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Abstract
Background: Potassium channel tetramerization domain-containing 1 (KCTD1) plays a critical role in
transcriptional regulation and adipogenesis, but the significance of KCTD1 in hepatocellular cancer (HCC)
has not been reported.
Methods: KCTD1 expression was detected by immunohistochemistry, Western blotting, and quantitative
RT-PCR. Malignant behaviors of cells were analyzed by MTT assays, liquid colony formation, scratch,
transwell assays and FACS analysis. The in vivo functional assays were examined by mouse models
using subcutaneous, tail vein, intrahepatic injection combined with sorafenib or exosome treatment. The
angiogenesis was analyzed by tube formation and Matrigel plug model. The protein-protein interaction
was demonstrated by Co-immunoprecipitation. The protein-DNA binding was confirmed by luciferase
assays and chromatin immunoprecipitation.
Results: KCTD1 expression is increased in human HCC tissues and closely associated with advanced
tumor stages. KCTD1 overexpression enhances HCC growth, migration, and invasion both in vitro and in

vivo, while KCTD1 knockdown reverses these effects. Moreover, KCTD1 overexpression promotes the in
vitro growth, migration, and tube formation of human umbilical-vein endothelial cells (HUVECs) and
induces in vivo angiogenesis. Mechanistically, KCTD1 interacts with HIF-1α to activate the VEGF
pathway in HCC cells, which is concurrent with increased M2 macrophage infiltration. Sorafenib blocks
the expression of KCTD1 protein and synergistically inhibits subcutaneous and intrahepatic tumor
growth. miR-129-5p downregulates KCTD1 expression by binding with KCTD1 3′ UTR and abrogates the
oncogenic role of KCTD1 in vitro. Finally, exosomes derived from miR-129-5p-overexpressing HCC cells
combine with sorafenib to decrease HCC tumor size.
Conclusions: These results suggest that KCTD1 expression activates the VEGF signaling cascade to
enhance HCC progression, and angiogenesis. Therefore, KCTD1 may serve as a novel target of sorafenib
and pave the way for an efficient therapy for advanced human HCC.

Background
Hepatocellular cancer (HCC) is a typical hypervascular solid tumor in which angiogenesis plays central
roles in development, progression and metastasis [1] and increase in the microvascular density of tumor
tissues indicates poor prognosis for patients with HCC [2]. The vascular endothelial growth factor
(VEGF) family is a growth factor specific for vascular endothelial cells [3]. The VEGF serves as an
angiogenesis biomarker as well as a major target for anti-angiogenic therapy for HCC mainly through the
activation of VEGF receptor 2 (VEGFR2) [4]. VEGF-A is ubiquitously expressed in most of tumor cells, and
tumor stroma cells, such as fibroblasts, and inflammatory cells, during tumor progression, whereas
VEGFR2 is expressed at high levels in tumor-associated endothelial cells resulting in abnormal tumor
vasculature [5]. VEGF-A binds to and activates VEGFR2 to promote angiogenesis, vascular permeability,
and cell migration in vascular disease and cancer [6]. The kinase inhibitor sorafenib exhibits
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antiproliferative and antiangiogenic properties predominantly through inhibition of Raf-kinase
and VEGFR2 and functions as the FDA-approved targeted drug to improve the median overall survival
time by about three months for patients with advanced HCC [7]. Therefore, the molecular events
underlying HCC progression and angiogenesis and improved sorafenib sensitivity need to be urgently
addressed in order to develop more effective, life-prolonging strategies for future therapeutic interventions
of advanced HCC.
The BTB/POZ domain-containing protein KCTD1 has been identified as a transcriptional suppressor
and interacts with the AP-2 transcription factor family to inhibit AP-2 transcriptional activities through the
BTB domain [8, 9]. KCTD1 binds to β-catenin and enhances its degradation by linking casein kinase I
(CK1), adenomatous polyposis coli (APC), glycogen synthase kinase-3β (GSK-3β), and p53 in HeLa cells
[10]. The physiological significance of KCTD1 has been elucidated and KCTD1 promotes adipogenesis

via interactions with AP-2α, a known inhibitor of adipogenesis [11]. The AP-2β/KCTD1 axis blocks renal
fibrosis by suppressing β-catenin activity, while KCTD1 knockout exhibits enhanced renal fibrosis [12].
Mutations found in AP-2α induced aplasia cutis in patients with branchiooculo facial syndrome
(BOFS) [13] and mutants in the DNA-binding domain and in a PY motif of the AP‑2β gene have been
detected from patients with Char syndrome [14], while KCTD1 mutants have been detected from scalpear-nipple (SEN) syndrome [15, 16]. Our recent studies show that SEN-related KCTD1 mutants and Charrelated AP-2α P59A individually disrupt mutant interactions with the wild-type AP-2α and KCTD1 proteins,
but these mutations are able to regulate the Wnt/β-catenin pathway [17]. Although only limited roles of
KCTD1 have been investigated to date, these findings indicate that KCTD1 is associated with key
transcription factors and regulates canonical signaling pathways in development, lipid metabolism and
diseases.
Carcinogenesis is a complicated process involving transformation, proliferation, survival, migration,
metastasis, angiogenesis, glycolysis and immune evasion, during which multiple genes function and
interact [18]. However, there is no reported evidence showing the underlying roles and mechanisms of
KCTD1 in carcinogenesis. In this work, the importance of KCTD1 in HCC progression is studied to confirm
upregulation of KCTD1 expression in human HCC tissues. The oncogenic effects of KCTD1 are exerted by
enhancing the HIF1α/VEGF signaling pathway, which is reversed by the tumor suppressive gene miR-1295p targeting KCTD1 3′ UTR. KCTD1 downregulation sensitizes HCC cells to the sorafenib treatment by
inhibiting angiogenesis and decreasing M2 macrophage infiltration. Our results demonstrate that the
KCTD1 protein directly interacts with HIF1α to activate the VEGF signaling cascade, thus highlighting
KCTD1 as a potential clinical marker in HCC patients and novel target of HCC therapy.

Methods
Tube-forming Assays
The HUVEC cells (1×104/well) were grown on a 96-well plate coated with 50 μl of BD matrigel matrix
(Bedford, MA, USA) and 150 ng/ml bFGF in 3% FBS growth medium or conditioned medium from HCC
Page 4/32

and incubated for 2-6 h at 37 °C. The wells were then photographed and the capillary-like structures were
evaluated and counted from six random fields under an inverted Zeiss Axioskop 2 fluorescence
microscope (Carl Zeiss Microscopy, LLC, NY, US). The total tube number and branch count were
determined by the ImageJ software.

In vivo Mouse Experiments
The mouse experiments were performed following the ethical 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 (1×107), MHCC97H (8×106), and NIH3T3 cells
(2×105) were suspended in 0.2 mL of DMEM and subcutaneously injected into two points of the back
respectively of BALb/c nude mice (4-week old, female, n = 3-5 mice per group). The mice were examined
every other day and the formed tumors were calculated as stated previously [19]. After two to four weeks,
the mice were sacrificed and subcutaneous tumors were removed, photographed and weighed.
The metastatic ability in vivo was determined after intravenous injection of 5×106 Huh7 and MHCC97H
cells into the tail veins of nude mice (6-week old, n=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 3D Matrigel plug experiments, 5×106 lentivirus-infected HUVECs and 5×106 Huh7 cells mixed with
250 μL of growth-factor reduced Matrigel (BD) and 500 ng/ml bFGF were subcutaneously injected into
the back of BALb/c nude mice (6-week old) to form a single solid gel plug. After the mice were
maintained for 10-14 days, the plugs were harvested and photos were taken.
In the mouse intrahepatic experiments, the mice in four groups with 3-5 mice in each group were
administered intrahepatic injections of 2×106 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 μg 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 was photographed.
Exosome Extraction
Exosomes from the cell media were extracted using an exosome isolation kit (Invitrogen, Waltham, USA)
following the manufacturer’s instructions. Briefly, the fresh cell medium was harvested from 8×106
MHCC97H cells in a volume of 15 mL culture medium and grown without FBS for 24 h. The culture
medium was centrifuged at 700 × g for 8 min to remove the cells and debris. Then, the medium was
filtered through 0.22-μm-pore-size nitrocellulose 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 centrifuged at 13,000 × g at 4°C for 70 min. The pellet was resuspended and washed followed by
100,000 × g centrifugation for 90 min. The pelleted exosomes were finally dissolved in 80 μL of PBS and
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stored at -80 °C. By dropping the exosome suspensions onto an electron microscopy copper grid, the
morphology of exosomes were determined by transmission electron microscopy (TEM, JEOL2100,
Japan).

Results
KCTD1 Upregulation in HCC Tissues
To measure the clinical significance of KCTD1 in malignant tumors, GEPIA based on The Cancer Genome
Atlas (TCGA) data is analyzed to examine the expression of KCTD1 across various tumor samples and
paired normal tissues. KCTD1 expression is upregulated in most tumor tissues (Fig. 1a) and the HCC
database shows that KCTD1 expression increases in HCC tissues when compared with non-tumor liver
tissues (Fig. 1b). The expression level of KCTD1 in 10 normal livers and 70 HCCs is detected by IHC
analysis. KCTD1 is 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 are moderately positive (2+)
and 37 (53%) are weakly positive or negative for KCTD1 expression (1+/0) (Fig. 1c-d). Clinicopathologic
association analysis of the 70 HCCs reveals that KCTD1 expression is associated with the advanced
clinical stage of HCC (Additional file 1: Table S1). Low KCTD1 expression is observed from low-grade
hepatocellular cancers (I/II), whereas high KCTD1 expression is detected from high-grade HCC (III/IV)
(P<0.05) (Fig. 1d). In 30 paired HCC and adjacent non-tumor samples, KCTD1 expression shows a high
proportion of upregulation in the HCC samples compared with non-tumor samples as analyzed by
quantitative RT-PCR (Fig. 1e, Additional file 2: Table S2). Furthermore, high-level KCTD1 expression is
correlated negatively with the overall survival of patients according to Kaplan-Meier Plotter database (Fig.
1f) and therefore, KCTD1 expression increases significantly in high-grade HCC tissues (III/IV) compared
to adjacent normal liver tissues.
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 are analyzed by examining the
expression profile of the KCTD1 protein in the HCC cell lines. The relatively low expression of KCTD1
proteins is detected in human hepatoma cell lines HepG2, Hep3B, and Huh7, while high expression of
KCTD1 is found from MHCC97H and SMMC7721 cells (Additional file 3: Figure S1a). The HCC cell lines
with low expression and high expression of KCTD1 are selected for KCTD1 overexpression and
knockdown, respectively. To evaluate the role of KCTD1 in HCC, full-length KCTD1 is ligated into the pGCFU lentiviral vector and stable expression HCC cell lines (pFLAG-KCTD1 and pFLAG-NC) are generated
with HepG2 and Huh7 cells (Figure S1b). Western blotting demonstrates overexpression of KCTD1 in both
HCC cell lines (Fig. 2a). KCTD1 overexpression results in more viable HCC cells (Fig. 2b), increased colony
number, and larger HCC cell size than the control cells (Fig. 2c and Figure S1c), indicating the strong
tumorigenicity of KCTD1. Transwell cell migration assays indicate that overexpression of KCTD1 results
in a significant increase in the cell motility (Fig. 2d and Figure S1d). Moreover, transwell Matrigel invasion
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assays reveal that more KCTD1 cells than control cells are invasive (Fig. 2e and Figure S1e). These
results suggest that KCTD1 increases the in vitro proliferation, migration, and invasion of HCC cells.
To corroborate the similar effect of KCTD1 overexpression on the tumorigenic ability of HCC cells in vivo,
KCTD1 LV-infected Huh7 cells are injected subcutaneously into the two points of the back of female nude
mice, individually. Within 4 weeks, the mean tumor weight and volume in the KCTD1 group increase
significantly in comparison with the control group mice (Fig. 2f-g, and Figure S1f-g). HE staining confirms
that the HCC cells are arranged tightly in the KCTD1 group (Fig. 2h) and IHC staining shows that KCTD1
overexpression increases the expression of the proliferation marker Ki67, endothelial marker CD31, and
M2 macrophage marker Arg1 in the subcutaneous tissues derived from Huh7 cells (Fig. 2i and Figure
S1h). These findings indicate that KCTD1 overexpression enhances the tumorigenic ability of HCC cells in
vivo.
KCTD1 overexpressing cells and control Huh7 cells are injected into the tail veins of nude mice (6-week
old, female) to check for the lung metastasis, the metastatic nodules on the surfaces of lungs and livers
are examined after six weeks (Figure S1i). Tumor foci in the mouse lungs are revealed by HE staining.
The mice from the KCTD1 group have larger lung metastatic nodules, while a few smaller nodules are
detected from mice with control cells (Fig. 2j). Metastatic nodules also appear from mouse liver tissues
obtained from the KCTD1 group. All in all, these findings demonstrate that KCTD1 overexpression
promotes the in vivo invasion and metastasis of HCC cells.
To further confirm whether KCTD1 overexpression leads to malignant transformation, we infect NIH3T3
mouse embryonic fibroblast cells with KCTD1 LV and NC LV, examine the infection efficiency by GFP
fluorescence (Additional file 4: Figure S2a), and confirm KCTD1 overexpression in the NIH3T3 cells by
Western blot analysis (Figure S2b). KCTD1 overexpression enhances the malignant phenotype (Figure
S2c) and cell growth (Figure S2d) and induces increased colony formation of the NIH3T3 cells (Figure

S2e). The oncogenesis-promoting effect of KCTD1 on tumor formation in vivo is examined. 2×105
NIH3T3 cells are subcutaneously injected into healthy BALb/c nude female mice and KCTD1overexpressing cells form larger tumors in mice, but the control cells form significantly smaller tumors
(Figure S2f-g), suggesting that the oncogenic capabilities of KCTD1 enhance malignant transformation
of NIH3T3 cells.
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, KCTD1 shRNA is ligated into the GV248 lentiviral vector
(GeneCopoeia) and the stable cell lines (GFP-KCTD1 shRNA and GFP-NC shRNA) are screened and
established in MHCC97H and SMMC7721cells (Additional file 5: Figure S3a). Western blotting
demonstrates knockdown of KCTD1 expression in both MHCC97H and SMMC7721 cell lines (Fig. 3a).
KCTD1 knockdown decreases the HCC viable cell number (Fig. 3b) and suppresses the number and size
of HCC cell colonies (Fig. 3c and Figure S3b). Moreover, the wound-healing assays show that KCTD1
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knockdown suppresses HCC cell migration by about 50% (Fig. 3d and Figure S3c). Transwell migration
assays indicate that knocking down KCTD1 results in significant decrease in the cell motility (Fig. 3e and
Figure S3d). Matrigel invasion assays disclose that a significantly smaller proportion of HCC cells with
KCTD1 knock down invaded through the Matrigel-coated chamber compared to the number of control
HCC cells (Fig. 3f and Figure S3e). The data show a strong antitumorigenic role for KCTD1
downregulation.
The influence of KCTD1 knockdown on the tumorigenicity of HCC cells is examined in vivo. MHCC97H
cells stably infected with KCTD1 shRNA-LV or control NC-LV are s.c. injected into the two points of the
back of five nude mice, individually and after 2 weeks, the mean tumor weight and volume of the KCTD1knockdown group decrease compared with the NC group (Fig. 3g-h and Figure S3f-g). HE staining
confirms that the MHCC97H cells are arranged loosely in the KCTD1 shRNA group (Figure S3h) and IHC
analysis shows that KCTD10 knockdown inhibits the expression of Ki67, CD31, and Arg1 (Fig. 3i and
Figure S3i). KCTD1 shRNA cells and control MHCC97H cells are intravenously injected via the tail vein
into nude mice (6-week old, female) and after six weeks, the metastatic nodules are calculated on the
surfaces of mouse lungs and livers (Figure S3j). The mice in the KCTD1 shRNA group have increasingly
fewer and smaller lung metastatic nodules than those in the NC shRNA group (Fig. 3j-k). Tumor foci in
mouse lungs are detected by HE staining, while the liver morphology does not change obviously in the
two groups of mice (Fig. 3l). Altogether, these results demonstrate that KCTD1 downregulation
suppresses HCC cell proliferation, migration, and metastasis in vivo, suggesting that KCTD1 knockdown
markedly suppresses the tumorigenic ability of HCC cells.
KCTD1 Enhances HUVEC Tube Formation and Matrigel Plug Angiogenesis with Increased M2
Macrophage Infiltration
The single cell RNA sequencing data showed KCTD1 was expressed in endothelial cells of HCC
(Additional file 6: Figure S4a). RNA sequencing analysis reveal that KCTD1 expression is positively
correlated with vascular related gene expression (Fig. 4a). Moreover, KCTD1 influences the expression of
the vascular marker CD31 and so whether KCTD1 modulated angiogenesis in HCC is studied. A stable
HUVEC line that overexpressed KCTD1 protein is generated (Fig. 4b) and it is found that KCTD1 enhances
proliferation and migration of these HUVECs in vitro (Fig. 4c-f, Figure S4b-d). KCTD1 overexpression
induces HUVEC tube formation (Fig. 4g) and increases the branch counts of formed tubes and the
number of HUVEC-formed tubes (Figure S4e). The supernatant from KCTD1-overexpressing Huh7 and
HepG2 cells increases the number of HUVEC-formed tubes (Fig. 4h and Figure S4f-g), while the
supernatant from KCTD1-knockdown MHCC97H cells decreases the number of HUVEC-formed tubes
(Figure S4h). The effects of KCTD1 overexpression on new vessel formation in Matrigel plugs are
investigated by subcutaneously injecting growth factor-reduced Matrigel with 800 ng/ml bFGF, HUVECs
and Huh7 cells into the lower backs of 5-week-old female nude mice. The Matrigel plugs containing
control cells are transparent indicating no new blood vessel formation, whereas the plugs containing
KCTD1 cells are red and blood and blood vessels appear in two weeks (Fig. 4i). Correspondingly, KCTD1
overexpression induces phosphorylation of AKT, and VEGFR2 and promotes the expression of VEGF, HIFPage 8/32

1α and ARNT in HUVECs (Fig. 4j). These finding indicate that KCTD1 overexpression promotes the
angiogenesis through activating the VEGF signaling cascade in vitro and in vivo.
Tumor-associated macrophages (TAMs) as a vital population in the tumor microenvironment (TME) are
closely associated with tumor survival, angiogenesis, chemoresistance and immunosuppression, [20] and
the correlation between the expression of CD31 and the M2 macrophage marker Arg1 in the HCC samples
is analyzed. CD31 expression is upregulated in HCC tissues compared with healthy, adjacent liver tissues
(Fig. 5a-b). The expression of CD31 is positively associated with KCTD1 expression in the HCC cases and
high levels of CD31 are primarily observed from HCCs with high KCTD1 expression (Additional file 7:
Table S3). The TCGA database indicates that KCTD1 is positively related with another vascular marker
CD34 (Fig. 5c) and KCTD1 expression is positively associated with Arg1 expression in HCCs (Fig. 5d-e
and Additional file 8: Table S4). The TIMER software shows that KCTD1 expression is positively
correlated with the abundance of macrophage in HCCs (Fig. 5f) and the TCGA database reveals that
KCTD1 expression is closely associated with the M2 macrophage in HCCs (Additional file 9: Figure S5A).
By using qRT-PCR, lower levels of the M2 markersTGF-β, IL-10 and Arg1 are detected but higher levels of
the M1 markersIL-1β/IL-12/TNFα/iNOS are observed from the KCTD1-knockdown HCC cells (Fig. 5g). The
U937-differentiated M0, M1, M2 cells are cultured (Figure S5b) and M0 cells are cocultured with the
supernatant from MHCC97H cells. The levels of M1-macrophage marker genes IL-12, IL-1β, TNFα and
iNOS are increased, while the level of M2-macrophage marker genes TGF-β, IL-10 and Arg1 is
downregulated in the M0 cells cocultured with the supernatant from KCTD1-knockdown MHCC97H cells
(Figure S5c). KCTD1 knockdown could induce M0 macrophage expressing M1 characteristic genes, and
polarize M0 macrophages into M1 macrophages, indicating that KCTD1 expression is associated with
the tumor microenvironment.
KCTD1 Activates the HIF-1α/VEGF Pathway by Interacting with HIF-1α
Hypoxia-inducible factor 1 alpha (HIF-1α) mediates the hypoxia-induced expression of VEGF, which plays
a central role in angiogenesis and tumor progression [21]. Since KCTD1 has a key role in angiogenesis,
whether KCTD1 regulates the HIF-1α/VEGF pathway in HCC cells is investigated. KCTD1 overexpression
promotes the expression of the p-ARK/HIF-1α-ARNT/VEGF cascade in Huh7 cells (Fig. 6a), while KCTD1
knockdown decreases the expression of these proteins in MHCC97H cells (Fig. 6b). Notably, KCTD1
affects the expression of GPC3 and AFP, which are HCC clinical biomarkers. Decreased levels of ARNT
and HIF-1α are observed from the KCTD1 shRNA group according to the mouse subcutaneous tumor
tissues (Additional file 10: Figure S6a). The KCTD1 protein stability assays are performed and as shown
in Fig. 6c-d, more significant decrease in HIF-1α/ARNT proteins is induced in the KCTD1-knockdown
MHCC97H cells than in the control cells treated with different concentrations of cycloheximide (CHX) at
different time points. In contrast, an increasing amount of HIF-1α proteins is measured from the KCTD1
overexpressing Huh7 cells treated with CHX (Figure S6b). CoCl2 induces the expression of HIF-1α in the
HCC cells [22], KCTD1 overexpression leads to increased HIF-1α proteins, but KCTD1 knockdown results
in decreased HIF-1α proteins (Figure S6c). These data strongly suggest that KCTD1 regulates the stability
of HIF-1α/ARNT heterodimer proteins.
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To further disclose the regulatory relationship of KCTD1 and HIF-1α/ARNT genes, co-immunoprecipitation
assays are carried out. Endogenous HIF-1α is detected from immune complexes of overexpressed KCTD1
(Fig. 6e) and endogenous ARNT cannot appear from the immunoprecipitates of overexpressed KCTD1
(Fig. 6f), suggesting an interaction between KCTD1 and HIF-1α. As reported, ARNT forms a heterodimer
with HIF-1α [23-25]. HIF-1α is found from immunoprecipitates of ARNT, while preimmune IgG could not
precipitate any specific protein (Fig. 6g). Chromatin immunoprecipitation using anti-KCTD1 antibodies
shows enrichment of VEGF promoter fragments with HIF-1α-binding sites, indicating that KCTD1 forms a
complex with HIF-1α/ARNT and binds with the VEGF promoter via HIF-1α binding sites [26] (Fig. 6h).
Taken together, these data show that KCTD1 is able to bind with the HIF-1α/ARNT heterodimer to regulate
the VEGF signaling pathway.
Sorafenib Downregulates KCTD1 Expression to Increase the Cytotoxicity of HCC Cells both in vitro and in
vivo
HCC has a poor prognosis due to its high incidence of recurrence and metastasis and postoperative
chemotherapy is necessary because of high drug resistance [27]. The effects of KCTD1 knockdown on
the chemosensitivity of HCC cells are studied. The MTT absorbance decreases by 27% in the KCTD1knockdown HCC cells compared to the control cells, while 69% reduction in the MTT absorbance appears
from the KCTD1-knockdown HCC cells treated with sorafenib (Fig. 7A and Additional file 11: Figure S7a),
suggesting that the combination of KCTD1 knockdown with sorafenib increases the HCC cell cytotoxicity.
After 24-h treatment with sorafenib, cell apoptosis of the KCTD1 shRNA-infected and parental MHCC97H
cells is detected by flow cytometry. The rate of apoptosis increases for cells with sorafenib treatment and
KCTD knockdown, as independently and synergistically compared to the proportion of the control cells
(Fig. 7B and Figure S7B). Sorafenib markedly decreases the expression levels of KCTD1, HIF-1α, and
ARNT proteins (Fig. 7c and Figure S7c). The effects of KCTD1 downregulation and sorafenib on tumor
formation in subcutaneous and intrahepatic mouse models are probed. Both treatments synergistically
decrease the size of subcutaneous tumors and 4 mice display complete tumor remission (Fig.7d and
Figure S7d). Both treatments result in smaller tumor foci in the mouse livers than the control group and
single treatment group (Fig. 7e and Figure S7e). Clinically, the low expression of KCTD1 leads to a
prolonged median overall survival of 30.9% in 29 sorafenib-treated patients with recurrent HCC, although
the sample number is so small that there is no statistical significance (Figure S7f). The results reveal that
KCTD1 knockdown and sorafenib synergistically inhibit HCC progression.
miR-129-5p Targets the KCTD1 3′ UTR and Decreases the Oncogenic Effects of KCTD1 in HCC in vitro as
well as in vivo
Because KCTD1 downregulation suppresses HCC progression, efficient miRNAs are predicted by multiple
algorithms (TargetScan, miRWalk, RNA22 and miRanda) to identify miRNAs targeting the KCTD1 3′ UTR
and three potential miR-129-5p binding sites are found (Fig. 8a). Wildtype or mutated KCTD1 3′-UTR
luciferase reporter vectors are cotransfected into HEK293 cells with miR-129-5p mimics. The
overexpression of miR-129-5p suppresses the luciferase activities of 3′ UTR of the KCTD1 gene (Fig. 8b)
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and decreases the protein expression of KCTD1 (Fig. 8c). However, miR-129-5p showed no effect on the
luciferase activity of mutated miR-129-5p MRE seed sequences of KCTD1 (Additional file 12: Figure S8a),
indicating that the predicted three miR-129-5P binding sites mediate binding of miR-129-5p with KCTD1.
These data indicate that miR-129-5p specifically targets the 3′ UTR region of KCTD1 gene and
downregulates KCTD1 expression.
To demonstrate the critical role of miR-129-5p in KCTD1-mediated HCC cell growth and angiogenesis,
MHCC97H cells are infected with miR-129-5p LV (Figure S8b), miR-129-5p dramatically suppresses
growth (Fig. 8d) and migration of the MHCC97H cells (Fig. 8e and Figure S8c). The supernatant from
miR-129-5p-overexpressing MHCC97H cells suppresses significantly the tube-like structure formation of
the HUVECs (Fig. 8f and Figure S8d). miR-129-5p is positively linked with overall survival time of patients
with HCC according to TCGA database previously reported [28] (Figure S8e). The results indicate that the
tumor inhibitor miR-129-5p decreases the tumor-promoting and vascularization effects of HCC.
Finally, mouse HCC models are adopted to analyze the combined effects of miR-129-5p and sorafenib.
Firstly, miR-129-5p suppresses subcutaneous tumor formation in nude mice (Fig. 8g and Figure S8f) and
exosomes from the supernatant of miR-129-5p-infected MHCC97H cells are injected into the tail veins of
an intrahepatic tumor model in nude mice leading to a smaller size of tumor foci in the livers. The
combination of both exosomes and sorafenib treatment synergistically reduces the size of the tumor foci
in liver tissues compared with those in the control groups (Fig. 8h and Figure S8g). The morphology of
isolated exosomes is examined by TEM (Figure S8h) and expression of exosome markers CD81 and
CD63 is confirmed (Figure S8i). Expression level of miR-129-5p is markedly increased in exosomes from
the supernatant of miR-129-5p-LV infected MHCC97H cells (Figure S8J) and these results suggest that
miR-129-5p combined with sorafenib can suppress intrahepatic tumor development in vivo.

Discussion
The biological importance of KCTD1 in transcription regulation, adipogenesis, and SEN disease has been
studied [11, 12, 15], but the potential function of KCTD1 in malignant tumorigenesis remains unknown.
The TCGA data show that KCTD1 is highly expressed in most tumor tissues and the HCCDB website
shows that KCTD1 is significantly upregulated in HCC tumors. In the current study, the variable level of
KCTD1 expression is found in HCC tissues, but high expression of KCTD1 is detected from 47% of HCC
samples. KCTD1 expression is positively associated with tumor grade and moreover, over 70% of patients
with increased KCTD1 expression show enhanced CD31 protein levels, while 54% of patients with
decreased KCTD1 expression reveal lower CD31 levels (Table S3). The positive correlation between
KCTD1 and CD31 is demonstrated in both HCC tissues and HCC cell lines. 54.5% of patients with
increased KCTD1 expression show upregulated Arg1 levels (Table S4). The cell-surface marker GPC3 is
specifically expressed at high levels in HCCs and increased in HCC patient serum, and GPC3 also serves
as a serum marker of HCC [29]. Serum alpha-fetoprotein (AFP) is used as a tumor marker for detection
and diagnosis of HCC patients [30]. Overexpression of the KCTD1 protein increases the protein levels of
AFP and GPC3 in HCC cell lines and simultaneous identification of KCTD1 and GPC3/AFP may
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improve the sensitivity for diagnosis of HCC. The data thus indicate the potential clinical importance of
KCTD1 in molecular classification, clinical characteristics, and detection of HCC.
Our functional assays confirm that KCTD1 overexpression promotes the in vitro growth, migration, and
invasion of HCC cells. These malignant features are ameliorated by KCTD1 knockdown or application of
its upstream regulator miR-129-5p, which targets the KCTD1 3' UTR. miR-129-5p has been reported to
block HCC progression [31]. The role of KCTD1 overexpression and knockdown in regulating HCC cell
growth, migration, and invasion is further demonstrated by murine subcutaneous and pulmonary
metastasis. KCTD1 significantly enhances the tumor formation ability and increases the number of lung
tumor nodules in vivo, while KCTD1 knockdown suppresses these effects. As expected, miR-129-5p
mimics downregulated KCTD1 expression and exerts tumor suppressive effects. Owing to the tumorpromoting role of KCTD1, whether KCTD1 is directly associated with oncogenesis. KCTD1 overexpression
in nontransformed NIH3T3 mouse fibroblast cells is studied to examine the malignant transformation by
cell growth and colony formation. KCTD1 overexpression results in increased cell proliferation, colony
formation, and spindle morphology as a transformed phenotype. KCTD-overexpressing NIH3T3 cells form
tumors within 6 weeks, while the control cells develop very small tumors indicating the oncogenic ability
of the KCTD1 protein.
Tube formation of endothelial cells is an important step during neoangiogenesis leading to the formation
of a complicated network of vessels and capillaries [4]. VEGF regulates tumor angiogenesis and
stimulates vascular endothelial cell growth, survival, and proliferation [32]. Although some factors such
as specific activator 1 (SP1), and HIF-1α have been found to regulate VEGF [33-35], whether KCTD1
participates in VEGF-related angiogenesis remains unclear. In this study, it is found that KCTD1 can
enhance growth, migration, and tube formation of HUVECs and increase the number of vessels in 3D
Matrigel plugs to enhance HCC angiogenesis. ARNT dimerizes with HIF-1α, promoting the expression of
VEGF upon binding with the hypoxia-response element (HRE) in the VEGF promoter [36, 37]. The VEGF
ligands such as VEGF, Ang1/2, and neuropillin and their receptors including VEGFR1/2 and Tie2 are
critical regulators of angiogenesis and vasculogenesis pathways [38]. Mechanistically, KCTD1
upregulates the AKT/HIF-1α/VEGF pathway by interacting with HIF-1α. KCTD1 can bind to HIF-1α and
enhance the stability of the HIF-1α/ARNT heterodimer, consequently increasing the expression of
downstream VEGF and activating the VEGF/ p-VEGFR2/p-AKT/HIF-1α signaling cascade to form a
positive feedback loop (Fig. 8I). The expression of CD31 is enhanced in KCTD1-overexpressing HCC
samples and mouse tissues. The M2-polarized macrophages are linked with angiogenesis in human
cancers [39]. Polarized macrophages are divided into either classically (M1) or alternatively (M2)
activated macrophages [40]. The proinflammatory M1 macrophages release many oxidative metabolites
and cytokines for host defense and tumoricidal activity whereas the anti-inflammatory M2
macrophages induced by IL4/IL13 promote tumor angiogenesis and tissue remodeling [41]. The M1/M2
ratio increases to reduce the immune suppressive function of myeloid cells and promote T cell effector
activation and CD8+ T-cell-mediated cytotoxicity [42]. Interestingly, KCTD1 promotes angiogenesis with
increased M2 macrophage infiltration, concurrent with increased the M2 marker Arg1 in the HCC samples.
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The M0 cells of U937 macrophages are cocultured from the supernatant of HCC cells with KCTD1
knockdown and the expression of M1 marker genes is increased but that of M2 marker genes is
suppressed in the induced M0 cells. All in all, the data show that KCTD1 is an important regulator of
angiogenesis and tumor immunity.
Sorafenib suppresses the RAS/RAF/MEK/ERK pathway, and blocks tumor angiogenesis in human HCC
[43]. Sorafenib significantly enhances KCTD1 knockdown-induced death of HCC cells and the synergistic
function is demonstrated in subcutaneous and intrahepatic HCC mouse models, indicating that KCTD1
knockdown increases the sensitivity of HCC cells to sorafenib. Sorafenib significantly downregulates the
KCTD1 protein in the HCC cell lines, suggesting that KCTD1 could be an important and novel target of
sorafenib. More importantly, miR-129-5p combined with sorafenib synergistically suppresses
development of HCC. Exosomes can serve as cargos to deliver miRNAs to target specific organs
conveniently and efficiently [44, 45] and exosomes derived from the miR-129-5p-infected HCC cell line
also significantly reduce HCC tumor size. These results suggest the possibility of a combined therapy
consisting of sorafenib and KCTD1 knockdown for treating advanced HCC.
Principal transcription factors, CCAAT/enhancer-binding proteins (C/EBPα and β) and the peroxisome
proliferator activated receptor γ (PPARγ) drive fat cell differentiation as early regulators of adipogenesis,
whereas fatty acid-binding protein 4 (FABP4) and adiponectin are critical for the differentiation into
mature adipocytes [46]. Genome-wide association studies (GWAS) have reported KCTD1, IGF1, GCKR,
IRS1, GCK1 and PPARG as good candidates for insulin resistance and type 2 diabetes (T2D) [47]. KCTD1
promotes adipogenesis by removing the interacting partner AP-2α from the nucleus, while Kctd1-specific
siRNA inhibits preadipocyte differentiation by reducing the expression of these specific adipogenic
markers C/ebpα, Glut4, adiponectin and Pparγ2 [11]. The insulin-regulated glucose transporter GLUT4 is
critical for insulin-mediated glucose uptake in adipocytes and muscle cells [48]. KCTD15, a homolog of
KCTD1 in Danio Rerio, interacts with adipogenesis GRP78 and is involved in food uptake and obesity
control [49]. These results suggest the potential importance of KCTD1 in adipocyte metabolism. KCTD1
upregulates the levels of phosphorylated AKT in HCC cells while AKT triggers hepatic lipogenesis, hepatic
steatosis, and activation of mTORC1 signaling in HCC [50]. KCTD1 may enhance lipogenesis, hepatic
steatosis, and HCC. It is interesting to elucidate the significance and cross-interactions of KCTD1 among
hepatic metabolism, tumor immunity, and sorafenib resistance to further expand our knowledge of
KCTD1 and reveal the therapeutic implications of KCTD1 in individual HCC cases.

Conclusions
In summary, our study suggests that KCTD1 promotes proliferation, migration, and angiogenesis of HCCs
by activating the HIF-1α/VEGF pathway. KCTD1 knockdown increases the cytotoxicity of the
angiogenesis inhibitor sorafenib in HCCs and KCTD1 exerts an oncogenic role in development and
progression of HCC. KCTD1 upregulation may serve as a marker in diagnosis as well as a target for
therapy in high-grade HCC. Understanding functions and mechanisms of KCTD1 leading to HCC is crucial
to future intervention and inhibition of angiogenesis in HCC.
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Figure 1
Expression levels of KCTD1 in both HCC tissues and HCC cell lines. a KCTD1 expression analyzed in the
Cancer Genome Atlas (TCGA) database. b KCTD1 expression analyzed in the HCCDB database. c KCTD1
expression detected by IHC staining in 70 HCCs and 10 normal liver tissues. Nucleic expression of KCTD1
is shown brown in HCCs whereas the nucleus is stained blue. d IHC score of HCCs and adjacent normal
liver tissues detected with the polyclonal anti-KCTD1 antibodies. The staining intensities are scored as 0Page 20/32

3 and each symbol indicates an individual case. Statistical comparison between HCCs and non-tumor
tissues is carried out by the SPSS software. *, p<0.05; **, p<0.01; e KCTD1 mRNA levels in paired
hepatocellular cancer tissue samples detected by qRT-PCR; f Correlation of KCTD1 expression and the
overall survival of HCC patients in the TCGA cohort.

Figure 2
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Influences of KCTD1 overexpression on the in vitro and in vivo growth and migration of HCC cells. a
Western blotting of KCTD1 expression in HCC cell lines detected with anti-KCTD1 antibodies; b MTT
analysis of both HCC cell lines infected with KCTD1 -LV. 3,000 cells are grown on a 96-well plate and
cultured in complete DMEM medium. The absorbance at OD 490 nm is measured for 1-5 days. c Liquid
colony formation assay of both HCC cell lines infected with KCTD1-LV. 1,000 cells are plated on 6-well
plates and cultured for 14 days. These cell colonies are fixed with absolute methanol, stained with
Giemsa solution for counting. d Effects of KCTD1 overexpression on HCC cell migration using transwell
migration assays. The average number of migrated HCC cells across the 8-μm pore-size PET membrane
is shown. e Effects of KCTD1 overexpression on HCC cell invasion using Transwell Matrigel invasion
assay. The average number of invaded HCC cells is shown. f Approximately 1×107 uninfected or infected
Huh7 cells injected subcutaneously into the two points of the back of immunodeficient nude mice
(female, n = 5/group). After 4 weeks, the subcutaneous tumors are removed and weighed (f and g). The
mean tumor weight/volume is obtained in triplicate. h HE staining carried out on serial 5 μm paraffin
sections of subcutaneous tumors derived from Huh7 cells. i IHC staining of CD31 and Arg1 expression in
Huh7 tumors; j Representative HE staining carried out on serial 5-μm sections of mouse lung and liver
tissues six weeks after tail-vein injection with Huh7 cells. These data indicate 3 independent experiments
performed. *, p<0.05, **, p<0.01, and ***, p<0.001.
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Figure 3
Effects of KCTD1 knockdown on HCC growth and migration in vitro. a Western blotting of NC shRNA and
KCTD1 shRNA expression in MHCC97H and SMMC7721 cells detected with anti-KCTD1 antibodies. b
MTT analysis of HCC cells infected with KCTD1 shRNA-LV. 2,000 cells are grown on a 96-well plate and
cultured in complete DMEM medium. The absorbance is measured at the indicated time; c Liquid colony
formation assay of HCC cells infected with KCTD1 shRNA-LV. 500 cells are plated on 6-well plates and
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cultured for 11 days. The cell colonies are fixed with absolute methanol, stained with Giemsa solution for
counting. d Scratch wound-healing assays carried out at the defined time in HCC cells infected with
KCTD1 shRNA-LV. The areas are measured using the ImageJ software. e Effects of KCTD1 knockdown on
transwell migration of HCC cells. The average number of migrated HCC cells through the 8-μm pore-size
PET membrane is shown. f Effects of KCTD1 knockdown on HCC cell invasion through Transwell
Matrigel invasion assay. The average number of invaded HCC cells is shown; g About 8×106 infected
MHCC97H cells injected subcutaneously into the two points of the back of nude mice (4-week old, female,
n = 5/group). After 15 days, the tumors are removed, weighed and photographed. The mean weight (g)
and volume (h) of the subcutaneous tumors are obtained in triplicate. i IHC staining of CD31 and Arg1
expression in MHCC97H tumors. The average number (j) and diameter (k) of lung nodules from nude
mice were quantified six weeks after intravenous injection of MHCC97H cells (n = 5 per group). l HE
staining carried out on serial 5-μm sections of the lung and liver tissues after tail-vein injection with
MHCC97H cells. These results were performed in triplicate. *, p<0.05, **, p<0.01, and ***, p<0.001.
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Figure 4
Effects of KCTD1 overexpression on the in vitro and in vivo growth, migration and angiogenesis of
HUVEC cells. a Heat map of KCTD1-overexpressing Huh7 and KCTD1-knockdown MHCC97H cells to
matched control cells. The expression ratios log2(differentially expressed genes) were relative to
reference genes. b Western blotting of KCTD1 expression in HUVEC cells with anti-KCTD1 antibodies. c
MTT analysis of HUVEC cells infected with KCTD1-LV. 2,000 cells were seeded in a 96-well plate and
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cultured in complete DMEM medium. The absorbance at OD 490 nm was measured for 1-5 days. d Liquid
colony formation assay of HUVEC cells infected with KCTD1-LV. 1,000 cells were plated in 6-well plates,
and cultured for 12 days. The cell colonies were fixed with absolute methanol, stained with the Giemsa
solution, and the number was assessed. e Scratch wound healing assays were carried out in HUVEC cells
infected with KCTD1-LV. f The effect of KCTD1 overexpression on HUVEC cell migration using transwell
migration assays. The average number of migrated HUVEC cells across the 8-μm pore-size PET
membrane was shown. g Tube formation capability was detected in KCTD1-overexpressing HUVECs. h
Tube formation analysis of HUVECs cocultured in the supernatant of KCTD1-overexpressing Huh7 cells.
The tube-forming structures were circled by the black dotted line. i Growth factor reduced Matrigel
including 500 ng/ml bFGF was mixed with 5×106 lentivirus-infected HUVECs and 5×106 parental Huh7
cells, which were s.c. injected into the back of immunodeficient nude mice (5-week old). 14 days later, the
images of the plug were taken. j Western blot results were shown to investigate the influence of KCTD1
overexpression on the VEGF signaling pathway in HUVECs.
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Figure 5
Expression levels of CD31 and Arg1 in hepatocellular cancer tissues. a CD31 expression detected by IHC
staining in 70 HCCs and 10 non-tumor tissues. The vessel structure is stained by strong expression of
CD31 (brown staining) in hepatocellular carcinoma cells. b IHC score of hepatocellular tumors and
adjacent normal liver tissues detected with polyclonal anti-CD31 antibodies. The staining intensities are
scored as 0-3 and a symbol indicates one individual case. Statistical comparisons of HCCs and adjacent
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normal liver tissues were carried out using the SPSS software. *, p<0.05; and **, p<0.01. c Correlation
between CD34 and KCTD1 expression analyzed in HCCs by the TCGA data. d Arg1 expression detected by
IHC staining in 70 HCCs and 10 normal liver tissues. e Immunohistochemical score of HCCs and adjacent
normal tissues detected with polyclonal anti-Arg1 antibodies. f Correlation of macrophage abundance
and KCTD1 in HCC determined from Timer software. g The mRNA expression levels of M1 and M2
macrophage markers detected by quantitative real-time PCR in KCTD1-knockdown MHCC97H cells.

Figure 6
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Regulation mechanism of KCTD1 on the VEGF signaling pathway. a Western blots detecting the
expression change of the VEGF signaling pathway in KCTD1-overexpressing Huh7 cells. b Western blot
confirming the expression change of the VEGF signaling pathway in KCTD1-knockdown MHCC97H cells.
c Western blots detecting the effect of KCTD1 knockdown on the degradation of HIF-1α/ARNT proteins
with the treatment of CHX under different time points. d Western blots investigating the effect of KCTD1
knockdown on the degradation of HIF-1α/ARNT proteins with treatment of different concentrations of
CHX. (e, f, g) Co-immunoprecipitation analysis performed to demonstrate the interaction between KCTD1
and HIF-1α, KCTD1 and ARNT or HIF-1α and ARNT. h Chromatin immunoprecipitation performed to
confirm the binding of KCTD1 with the VEGF promoter.
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Figure 7
KCTD1 knockdown increasing the sensitivity of HCC to sorafenib. a Uninfected and infected MHCC97H
cells treated with 5 µM of sorafenib or DMSO for 24 h and cell viability assays analyzed by MTT (mean ±
SD of triplicate experiments). b Apoptosis assays of HCC cells for Flow Cytometry. MHCC97H cells
infected with KCTD1 shRNA-LV are treated with 5 µM of sorafenib or control agent DMSO for 24 h and
cellular apoptosis is detected by FACS analysis. c Western blotting of the influences of sorafenib on the
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expression of KCTD1, HIF-1α/ARNT in MHCC97H cells. d About 8×106 lentivirus-infected and sorafenib
treated MHCC97H cells injected subcutaneously into the two points of the back of immunodeficient nude
mice (female, n = 4 per group). 15 days later, the subcutaneous tumors are removed and weighed and the
mean values of tumor weight are obtained in triplicate. e Intrahepatic tumor model generated by injecting
2×105 MHCC97H cells. 7 days later, the mice are orally received with the control solvent or 25 mg/kg
sorafenib every other day for 2 weeks and sacrificed. The tumor-loaded livers are dissected and shown.
Results are presented as the mean ± SD (n=3).
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Figure 8
miR-129-5p targeting KCTD1 and reversing the effects of KCTD1 in MHCC97H cells. a Possible binding
sites of miR-129-5p predicted by TargetScan in the 3′-UTR of KCTD1. b miR-129-5p regulating KCTD1 3′UTR luciferase activity. The cotransfection of miR-129-5p mimics markedly decreases the firefly
luciferase reporter activity of pmirGLO-KCTD1 vector containing the KCTD1 3′-UTR. The firefly luciferase
activity is normalized to the Renilla background. c Western blotting of the KCTD1 expression after miR129-5p transfection into HEK293 cells. These cells are harvested 48 h after miR-129-5p transfection. d
MTT analysis of miR-129-5p infected MHCC97H cells. e Influences of miR-129-5p overexpression on
MHCC97H cell migration. f Tube formation analyzed by HUVEC cultured with the supernatant of miR-1295p-infected MHCC97H cells. g About 8×106 infected MHCC97H cells injected subcutaneously into the two
points of the back of BALb/c nude mice (4-week old, female, n = 3 per group). 15 days later, the
subcutaneous tumors are removed, weighed, and photographed. The mean weights of subcutaneous
tumors are obtained in triplicate. h MHCC97H cells (2×106) injected into the liver of immunodeficient
nude female mice. After one week, the mice are orally treated with the control solvent or 25 mg/kg
sorafenib every other day for 3 weeks and 45 μg of exosomes per mouse three times and sacrificed. The
tumor-loaded livers are dissected and indicated in three groups (the control group, the exosome group,
and both exosome and sorafenib group). i Schematic representation of the possible mechanism
underlying KCTD1-enhanced HCC angiogenesis. KCTD1 interacts with HIF-1α/β 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 pathway concurrently with M2 macrophage
polarization. On the one hand, miR-129-5p binds with 3′UTR of the KCTD1 gene, suppresses its protein
level, and reverses its oncogenic role of KCTD1. On the other hand, sorafenib targets KCTD1, abrogates
its expression, and blocks its tumor-promoting function, thus enhancing HCC cells to sorafenib sensitivity.
Moreover, KCTD1 knockdown and sorafenib synergistically inhibit HCC progression.
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