). These
findings indicated that KCTD1 overexpression enhances the
tumorigenic ability of HCC cells in vivo.

KCTDI1 overexpressing Huh7 cells and control cells
were injected into the tail veins of female nude mice to
check for the lung metastasis, the metastatic nodules were
visible on the surfaces of lungs but not livers examined
after six weeks (Fig. 2I). HE staining revealed that the mice
from the KCTD1 group have larger lung metastatic nodules,
while a few smaller nodules are detected from mice with
control cells. Metastatic nodules also appeared from mouse
liver tissues obtained from the KCTDI1 group (Fig. 2J).
These findings demonstrated that KCTD1 overexpression
promotes the in vivo invasion and metastasis of HCC cells.

3.3 KCTD1 knockdown suppresses the in vitro and
in vivo proliferation, migration and metastasis of
HCC cells

To confirm the role of KCTD1 in human HCC, the stable
cell lines (GFP-KCTD1 shRNA and GFP-NC shRNA) were
established in MHCC97H cells (Supplemental Fig. 2A).
Western blotting demonstrated knockdown of KCTDI1
expression in HCC cell lines (Fig. 3A). KCTD1 knock-
down decreased the HCC viable cell number (Supplemental
Fig. 2B) and suppressed the number and size of HCC cell
colonies (Fig. 3B and Supplemental Fig. 2C). Transwell
migration and invasion assays disclosed that knocking
down KCTDI results in a significant decrease in the cell
motility (Supplemental Fig. 2D, E) and a fewer number of
HCC cells with KCTD1 knock down invade through the
matrigel-coated chamber compared to the number of con-
trol HCC cells (Supplemental Fig. 2F, G). The data showed
a strong antitumorigenic role for KCTD1 downregulation.
The influence of KCTD1 knockdown on the tumorige-
nicity of HCC cells was examined in vivo. MHCC97H cells
stably infected with KCTD1 shRNA-LV or control NC-LV
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s.c. were injected into the back of nude mice, individually
and after 2 weeks, the mean tumor weight and volume of
the KCTD1-knockdown group decreased compared with
the NC group (Fig. 3C-E). HE staining confirmed that
the MHCCO97H cells are arranged loosely in the KCTD1
shRNA group (Supplemental Fig. 2H) and IHC analysis
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bol indicates an individual case. *, p<0.05. C, D KCTD1 mRNA and
protein levels in paired hepatocellular cancer tissue samples detected
by qRT-PCR and Western blots. N, normal; T, tumor. E Correlation of
KCTD1 mRNA expression and the overall survival of HCC patients in
the TCGA cohort

showed that KCTD1 knockdown inhibits the expression of
Ki67 (Fig. 3F, Supplemental Fig. 21). KCTD1 shRNA cells
and control MHCC97H cells were intravenously injected
via the tail vein into female nude mice and after six weeks,
the metastatic nodules were calculated on the surfaces of
mouse lungs not livers (Fig. 3G, Supplemental Fig. 2J). The
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expression in MHCC97H tumors and quantification of Ki67-positive
cells shown. Arrowheads indicate positive staining. G-I The average
number and diameter of lung nodules from nude mice were quantified
six weeks after intravenous injection of MHCC97H cells (n=5 per
group). J HE staining carried out on the lung and liver tissues after
tail-vein injection. *, p<0.05, **, p<0.01, and ***, p<0.001
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mice in the KCTD1 shRNA group had increasingly fewer
and smaller lung metastatic nodules than those in the NC
shRNA group (Fig. 3H, I). Tumor foci in mouse lungs were
detected by HE staining, while the liver morphology did
not change obviously in the two groups of mice (Fig. 3J).
Altogether, these results demonstrated that KCTD1 down-
regulation suppresses HCC cell proliferation, migration,
and metastasis in vivo, suggesting that KCTD1 knockdown
markedly suppresses the tumorigenic ability of HCC cells.

3.4 KCTD1 activates the HIF-1a/VEGF pathway by
interacting with HIF-1a

HIF-10 mediates the hypoxia-induced expression of VEGF,
which plays a central role in angiogenesis and tumor pro-
gression [22]. The single cell RNA sequencing data showed
KCTD1 is expressed in endothelial cells of HCC (Supple-
mental Fig. 3A). TCGA data analysis showed that KCTD1
expression positively correlates with VEGF expression
(Supplemental Fig. 3B). A stable HUVEC line that overex-
pressed KCTD1 protein was then generated (Supplemental
Fig. 3C) and it is found that KCTD1 enhances proliferation of
HUVEGC:S in vitro (Supplemental Fig. 3D). KCTD1 overex-
pression induced HUVEC tube formation and increased the
branch counts of formed tubes and the number of HUVEC-
formed tubes (Supplemental Fig. 3E). Moreover, KCTD1
overexpression improved phosphorylation of VEGFR2 and
promoted the expression of VEGF, HIF-1o and ARNT in
HUVECs (Supplemental Fig. 3F). These finding indicated
that KCTD1 overexpression promotes the angiogenesis
through activating the VEGF signaling cascade in vitro.
Next, we wonder whether KCTD1 regulates the HIF-1o/
VEGF pathway in HCC cells. KCTD1 overexpression
promoted the expression of the p-VEGFR2/p-AKT/ HIF-
1a-ARNT/VEGF cascade in Huh7 cells (Fig. 4A), while
KCTD!1 knockdown decreased the expression of these
proteins in MHCC97H cells (Fig. 4B). Notably, KCTDI1
affected the expression of HCC clinical biomarkers GPC3
and AFP [23, 24]. Decreased levels of ARNT and HIF-1a
were observed in the KCTD1 shRNA group from the mouse
subcutaneous tumor tissues (Supplemental Fig. 4A). The
KCTDI1 protein stability assays showed that an increasing
amount of HIF-1a proteins is measured from the KCTD1
overexpressing Huh7 cells treated with CHX (Supplemental
Fig. 4B). In contrast, more significant decrease in HIF-1a/
ARNT proteins was induced in the KCTDI1-knockdown
MHCC97H cells than in the control cells treated with dif-
ferent concentrations of CHX at different time points
(Supplemental Fig. 4C, D). CoCl, induces the expression
of HIF-1a in the HCC cells [25]. KCTD1 overexpression
led to increased HIF-1a proteins in Huh7 cells (Supplemen-
tal Fig. 4E), but KCTD1 knockdown resulted in decreased

HIF-1a proteins in MHCC97H cells (Supplemental Fig. 4F).
HIF-1a underlies oxygen dependent degradation whereas
ARNT expression is constant [26], which is consistent
with our results (Supplemental Fig. 4G). Simultaneously,
hypoxia prevented the degradation of KCTD1. In normoxia,
the hydroxylated HIF-1a is targeted for degradation by the
pVHL E3 ubiquitin ligase complex [27]. KCTD1 overex-
pression enhanced HIF-1a stability with decreased PHD2,
PHD3 and pVHL (Fig. 4C), whereas KCTD1 knockdown
inhibited the expression of HIF-1a with improved PHD2,
PHD3 and pVHL (Fig. 4D), indicating the influence of
KCTD1 on HIF-1a stability in a PHD/VHL dependent man-
ner. The expression of Argl is increased in HIF-1o—positive
myeloid-derived suppressor cells (MDSC) [28]. IHC stain-
ing showed that KCTD1 knockdown reduces the expression
of Argl and vice versa (Fig. 4E, Supplemental Table 4).
These data suggested that KCTD1 regulates the stability of
heterodimer HIF-10/ARNT proteins.

To further disclose the regulatory relationship of KCTD1
and HIF-1a/ARNT genes, co-immunoprecipitation assays
were carried out. Endogenous HIF-1o was detected from
immune complexes of overexpressed KCTD1 (Fig. 4F) and
endogenous ARNT could not appear from the immunopre-
cipitates of overexpressed KCTD1 (Fig. 4G), suggesting an
interaction between KCTD1 and HIF-1a. As reported [29—
31], ARNT formed a heterodimer with HIF-1a (Supplemen-
tal Fig. 4H). Hypoxia augmented the interaction between
HIF-1o/KCTD1 and HIF-1o/ARNT (Fig. 4H), which
may elucidate that KCTD1 changes ARNT expression by
improving HIF-la expression. Chromatin immunopre-
cipitation using anti-KCTD1 and anti- HIF-1a antibodies
showed enrichment of VEGF promoter fragments with HIF-
la-binding sites compared to that of IgG (Fig. 41), indicat-
ing that KCTD1 forms a complex with HIF-1a/ARNT and
binds with the VEGF promoter [32]. IHC staining showed
that KCTD1 overexpression elevates the expression of endo-
thelial marker CD31 in Huh7 cells, while KCTD1 knock-
down eliminates the expression of CD31 in MHCC97H
cells (Supplemental Fig. 41, Supplemental Table 5). Taken
together, these data showed that KCTD1 could bind with the
HIF-10/ARNT heterodimer to regulate the VEGF signaling
pathway.

3.5 Sorafenib increases the cytotoxicity of HCC cells
knocking down KCTD1 both in vitro and in vivo

HCC has a poor prognosis due to its high incidence of
recurrence and metastasis and postoperative chemother-
apy is necessary [33]. The effects of KCTD1 knockdown
on the chemosensitivity of HCC cells were studied. The
MTT absorbance in the KCTD1-knockdown and sorafenib-
treated HCC cells strikingly decreased than that in control
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Fig.4 Regulation mechanism of KCTD1 on the HIF-1a/VEGF signal-
ing pathway. A, B Western blots detecting the expression change of
the HIF-10/VEGEF signaling pathway in KCTD1-overexpressing Huh7
cells and KCTD1-knockdown MHCC97H cells. C, D Western blots
detecting the effects of KCTD1 overexpression/knockdown on the sta-
bility of PHD and pVHL. E IHC staining of Argl expression in Huh7
and MHCC97H tumors. F, G Co-immunoprecipitation analysis per-
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formed to demonstrate the interaction between KCTD1 and HIF-1a,
KCTD1 and ARNT using KCTD1 antibodies. H Co-immunoprecip-
itation analysis performed to detect the interaction between KCTD1/
HIF-10, and HIF-10/ARNT in normoxic conditions and hypoxia. I
Chromatin immunoprecipitation performed to confirm the binding of
KCTDI1 and HIF-1a with the VEGF promoter. The amount of PCR
products is detected on 2% agarose gels. **, p<0.01
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cells on Day 3. And the absorbance decreased by 32% in
the KCTD1-knockdown HCC cells compared to the con-
trol cells, while 69% reduction in the MTT absorbance
appeared from the KCTD1-knockdown HCC cells treated
with sorafenib on Day 5 (Fig. SA), suggesting that the com-
bination of KCTD1 knockdown with sorafenib reinforces
the HCC cell cytotoxicity.

After treatment with sorafenib, cell apoptosis of the
KCTDI1 shRNA-infected and parental MHCC97H cells was
detected by flow cytometry. The rate of apoptosis increased
for cells with sorafenib treatment and KCTD knockdown, as
independently and synergistically compared to the propor-
tion of the control cells (Fig. 5B and Supplemental Fig. 5).
The effects of KCTD1 downregulation and sorafenib on

Fig.5 KCTD1 knockdown
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to sorafenib. A Uninfected and : BNC
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tumor formation in intrahepatic mouse models were probed.
Both treatments resulted in smaller tumor foci in the mouse
livers and a lower liver/body weight ratio than single treat-
ment group and the control group (Fig. 5C, D). Clinically,
the low expression of KCTDI1 led to a prolonged median
overall survival of 30.9% in 29 sorafenib-treated patients
with recurrent HCC, although there was no statistical sig-
nificance (Fig. SE). The results revealed that KCTDI1
knockdown and sorafenib synergistically repress HCC
progression.
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3.6 miR-129-5p targets the KCTD1 3’ UTRand
decreases the tumor-promoting effects of KCTD1 in
HCC in vitro as well as in vivo

Because KCTD1 downregulation suppressed HCC progres-
sion, efficient miRNAs targeting the KCTD1 3’ UTR were
predicted by TargetScan, miRWalk, RNA22 and miRanda,
potential miR-129-5p and miR-16-5p binding sites were
found (Fig. 6A). KCTD1 3’ UTR luciferase reporter vectors
were cotransfected into HEK293 cells with miRNA mim-
ics. The overexpression of miR-16-5p and miR-129-5p sup-
pressed the luciferase activities of 3" UTR of the KCTDI1
gene. miR-129-5p more efficiently downregulated KCTD1

Fig. 6 miR-129-5p targeting A
KCTD1 and reversing the effects | | |

(Fig. 6B) and decreased the mRNA level of KCTDI1
(Fig. 6C). However, miR-129-5p showed no effect on the
luciferase activity of mutated miR-129-5p response element
within seed sequences of KCTD1 (Supplemental Fig. 6A),
indicating that miR-129-5p binds with KCTD1 3'UTR via
miR-129-5p-binding sites. miR-129-5p overexpression
could decrease the expression of KCTD1 protein as well as
that of HIF-1o. and ARNT proteins (Fig. 6D). KCTD1 over-
expression rescued the expression of miR-129-5p-inhibited
KCTDI1/HIF-1a/ARNT axis (Fig. 6E). These data revealed
that miR-129-5p targets the 3’ UTR region of KCTD1 gene
and downregulates KCTD1 expression.
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To demonstrate the critical role of miR-129-5p in
KCTDI1-mediated HCC cell growth, MHCC97H cells were
infected with miR-129-5p LV (Supplemental Fig. 6B),
miR-129-5p dramatically suppressed growth (Fig. 6F) and
migration of the MHCC97H cells (Fig. 6G, H). miR-129-5p
was positively linked with overall survival time of HCC
patients according to TCGA database (Fig. 61). The results
indicated that the tumor inhibitor miR-129-5p decreases the
tumor-promoting effects of KCTD1 in HCC.

3.7 Exosomes delivering miR-129-5p combine with
sorafenib to suppress intrahepatic tumor growth

Exosomes can serve as cargos to deliver miRNAs to target
specific organs conveniently and efficiently [34, 35]. Exo-
somes are adopted to analyze the effects of miR-129-5p.
The morphology of exosomes was examined by TEM
(Fig. 7A). Expression of exosome positive markers CD81,
CD63, TSG101, HSP70 and negative marker CANX was
confirmed (Fig. 7B). Expression level of miR-129-5p was
markedly increased in exosomes from the supernatant of
miR-129-5p-LV infected MHCC97H cells (Fig. 7C). The
expression of KCTD1 and HIF-1a proteins were decreased
in MHCC97H cells treated with miR-129-5p-overexpress-
ing exosomes (Fig. 7D). miR-129-5p-overexpressing exo-
somes were injected into the tail veins of an intrahepatic
tumor model leading to a fewer number and smaller size of
tumor foci in the livers (Fig. 7E). The combination of exo-
somes and sorafenib treatment synergistically reduced the
size and number of the tumor foci, the weight of liver tissues
and downregulated KCTD1 and HIF-1a expression com-
pared with those in the control groups (Fig. 7F-H). These
results suggested that miR-129-5p-overexpressing exo-
somes synergize sorafenib to suppress intrahepatic tumor
development, indicating the possibility of a combined
therapy consisting of sorafenib and KCTD1 knockdown for
treating advanced HCC.

4 Discussion

The biological importance of KCTD1 in transcription regu-
lation, adipogenesis, and SEN disease has been studied [6,
7, 36], but the potential function of KCTD1 in malignant
tumorigenesis remains unknown. In the current study, the
variable level of KCTDI expression is found in HCC tis-
sues, but high expression of KCTD1 is detected from 47%
of HCC samples, and KCTD1 expression is positively asso-
ciated with tumor grade. The cell-surface marker GPC3 is
specifically expressed at high levels in HCCs and serves as a
serum marker of HCC [23]. Serum alpha-fetoprotein (AFP)
is used as a tumor marker for detection and diagnosis of

HCC patients [24]. Overexpression of the KCTD1 protein
increased the protein levels of AFP and GPC3 in HCC cell
lines and simultaneous identification of KCTD1/GPC3/AFP
may improve the sensitivity for diagnosis of HCC. The data
thus indicate the potential clinical importance of KCTD1 in
molecular classification, clinical characteristics, and detec-
tion of HCC.

Our functional assays confirmed that KCTD1 overexpres-
sion promotes HCC cell growth, migration, and invasion of
HCC cells. These malignant features are ameliorated by
KCTD!1 knockdown or application of its upstream regula-
tor miR-129-5p, which targets the KCTD1 3’ UTR. Murine
subcutaneous and pulmonary metastasis experiments dem-
onstrated that KCTD1 enhances the tumor formation ability
and increases the number of lung tumor nodules in vivo,
while KCTD1 knockdown suppresses these effects. miR-
129-5p and miR-16-5p have been reported to function in
the occurrence and development of various malignant
tumors [37-39] and block HCC progression [40—42]. As a
negative target of Myc, miR-129-5p could block glycoly-
sis via targeting the mitochondrial matrix protein pyruvate
dehydrogenase kinase 4 (PDK4) to suppress HCC [40]. In
mouse tumor models, overexpression of miR-16-5p could
retard the carcinogenic process by regulating the expression
of long non-coding RNAs [39]. As expected, miR-129-5p
and miR-16-5p mimics downregulated KCTD1 expres-
sion and miR-129-5p exerted tumor suppressive effects.
These findings indicate the tumor-promoting ability of the
KCTD1 protein in HCC. HIF-la heterodimerizes with
ARNT, promoting the expression of VEGF upon binding
with the hypoxia-response element (HRE) in the VEGF pro-
moter [43, 44]. VEGF is discovered in diverse cancers and
stimulates vascular endothelial cell growth, and survival in
the tumors [45, 46]. The VEGF ligands such as VEGF-A,
Angl/2 and their receptors including VEGFR1/2 and Tie2
are critical regulators of tumor angiogenesis and vasculo-
genesis pathways [47]. Some factors such as specific activa-
tor 1 (SP1), and HIF-1a have been found to regulate VEGF
expression [48-50]. In our study, KCTD1 can enhance the
stability of the HIF-1o/ARNT heterodimer, consequently
activating the expression of the downstream VEGF/p-
VEGFR2/p-AKT/HIF-1a signaling cascade to form a posi-
tive feedback loop (Fig. 8). In normoxic conditions, the
HIF-1a proteins are modified with prolyl hydroxylation by
PHD, which was recognized by the E3 ubiquitin ligase com-
plex containing pVHL for the degradation of HIF-la [27,
51, 52]. Mechanistically, KCTDI1 interacted with HIF-1a
to enhance HIF-la stability and concurrent decrease in
PHD2/3 and pVHL expression, while KCTD1 knockdown
promoted the degradation of HIF-1a for the binding of acti-
vated PHD2/3 and pVHL, indicating the potential compe-
tition between KCTD1 and pVHL for binding to HIF-1a.
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Fig. 7 Exosomes delivering miR-129-5p and sorafenib synergistically
suppressing HCC tumor size. A Exosomes from the supernatant of
MHCC97H cells extracted and detected by TEM. B Western blots of
the expression of exosome markers. C qRT-PCR analysis of mRNA
levels of miR-129-5p from these exosomes. D Western blotting of the
KCTDI and HIF-la expression in MHCC97H cells after treatment
with exosomes overexpressing miR-129-5p. E-G MHCC97H cells
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injected into the liver of immunodeficient nude female mice. After
one week, the mice were orally treated with 25 mg/kg sorafenib every
other day and 45 pg of exosomes per mouse three times for 2 weeks.
The tumor-loaded livers were indicated, the tumor foci in the liver
were quantified and the ratios of tumor-loaded liver/body weight were
measured. H The expression of KCTD1 and HIF-1a proteins in tumors
was detected. n=3—4 mice/group
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Fig. 8 Schematic representation of the possible mechanism underly-
ing KCTD1-enhanced HCC progression. KCTD1 interacts with HIF-
1a/B in the nucleus, binds with the promoter of the VEGF gene, and
activates VEGF expression, subsequently binding with VEGFR2 on
the HCC cell surface and promoting the VEGF caspase signal path-

And KCTDI interacts with the transcription factor AP-2
[5], there are canonical AP-2 binding sites in the promoters
of VHL and PHD2/3 genes by JASPAR database analysis,
indicating that KCTD1 may indirectly affect HIF-1a expres-
sion through other complexes.

Tumor-associated macrophages (TAMs) are associated
with tumor survival, angiogenesis and chemoresistance
[53]. The M2-type macrophages promote tumor angio-
genesis, invasion and metastasis of HCC [54]. M2 macro-
phage marker Argl is induced by TAMs in response to HIF/
VEGEF signaling [55, 56]. Argl increases vessel density and
enhances myeloid cell adhesion [57]. And Myocardial cap-
illary density was increased by upregulated expression of
VEGF and CD31 by regulating the HIF-1o/VEGF pathway
[58]. HIF-1a expression in uveal melanoma was signifi-
cantly correlated with vascular (CD31 and VEGF-A) mark-
ers [59]. The expression of CD31 and Argl was enhanced
in KCTD1-overexpressing HCC cells, which demonstrated
that KCTDI1 regulates HIF-1a signaling pathway improv-
ing the levels of downstream genes VEGF, Argl and CD31

°
0% Pt
S %% oo%

way. On the one hand, miR-129-5p binds with 3'UTR of the KCTD1
gene, suppresses KCTD1 protein level, and exosomes delivering miR-
129-5p reverse its tumor-promoting role of KCTD1. On the other
hand, sorafenib and KCTD1 knockdown synergistically inhibit HCC
progression. HIF-1f designates as ARNT

expression in both HCC and HUVEC cells, suggesting the
potential importance of KCTD1 between angiogenesis and
tumor immunity. It is interesting to elucidate the signifi-
cance and cross-interactions of KCTDI1 to reveal the ther-
apeutic implications of KCTD1 in individual HCC cases.
Altogether, the data show that KCTD1 is an important regu-
lator of the HIF-10/VEGF pathway.

Sorafenib suppresses the RAS/RAF/MEK/ERK pathway,
and blocks tumor proliferation and angiogenesis in human
HCC [60]. Sorafenib robustly enhances KCTDI1 knock-
down-induced apoptosis of HCC cells and the synergistic
effect is demonstrated in intrahepatic HCC mouse models,
indicating that KCTD1 knockdown increases the sensitivity
of HCC cells to sorafenib. Exosomes are involved in the
contact between non-HCC cells and HCC cells and regulate
the progression of HCC [61]. Exosomes transfer miRNAs to
exhibit therapeutic benefits for numerous tumors including
HCC [9, 38]. miR-129-5p-overexpressing exosomes mark-
edly reduced the growth of intrahepatic tumor. And miR-
129-5p combined with sorafenib to dramatically suppress
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the progression of HCC. These findings suggest a novel
therapeutic strategy of combined sorafenib and KCTD1
knockdown for advanced HCC.

KCTDI promotes proliferation and migration of HCCs
by interacting with HIF-la and activating the HIF-l1o/
VEGF pathway, while KCTD1 knockdown, miR-129-5p
or the exosome delivery targeting KCTD1 suppress tumor
development, indicating that KCTD1 exerts a tumor-pro-
moting role in HCC. Understanding functions and mecha-
nisms of KCTDI1 leading to HCC is crucial to future clinical
diagnosis and therapeutic intervention in HCC.
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