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Abstract: The expression of Dickkopf-1 (DKK1), a negative regulator of the Wnt/B-catenin signaling pathway, is
upregulated in hepatocellular carcinoma (HCC). Here, we investigated the tumorigenic and angiogenic potential of
DKKZ1 in HCC. Stable cell lines were established using the clustered regularly interspaced short palindromic repeats
(CRISPR)-associated nuclease 9 (CRISPR/Cas9)-based DKK1 knock-out system in Hep3B cells and the tetracycline-
based DKK1 inducible system in Huh7 cells. Multicellular tumor spheroids (MCTSs) were cultured using Hep3B
stable cells. We also employed xenografts generated using Hep3B stable cells and transgenic mouse models estab-
lished using hydrodynamic tail vein injection. The angiogenic potential increased in HUVECs treated with CM from
Huh7 stable cells with high DKK1 expression and Hep3B wild-type cells. DKK1 accelerated the downstream mol-
ecules of vascular endothelial growth factor receptor 2 (VEGFR2)-mediated mTOR/p70 S6 kinase (p70S6K) signal-
ing. MCTSs generated using Hep3B wild-type cells promoted compact spheroid formation and increased the expres-
sion of CD31 and epithelial-mesenchymal transition (EMT) markers, and increased the VEGFR2-mediated mTOR/
p70S6K signaling, compared to the controls (all P<0.01). Xenograft tumors generated using Hep3B cells with DKK1
knock-out (n=10) exhibited slower growth than, the controls (n=10) and the expression of Ki-67, VEGFR2, CD31 and
EMT markers decreased (all P<0.05). In addition, forced DKK1 expression with HRAS in transgenic mouse livers
(n=5) resulted in the formation of more tumors and increased expression of downstream molecules of VEGFR2-
mediated mTOR/p70S6K signaling pathway as well as Ki67, CD31 and EMT markers (P<0.05), compared to that
of the controls (n=5). Our findings indicate that DKK1 facilitates angiogenesis and tumorigenesis by upregulating
VEGFR2-mediated mTOR/p70S6K signaling in HCC.
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Introduction endothelial growth factor (VEGF), fibroblast
growth factor (FGF), and platelet-derived growth

Hepatocellular carcinoma (HCC), the primary factor (PDGF) receptors have shown survival

cancer of the liver, is derived from hepatocytes
and occurs in more than approximately 80% of
cases of liver cancer [1]. HCC is a hypervascu-
lar tumor in which angiogenesis plays an impor-
tant role in development, invasion and metas-
tasis [2]. Tumor growth relies on angiogenesis,
the formation of new blood vessels from pre-
existing vasculature, to receive an adequate
supply of oxygen and nutrients into the tumors
[3, 4]. Accordingly, anti-HCC agents, such as
sorafenib and lenvatinib, which target vascular

benefits in HCC treatment [5].

Pro-angiogenic factors such as VEGF, FGF
and PDGF are known to activate tyrosine kinas-
es and subsequent downstream intracellular
signaling through mitogen-activated protein
kinase [6]. Both VEGF and VEGF receptors
(VEGFRs), the most prominent and widely
researched regulators of angiogenesis, are crit-
ical for HCC growth and development [7]. The
binding of VEGF to VEGFR leads to endothelial
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proliferation and migration as well as formation
and branching of new tumor blood vessels [8].
In addition, VEGFR1 activation upregulates the
expression of epithelial-mesenchymal transi-
tion (EMT)-associated factors, such as Snail,
Twist and Slug in HCC [9].

Dickkopf-1 (DKK1), which binds to the low-den-
sity lipoprotein receptor-related protein-5/6
Wnt co-receptor, is a secreted protein that func-
tions as a negative regulator of Wnt signaling
[10-15]. Wnt signaling regulates diverse cellular
and biological processes such as proliferation,
survival, migration and liver development [16-
18]. In addition, the DKK protein family has
been found to regulate angiogenesis, and it has
been reported that the Wnt signaling pathway
and DKK1 modulate tumorigenesis during vas-
culogenesis and angiogenesis [19].

Several studies have reported that DKK1
expression is upregulated in HCC cell lines [20-
22] and the tumor tissues and serum samples
of patients with HCC [20, 23, 24]. Ectopic DKK1
expression promotes HCC cell migration and
invasion through B-catenin/matrix metallopro-
teinase (MMP7) signaling [25]. Moreover, the
downregulation of DKK1 expression using
siRNA has been shown to inhibit invasion and
metastasis in HCCLM3 cells. In contrast, DKK1
overexpression in the HepG2 cell line has been
shown to significantly promote its migration
and invasiveness [26]. These results indicate
that DKK1 regulation can be a promising target
for angiogenesis in HCC.

In a previous study, we showed that DKK1
induces angiogenesis by regulating VEGF recep-
tor 2 (VEGFR2) [27], but the correlation between
DKK1 and angiogenesis in HCC remains poorly
understood. In the present study, we investi-
gated the angiogenic and tumorigenic role of
DKK1 in HCC using diverse models of regulated
DKK1 expression and found that DKK1 pro-
motes angiogenesis by upregulating VEGFR2-
mediated mammalian target of rapamycin
(MTOR)/p70 S6 kinase (p70S6K) signaling in
HCC.

Material and methods
Cell lines

Huh7 (Korean Cell Line Bank, Seoul, Korea),
GP2-293 (Clontech, California, USA), Hep3B,
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LX2 [Dr. Seo [28]] and WI38 cells were cultured
at 37°C with 5% CO, in Dulbecco’s Modified
Eagle’s Medium (Gibco, Carlsbad, CA, USA),
Modified Eagle’s Medium (Gibco) or RPMI-1640
(Gibco) supplemented with 10% fetal bovine
serum (Gibco) and 1x penicillin-streptomycin
(Welgene, Daegu, Korea). Human umbilical vein
endothelial cells (HUVECs) were cultured in
Medium 200 (Gibco) supplemented with low
serum growth supplement (Gibco) at 37°C with
5% CO,,.

Generation of stable cell lines

Stable cell lines were generated using the
clustered regularly interspaced short palin-
dromic repeats (CRISPR)-associated nuclease
9 (CRISPR/Cas9)-based DKK1 knockout sys-
tem in Hep3B cells and the tetracycline-based
DKK1 inducible system in Huh7 cells. The
Hep3B wild-type cells used in this study meant
that Hep3B cells were untreated, and previous
studies showed that Hep3B was originally iso-
lated from a liver biopsy of an 8-year-old black
man with primary HCC [29, 30]. Alt® CRISPR-
Cas9 system, CRISPR RNA (crRNA): Guide RNA
(8RNA) targeting the human DKK1 locus along
with transactivating crRNA (tracrRNA), were
obtained from Integrated DNA Technologies
(San Diego, CA, USA) for Hep3B stable cell line.
crRNA was used to select target region within
the first exon of the human DKK1 gene. Tracr
and crRNA were combined according to the
manufacturer’s protocol and then crRNA:
tracrRNA duplexes were with Cas9 protein.
Subsequently, the Alt® CRISPR-Cas9 system
was transfected into Hep3B cells using
Lipofectamine™ RNAIMAX (Thermo Fisher
Scientific, Waltham, MA, USA). Off-target
effects in the two selected stable cell line
clones were identified using whole genome
sequencing (Promega, Madison, WA, USA) and
the knock-out sequence of the human DKK1
exon-1 gene was confirmed by Sanger sequenc-
ing (Macrogen, Seoul, Korea).

GP2-293 was transfected to make regulator
(Retro-X Tet-On Advanced Inducible Expression
System and pVSV-G) and response (pRetroX-
tight Pur-DKK1/pVSV-G or pRetroX-tight Pur-
Mock/pVSV-G) plasmid (Clontech, California,
USA) using CalPhos Mammalian Transfection
Kit (Clontech). The regulator plasmid was added
tothe culture medium of Huh7 cells. Transfected
Huh7 cells were selected by on the basis of
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resistance to the antibiotic, G418 (Takara Bio
Inc, Seoul, Korea), followed by the addition of
the response plasmid to the culture medium of
the selected Huh7 cells. Twenty-four hours
after infection, the cells were subjected to puro-
mycin (Takara Bio Inc) selection.

Assessment of DKK1 using ELISA

The concentration of DKK1 in HCC cell lines
was measured using enzyme-linked immuno-
sorbent assay (ELISA) kits (R&D systems,
Minneapolis, MN, USA), according to the manu-
facturer’s instructions. Subsequently, all the
groups of supernatants were collected and
DKK1 levels were assayed in them.

Cell invasion, tube formation and wound heal-
ing assay

The invasiveness of HUVECs was assessed
using a transwell chamber (Corning Costar,
Cambridge, MA, USA). Next, 3 x 10* HUVECs/
well were treated with VEGF or recombinant
DKK1 (rDKK1) in each transwell chamber.
Following incubation for 24 h, the invading cells
were stained with hematoxylin and eosin (H&E).
The total number of invaded cells on the lower
side of the filter was determined using a light
microscope (Olympus, Tokyo, Japan) at 40 x
maghnification. Invading cells on the lower mem-
brane surface were measured by imagel
software.

Tube formation by HUVECs was measured using
Matrigel® (Corning). A 48 well plate (BD Falcon®,
Bedford, MA, USA) was coated with 150 L
Matrigel® and seeded with HUVECs (3 x 10%/
well), followed by the addition of conditioned
medium (CM) from Hep3B and Huh7 stable cell
lines. The plates were incubated for 4 h, follow-
ing which tube formation was observed under a
light microscope.

Wound healing assays were performed by cre-
ating identical wound areas into the cell mono-
layer using culture-inserts (Ibidi GmbH, Munich,
Germany). A 24 well plate was coated with 2%
gelatin (BD Biosciences) and seeded with
HUVECs (2 x 10%/well) on each side of the cul-
ture-insert. After attachment, the cells were
treated with CM from the HCC stable cell line,
followed by detachment of the culture-insert.
The wound images were captured at O and 6 h
using a light microscope.
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MmRNA isolation and RT-PCR

For PCR, total RNA was extracted using TRIzol™
reagent (Invitrogen, California, USA) and syn-
thesis of first strand cDNA (Superscript™ Il
First-Strand Synthesis System, Invitrogen)
was performed according to the manufactur-
er's recommended protocols. A PCR master
mix (Power SYBR™ Green PCR Master Mix;
Applied Biosystems, Warrington, UK) was used
for quantitative PCR performed on the Step-
OnePlus™ PCR System (Applied Biosystems).

Western blot analysis

Cells and tissues were washed and lysed with
RIPA buffer containing a protease inhibitor
cocktail (Thermo Fisher Scientific) and a phos-
phatase inhibitor cocktail (GenDEPOT, Katy,
TX, USA). Cell and tumor lysates were cleared
using centrifugation, separated using SDS-
PAGE and transferred to polyvinylidene fluoride
membranes. The membranes were incubated
with antibodies against DKK1 (R&D Systems),
VEGFR2, phosphorylated VEGFR2 (p-VEGFR2),
mTOR, phospho-p70S6K, GAPDH, phosphoino-
sitide 3-kinase (PI3K) and p-Akt [at Ser473]
(Cell Signaling Technology, Danvers, MA, USA)
at the recommended concentrations. The blots
were developed using the enhanced chemilu-
minescence technique (PerkinElmer, Waltham,
MA, USA) according to the manufacturer’s
instructions.

Spheroid fabrication

Hep3B-only or hybrid spheroids were fabricat-
ed in a low attachment multiple well plate
(Corning). To model tumor complexity and het-
erogeneity, we formed multicellular tumor
spheroids (MCTSs) with Hep3B stable cell lines
and stromal cells, such as HUVECs (human
endothelial cells), LX2 (human hepatic stellate
cells) and WI38 (human fibroblasts) and count-
ed them prior to mixing them in the desired
ratio. A 200 L cell mixture of these four cell
types was prepared in the following ratio:
Hep3B stable cells: HUVECs: LX2: WI38=4: 2:
1: 1. This mixture was subsequently pipetted
onto the plate. Images of MCTS were acquired
using a microscope (Olympus) and imported
into ImageJ software. The average radius (r)
was then calculated using ImageJ software and
used to obtain the volume value (V) with the fol-
lowing formula: V=4/3mr3,
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Animals

All experiments involving live mice were per-
formed according to the Guidelines and
Regulations for the Care and Use of Laboratory
Animals in AAALAC-accredited facilities, and
were approved by the Animal Policy and Welfare
Committee of the Yonsei University College of
Medicine (Permit number: 2018-0088). We
purchased 4-5-week-old C57BL/6 male mice
from Orientbio (Seongnam, Korea), while
4-week-old BALB/c nude male mice were pur-
chased from Central Lab. Animal Inc. (Seoul,
Korea).

Xenograft mouse model

The Hep3B stable cell line (5 x 10° or 7 x 10°
cells) in HBSS was mixed with Matrigel® [2:1]
(Corning) and then inoculated subcutaneously
into the left and right flanks of each BALB/c
nude mouse. Tumors were monitored once a
week and the tumor volume was calculated
with the help of Vernier calipers. The volumes
of the tumors were calculated using a standard
formula (length x width? x 0.5) and growth
curves were drawn. Nine weeks later, animals
in all the groups were sacrificed, following which
their tumors were harvested and fixed in 10%
formalin.

Histology analysis

The specimens embedded in paraffin blocks
were sectioned into 4-um slices. Specimens for
histological analysis were processed using con-
ventional H&E staining for the visualization of
general tissue morphology. Stained specimens
were inspected using a microscope (Olympus).

Immunohistochemistry and immunofluores-
cence

Paraffin sections were deparaffinized in xylene
and rehydrated through a gradual decrease in
ethanol concentration. The antigen epitopes
were then unmasked using sodium citrate buf-
fer (pH=6.0). Subsequently, the sections were
incubated overnight at 4°C using the following
primary antibodies: anti-Ki-67 (Cell Signaling
Technology), anti- anti-cluster of differentiation
31 (CD31) (Invitrogen), anti-HRAS (Santa Cruz
Biotechnology, California, USA), anti-p-VEGFR2
(Cell signaling) and anti-p-Akt (Cell signaling).
After primary incubation, the sections were
incubated with the appropriate biotinylated
secondary antibodies followed by treatment
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with freshly prepared 3,3-diaminobenzidine
substrates (Vector Laboratories, Burlingame,
CA, USA). Sections were lightly counter-stained
with hematoxylin and mounted. For immuno-
fluorescence (IF), the sections were probed
with anti-DKK1 (R&D systems), CD31 (Invi-
trogen), anti-VEGFR2, anti-vimentin, anti-fibro-
nectin and anti-E-cadherin antibodies (Cell
Signaling Technology). Next, after washing with
phosphate-buffered saline, the sections were
incubated with secondary antibodies, stained
with 4’,6-diamidino-2-phenylindole and then
embedded Fluoromount-G™ (Invitrogen). Fluo-
rescence images were obtained using a Zeiss
LSM 700 confocal microscope (Carl Zeiss,
Oberkochen, Germany).

Hydrodynamic tail-vein injection

The plasmids pT2/HRAS®'?, pT2/shp53, and
PT2/C-Luc/PGK-SB13 were prepared using
endotoxin-free EndoFree® Plasmid Maxi Kit
(Qiagen, Hilden, Germany). DNA mixtures of
transposons (pT2 plasmids) and transposase-
encoding vector (pbPGKSB13) were suspended
in Lactated Ringer’s solution and subsequently
injected into the lateral tail veins of 5-to 6-week
old male mice (0.1 mL/g body weight) in less
than 7 s. The livers were harvested 5 weeks fol-
lowing the hydrodynamic transfection, unless
specified otherwise.

Statistical analysis

Statistical analyses were conducted using an
unpaired parametric Student’s t-test or Fisher’s
exact test, as appropriate. A value of P<0.05
was chosen to indicate statistical significance.

Results

Establishment and characterization of stable
cell lines

Treatment with rDKK1 resulted in a concentra-
tion-dependent enhancement of the invasive
potential of HUVECs (Figure 1A). Upon confir-
mation of the expression of DKK1 in various
human HCC cell lines, it was found that the lev-
els of secreted DKK1 were high in Hep3B cells,
but low in Huh7, SNU475, and SNU449 cells
(Figure 1Ba). Accordingly, Huh7 cells with low
DKK1 expression and Hep3B cells with high
DKK1 expression were selected for the regula-
tion of DKK1 expression. Stable cell lines were
established using the CRISPR-Cas9-based
DKK1 knockout system in Hep3B cells and the
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Figure 1. Regulation of DKK1 gene expression in Hep3B and Huh7 cells. A. Effects of DKK1 on invasion assay in
HUVECSs. NT: no treatment. HUVECs were treated with the indicated concentration of rDKK1 and 50 ng/mL VEGF (as
a positive control). B. DKK1 expression levels of human hepatocellular carcinoma cell lines were measured using
ELISA (a) and CRISPR-Cas9 based DKK1 knockout was confirmed by PCR (b). C. Western blot analysis of aggregated
proteins, collected using centrifugation from Hep3B wild-type, Hep3B CRISPR#73 (#73) and Hep3B CRISPR#131
(#131) cells. DKK1-transfected HEK 293T cells were used as a positive control. D. Protein levels of secreted DKK1
from Hep3B wild type, #73 and #131 cells were measured using ELISA. E. Western blot analysis of aggregated
proteins from Hep3B, Huh7, Huh7 Pur-DKK1, Huh7 Pur-Mock cells. Huh7 Pur-DKK1 and Huh7 Pur-Mock cells were
cultured in the absence or presence of doxycycline (100 ng/mL) at 37 °C for 48 h. Hep3B cells were used as a posi-
tive control for DKK1. Lysate: the aggregated fraction after centrifugation; sup: the supernatant (soluble fraction). F.
Secreted DKK1 protein levels of CM of Huh7 Pur-Mock and HuH7 Pur-DKK1 cells were measured using ELISA after
incubation with doxycycline (100 ng/mL) for 24 h.

tetracycline-based DKK1 inducible system in human DKK1 gene (Figure 2A, 2B). Subse-
Huh7 cells. We used the CRISPR-Cas9 system quently, several colony cell lines were estab-
to select the target region within exon-1 of the lished by transfection, and it was found that
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the sizes of the DKK1 exon-1 in colonies 73
(Hep3B CRISPR#73 cells) and 131 (Hep3B
CRISPR#131 cells) were smaller than those of
the positive control (Hep3B wild-type cells)
(Figure 1Bb, confirming DKK1 knock-out by
sequencing Figure 3A, 3B). We also observed
that the expression of DKK1 and the protein
levels of secreted DKK1 in Hep3B CRISPR#73
cells were significantly lower than those in
Hep3B wild-type and CRISPR#131 cells (all
P<0.001) (Figure 1C and 1D). Consequently,
Hep3B CRISPR#73 cells were used in this study
because DKK1 protein levels in Hep3B
CRISPR#73 cells were significantly lower than
those in Hep3B CRISPR#131 cells. In addition,
the expression of DKK1 and the protein levels
of secreted DKK1 were significantly higher in
doxycycline-treated pRetroX-tight Pur-DKK1
transfected Huh7 cells (Huh7 Pur-DKK1 cells)
than in Huh7 wild-type cells and pRetroX-tight
Pur-Mock transfected Huh7 cells (Huh7 Pur-
Mock cells) (all P<0.001) (Figure 1E). In addi-
tion, we confirmed that the protein levels of
secreted DKK1 in CM were higher in Huh7 Pur-
DKK1 cells than in Huh7 Pur-Mock cells, when
the Huh7 stable cells were treated with doxycy-
cline for 24 h (Figure 1F).

DKK1 enhances the angiogenic potential of
HUVECs

We investigated whether DKK1 regulates endo-
thelial cell tube formation and migration, which
are two important features of angiogenesis
[31]. Tube formation was enhanced in HUVECs
treated with concentrated CM from doxycy-
cline-treated in Huh7 Pur-DKK1 cells, whereas
it was not enhanced in HUVECs treated with
concentrated CM from Hep3B CRISPR#73
cells, compared to the controls (Figure 4A). In
addition, HUVECSs treated with CM from doxycy-
cline-treated in Huh7 Pur-DKK1 and Hep3B
wild-type displayed higher migration ability than
the controls (Figure 4Ba). In addition, HUVECs
treated with CM from Hep3B CRISPR#73 and
#131 cells showed lower migration ability com-
pared to growth medium and CM from Hep3B
wild type (P<0.001). Whereas HUVECs treated
with CM from CRISPR#73 and CRISPR#131 dis-
played no differences (Figure 4Bb). The effects
of VEGFR2 downstream signaling were exam-
ined to understand the mechanism underlying
DKK1 induced angiogenesis in HUVECs. We
found that DKK1 increased the expression
of p-VEGFR2. In addition, DKK1 significantly
enhanced the expression of VEGFR2, p110q,
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p-Akt, p-mTOR and p-p70S6K in HUVECs (all
P<0.001) (Figure 4C). Moreover, we demon-
strated that HUVECs treated with rDKK1
showed increased Ki67 expression, compared
to untreated HUVECs (P<0.01) (Figure 4D). In
addition, rDKK1 treatment significantly incre-
ased VEGFR2-mediated Akt/mTOR/p70S6K
signaling, whereas these protein levels were
decreased by the VEGFR2-mediated Akt/
mTOR/p70S6K signaling inhibitor, quercetin
treatment compared to the control (all
P<0.001). However, rDKK1 combined with
quercetin  treatment ameliorated VEGFR2-
mediated Akt/mTOR/p70S6K signaling com-
pared to rDKK1 treatment alone (P<0.001)
(Figure 4E). Moreover, quercetin treatment
showed no differences in the migration ability
of HUVECs, whereas rDKK1 treatment signifi-
cantly increased it, compared to controls (all
P<0.01). However, rDKK1 combined with
Quercetin treatment ameliorated the migration
ability of HUVECs, compared to rDKK1 treat-
ment (P<0.05) (Figure 4F). These data demon-
strate that DKK1 might enhance the angiogenic
potential and proliferation of HUVECs through
VEGFR2-mediated mTOR/p70S6K signaling in
vitro.

Co-culture with Hep3B stable cells and stromal
cells

To investigate whether DKK1 induces angio-
genesis in HCC spheroids, we generated an
MCTS. We confirmed a profound enhancement
of spheroid compactness in MCTS generated
using Hep3B wild-type cells, compared to the
control (Figure 5A). IF staining of MCTS show-
ed that DKK1 expression levels in MCTS
generated using Hep3B wild-type cells were
significantly higher than in those generated
using Hep3B CRISPR#73 cells (Figure 5B).
Expression of the endothelial cell marker,
CD31, was enhanced in MCTS generated using
Hep3B wild-type, compared to the control. In
addition, expression levels of the mesenchymal
cell markers, vimentin and Slug, were increased
(all P<0.01), whereas expression of the epithe-
lial cell marker, E-cadherin, was attenuated
(P<0.001) in MCTS generated using Hep3B
wild-type cells, compared to MCTS generated
using Hep3B CRISPR#73 cells (Figure 5C). In
addition, MCTS generated using Hep3B wild-
type cells increased the expression of VEGFR2-
mediated mTOR/p70S6K signaling downstream
proteins, compared to that generated using
Hep3B CRISPR#73 (Figure 5D).
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Figure 2. Generation of DKK1 knock-out alleles using CRISPR/Cas9. A. Targeting strategy of the DKK1 exon-1 gene. Blue: primer binding site, Green: sequence of
DKK1 exon-1, Yellow: single-guide RNA binding site. B. Sequence of PCR primers for DKK1 exon-1.
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results of gene knock-out

4795

Dickkopf-1 and angiogenesis in HCC

»570 v500 w550 »€00 vE€l0 €20 €0 w€40 €50 veé0 €70 €80 €50 700 w710 720
AT T T T A A GO T AT CACC T OGa T T G T ARG T AT T I CAGAT OO GGAT AR T TCAAC OO T TACT GO CA G AR GGG ACC O AR G T T OO CAGA ST T O T G T GO OGO CTGCAT I TATTAAAGT COTCTGCTATAAMCGCT CGCT GETAGCCTIC
PERR RN nRnnRnnnnRnRnnnn
AT T T TG AGA GO T AT CAC O T OGG T T e T AR G T AT T T CAGAT OO GeA T AA T T CAAC T TACT GO CA GG AA GGG AT CCAA G T TOCCAGAGT T OCT GCT GO CEOCTCCAT I TATTAAAGT COT CTGCTAT AACGLCT CGCTGOTAGLOCTIC
20 ~30 40 50 ~&0 70 80 80 100 *110 120 130 140 150 *1€0 170
v730 v740 w750 v7€0 770 700 v780 w800 w810 v8320 230 w240 wes0 v2€0 v870 v800
ACCCCGAAGSTGAGCCGSGCCAGCCGAGCGACT AAGCAAGEGAGSGECGGEETGAAGAGT G TCARAGGCOCCCCT TCATGTACACAAACACACCCCCTCCCAGCOCCT COCAGCGCT T TGAAA T COCATCOCGGCTTTCT TG ICTCOCTOCCARGGGGCT
|II|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIlIIlIIlIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIlllllllllllillilIIIIIIIIIIlIIlIIIIIIIIIIIEIIII]IIIIIIIIIIIIIII
ACCOCGAAGGTGA GCOGAGCGACTAAGCA AN T CAAACACA TTTGAMT TTIGITGICTICOC
~180 ~1%0 ~200 ~210 ~220 ~230 ~240 ~250 ~2€0 ~270 ~280 ~350 200 ~310 ~320 330
850 v$00 w910 »§20 v$30 v$40 v$50 w§€0 v$70 v$00 5§50 w1000 w1010 w1020 w1030 »1040
GEAARTGCTCOGEGCCCGOGETAT AMAGGCAGCCGOGETEROGETGROGE0GK STCCCTGCAGTCA SCGGACCCTGACTCTGCAGCOGAMCCGGCACEETITCCTGGEGACCCAGGCTIGOAMAGT
PRRR R e e e e nnnnnnnnen
GGAATGT CGCGET AAGGTAGCTET GSL IO eI eI OO T GCAG T CAGGACT CT GG LACCGCAGSGSEECT COCGEACCCTGACTCTGCAGCCGAACCGGCACGETTTCCTGEGGACCTAGGCTIGCAAAGT
~340 ~350 ~3€0 ~370 ~380 ~3%0 ~400 ~410 420 “420 ~440 ~450 ~4€0 470 “480 ~4%0
v1080 v10€0 w1070 1000 v1080 will00 wlll0 w1120 w1130 w1140 w1180 w1140 w1170 w1180 v1150 v1200
GA TITCTCTTICTTITCTCNOCICT TIC ¢ GLEGEAGCTACCCGEETCTTTOTOGCOATESTA TCIEC GOGCCACCTTGAALTOGETICTICAATIC
PORRRRRR RN RN RnnRnnnnrn e PRRRnnRRRnRRRRnnRn R R R RnRRR RN RRRERIIII"n
GACGST AT T I T T T T I T T T T OO T T TGAS T O T ICTGAGAT AT GECT CIGGGCGCAGCGEEAGLT -~ AGCGGOGECTCTOGGOGEOCACCCTCTGCTOGGASTGAGCGCCACCTIGAACT OGS TTICTCAATIC

~500 ~510 ~8$20 ~530 ~540 550 ~5€0 “870 ~580 ~850 €00 “€10 ~€20 €30
w1210 w1220 wl230 w1240 w1250 w12€0 w1270 w1280 w1250 »1300 w1310 *1320
CAACGCTTATTAAGAN CACCGECT TGO COCAGGCTCTGCAGTCAGTGCTSCGCCGGEGAATCCTOTACTOGGGOGEEAATAAGTACTAGACTATTGACAALT

PRRRRRRR R v e e nn e nnnnney v vnnp
A G T AT AR S AR T T GO O AT o T S P ST S e AT T A GG T CT oA G T O A GO O e SO O oo R AA TCCT O TACC OGSO EEEAA T AAGTACCAGACCAT ZAAMAACT

~€40 ~€50 ~€€0 ~€70 ~€20 ~€§0 700 ~710 720 “730 740 750
w550 vS€0 570 500 v550 v€00 w€l0 w€20 €30 €40 v€S0 v€€0 vé€70 w80 v€50 700
A A e A A AT T T T TGO A A GO T AT CA T O T G T T e T AAA G TAT T TCAGAT COGGA T AA T TCAACCCT TACT COCAGGCAA GG ECACC CAA T TCCCAGAGT ICCT GCT GOCGCCT GOATITATTAAAGT CGTCT GCTATAACGCTIC
i 1R (N R R R R RN NN R RN RN RN RN N RN NN R NN RN RN R NN RN RN RN RN R RN R R RN RN R R R R RN RN RN RN RN RN R R RN RN RN RN RN RRRRNNRRYE]
ARG ACGEE T AT AT T T I TGO AGAGC T AT CAC OO T CGaC T T ST ARG T AT T TCAGAT COGG AT AR T TCAACCCT TACT GOCAGEC AR GEGCACCCAA ST TOCCAGAGT ICCT GCT GOCGCCT GCAT TTAT TARAGTCGTCTGCTATAMCGCTC
“10 20 ~30 ~40 ~s0 ~€0 “70 ~e0 “$0 ~100 ~110 120 130 ~140 150 ~1€0
w710 w720 w730 v740 v750 »7€0 %770 w780 780 v800 v8lo w820 w820 w840 w850 w8 €0
GCTGGTAGCCTTCACCOCGAAGSTGAGCCGGECOCAGCOGAGCGACTAAGCA SGGGGT GICAAAGGOCCOCCT TCATGTACACAAACACACCOOCTOOCAGCCOCTCOCAGCGCT TIGAMTCOCATCOCGECTITGTITCTCICS
PR e
T GETAGCC T TCACCOC ARG TGAGC GGG CTAGC CGAGCOACT AMGCAA GG A G LG e TG AAGAGT G TCAAAGGCCCCCCT TCAT CTACACAAA CACACCCCCT COCAGCCOCTCOCAGCECT TIGAAATCOCATCOCGECTITGITETCICT
~170 ~180 ~190 ~200 ~210 ~220 ~230 ~240 ~250 ~2€0 ~270 ~200 ~2%0 ~300 ~310 ~320
w870 weeo w850 v$00 v$10 w20 w920 w840 v$50 v5€0 v$70 w900 v§90 w1000 w1010 w1020
CTCCCAA GGG CCGEAAT GCT CCGGECCCE e T AT AR GECAGC OGO GE T GoCGE T CaCeEC e AGAG T CT e T GCT COCT GCAGTCAGGACT CTGEEACCECAGEEEECTOCCEEACCCTGACT CTGCAGCCGAACCEECACGETTTCGTGREGACCT
l[lIlIIIIIIIIlII!IIIIIIIIIIIIIIIIIIIIIlllliIIlIIlII!IIIIIIIII!IIlIIlIIIIIIIIIIIIIIIlIIlIIIII|III[IIEIIIIIIIIIIIlllllllilIlIIlII!I|1IIllIIlIIlIIlIIlIIlIIIIIIEIIl
CTCCCAM GGAATGC AGCCGLGETGECGETOECGECGCAGAGCTCIGTGITCOCT GICAGGACTC CCCTGACTCTGCAGCCGAACCGECACGETTTOCTGGGGACTT
~330 ~340 ~350 ~3€0 ~370 ~300 ~3%0 ~400 ~410 ~420 ~420 ~440 ~450 ~4€0 ~470 ~480
w1030 w1040 w1050 w10€0 w1070 vil080 w1080 w1100 wlllo w1120 wll30 willd0 willS0 wll€0 w1170 w1ll80
AGGCTTGCAAASTGACGETCATITICTCTITTICTITICTCCCTICT TICTGM TC TACCOGEEICTTIONT TC ACCCICTIEC GTGAGCGCCACCTIGANCT
POERRRE RN nnnnnnnnennnnnnnnnenn FRRRRRE RRRRn v v e nnnennenny
AGGCTTGCAMAGTGACGETCATTITIICTCTITICTITICTOCOCTICT CTIC TC AGCG TA-====~TCTTICTAGCCAT GOTAGOGEOGECTCTCGEOGEOCACTCTICTGCTCEGAGT GAGOECCACCTIGAACT
480 ~$00 810 ~820 ~530 540 ~550 “5€0 570 “580 “850 “&00 €10 ~€20 €30
v11§0 w1200 w1210 w1220 w1230 w1240 w1250 w12€0 w1270 wl280 w1280 w1300 w1310 w1320 w1330
CEGTTCTCAATTCCAACGCTATCAAGAACCT GCCCCCTALC S TC “CCEGA TGT ATAAGTACCAGACCATTGACAA - ~CTACCAGETG
FERRRE RNy vpnnnny
CGETTCTCAAT TCCAACGCTATCAAGAACCT GOCCOCAC O T GGG CGECGCTGOGEEGCACCCAGSCTCTGOAGT CAGCGOCGOGOCGEGAAT CCTGTACCOGGECGEEAATAAGTACCAGACCATIGACAAACCT,
€40 ~€80 ~eo “€70 “€80 €90 700 710 720 *730 740 ~750 ~7€0 770

DKK1 exon-1 knock-out in Hep3B cells. A. Sanger sequencing results of gene knock-out in Hep3B CRISPR#73. B. Sanger sequencing
in Hep3B CRISPR#131.

Am J Cancer Res 2021;11(10):4788-4806



Dickkopf-1 and angiogenesis in HCC

A TR b

Tet Mock Tet DKL

Huh7 Pur-Mock Huh7 Pur-DKK1

+Dox CM

+Dox CM

Hep3B Hep3B
wild type CM CRISPR#73 CM

C 1DKK1 ” = o = i = D Ki67 staining E - -+ + Quren . -
ctl  10min 30min 1 hour ém % " = g p + -+ (DKK1 g g o
— 3 8 D p— S
VEGFR2 540 3 4 a¢ VEGFR2  § N
- .- g g Iz £ § w
82 & 2. z it g g
° " pVEGFR2 © e 1 quantification of PVEGFR2 > | i
" o o o- Ki67 staining n - B . +  + Quercetin B B 4+ Quercetin
o & & 8 PU & & Do ok S o
p110a A \@ ”e@ - * &S 8 & ’9@ o o w— “ “w pl0a i
s P — e ———— M T .
-— e e A< o0 > T 3 z 20
z » Ctrl k g
g 3 . 3 - = p-Akt 8 3
. — — - DAkt 3¢ g 3 £ E
8, £ .o £ o~ e o™ e mTOR s o
g £ & C e e awmem - -+ o+ oucen
[ N S LY H i ~—@me -. . pmIR D = e N
& &S € & S o & & $
. d— 1. TOR € o s A R - " "- P70S6K - L == L e
T, -~ g’ H
TR e M PT rrosex » = pPTOSGK 3 1 L
Bl T g g
| ¥ ¥ sk 3‘- rDKK1 - @ kK1 £ g o
z ¢ - - - +  Quercetin o - - + +  Quercetin
E—— 011 is D E S E ciron - o Sl aa
o .
‘ =
- e GEDEED  GAPDH A z
. £ =
F Quercetin &
Control DKK1 Quercetin + DKK1 o
: s i : 3
il [ i iR i R

4920000.0 —_—
4918000.0
4916000.0

4914000.0

Migration area (pixel area)

07 4912000.0
24hbr § +  Quercetin

+ - +  rDKK1

Figure 4. DKK1 increases the angiogenic effects of HUVECs. A. Effects of DKK1 exposure on tube formation in HUVECs. HUVECs were cultured in serum free media
(negative control), growth media (positive control) and concentrated CM of Huh7 Pur-Mock, Huh7 Pur-DKK1, Hep3B wild-type and Hep3B CRISPR#73 cells (scale
bar: 500 um). Concentrated CM was harvested from Huh7 Pur-Mock and Pur-DKK1 cells 24 h after doxycycline treatment (100 ng/mL). B. Effects of DKK1 exposure
on migration. HUVECs were cultured in concentrated CM from Huh7 Pur-Mock, Huh7 Pur-DKK1, Hep3B wild-type and Hep3B CRISPR#73 cells. Concentrated CM
from Huh7 Pur-DKK1 and Huh7 Pur-Mock cells was harvested 24 h after doxycycline treatment (100 ng/mL), Hep3B wild type and Hep3B CRISPR73 (a) and HUVECs
were cultured in growth medium and concentrated CM from Hep3B wild type, CRISPR#73 and #131 cells (b). Bottom panel: Graphs show wound size. C. HUVECs
lysates were probed with the indicated antibodies. HUVECs were stimulated with 100 ng/mL rDKK1 at each time point. GAPDH was used as loading control. D. HU-
VECs treated with 100 ng/mL rDKK1 were stained with anti-DKK1 (red) and DAPI (blue) (P<0.01). Ctrl: control (no treatment). E. HUVECs were treated with rDKK1
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starvation in serum-free medium for 6 h, HUVECs were pretreated with or without quercetin (40 uM) and 100 ng/mL rDKK1 for 1 h.
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Figure 6. DKK1 increased tumorigenesis in the xenograft mouse model. (A) Xenograft tumors generated using
Hep3B CRISPR#73 cells exhibited slower growth, (B) smaller tumor volume and (C) smaller tumor weight (P<0.01)
(n=10) than, the controls. (D) Kaplan-Meier survival curve of Hep3B wild-type and Hep3B CRISPR#73 tumor-bearing
mice (each group, n=5). (E) DKK1 expression levels were detected using ELISA in the serum of the xenograft mouse
models. (F) H&E (magnification, 200 x) and IHC staining (magnification, 400 x) for Ki-67 on serial paraffin sections
of Hep3B wild-type and CRISPR#73 tumors. Graph of Ki-67 positive Hep3B stable cells (P<0.001).

DKK1 promotes tumorigenesis in the xeno-
graft mouse model

The xenograft mouse model was produced
using Hep3B wild-type and CRISPR#73 cells to
investigate whether DKK1 promotes tumori-
genesis. Xenograft tumors generated using
Hep3B CRISPR#73 cells (n=10) exhibited slow-
er growth and smaller tumor volume and
weight, than the controls (n=10) (Figure 6A-C).
Subsequently, the xenograft mouse model
using Hep3B CRISPR#73 showed better sur-
vival relative to the Hep3B wild-type (Figure
6D). Serum DKK1 levels were significantly
higher in the model generated Hep3B wild-
type cells than that generated using Hep3B

4798

CRISPR#73 cells (P<0.001) (Figure 6E). Imm-
unohistochemistry (IHC) staining showed that
Ki-67 expression levels in xenograft tumors
generated using Hep3B wild-type cells were
significantly higher than those in xenograft
tumors generated using Hep3B CRISPR#73
cells (Figure 6F). These results indicate that
DKK1 promotes HCC tumorigenesis by affect-
ing tumor cell proliferation.

DKK1 promotes epithelial-mesenchymal tran-
sition makers in xenograft mouse model

To investigate the mechanism of HCC tumori-
genesis by DKK1, we observed the angiogene-
sis and EMT markers of xenograft mouse

Am J Cancer Res 2021;11(10):4788-4806
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models using IF study. IF staining of serial sec-
tions of xenograft tumors showed that DKK1
expression levels in xenograft tumors generat-
ed using Hep3B wild-type cells were significant-
ly higher than in those generated using Hep3B
CRISPR#73 (P<0.05). In addition, the expres-
sion of angiogenesis markers, VEGFR2 and
CD31, in xenograft tumors generated using
Hep3B wild-type cells were significantly higher
than in those generated using Hep3B CRIS-
PR#73 cells (all P<0.05) (Figure 7A, 7B). The
expression levels of mesenchymal markers of
vimentin (P<0.05) and fibronectin (P<0.01)
were significantly attenuated in xenograft
tumors generated using Hep3B CRISPR#73
cells, compared to the controls, whereas the
expression of the epithelial marker, E-cadherin,
was significantly enhanced (P<0.05) in xeno-
graft tumors generated using Hep3B CRIS-
PR#73 cells, compared to the controls (Figure
7C, 7D). These results suggest that DKK1
increased the EMT markers in HCC.

DKK1 enhanced tumor growth in the engi-
neered mouse model

Hydrodynamic injection was performed to
investigate the tumorigenic potential of DKK1.
We previously confirmed that HCC is induced by
the co-expression of HRAS®?V with a shRNA
downregulating p53 in the liver [32]. To investi-
gate the effects of DKK1 in the liver, we
expressed DKK1 together with the aforemen-
tioned oncogenic combinations. The liver was
harvested 5 weeks after hydrodynamic injec-
tion (Figure 8A). DKK1-2A-HRAS®*?V + shp53
mice (HI_DKK1 mice) (n=5) had significantly
more tumors with larger size than those of
luciferase-2A-HRAS®?V  + shpb53 mice (HI_
Luc2A mice) (n=5) (Figure 8B). IHC staining
showed that HRAS expression levels were
similar between the HI_DKK1 and HI_Luc2A
groups and that Ki-67 staining of HI_DKK1
tumors was slightly higher than that of HI_
Luc2A tumors (Figure 8C). The expression lev-
els of downstream molecules of VEGFR2-
mediated mTOR/p70S6K signaling, were higher
in HI_DKK1 tumors than in HI_Luc2A tumors
(Figure 8D, 8E). In addition, IF staining showed
that the expression levels of DKK1 and angio-
genesis markers, VEGFR2 and CD31, were sig-
nificantly increased in HI_tumors compared to
HI_Luc2A tumors (all P<0.001) (Figure 9A, 9B).
Moreover, expression levels of the epithelial
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marker, E-cadherin, was significantly attenuat-
ed and the mesenchymal markers of fibronec-
tin were significantly enhanced in HI_DKK1
tumors, compared to the control (all P<0.001)
(Figure 9C, 9D). These results indicate that
DKK1 promotes tumorigenesis and angiogene-
sis by upregulating VEGFR2-mediated mTOR/
p70S6K signaling and EMT markers in the
mouse liver.

Discussion

We previously reported that DKK1 promotes
angiogenesis via VEGFR2 regulation [27]. How-
ever, the specific interaction between DKK1
and VEGFR2 in HCC remains to be ascertained.
In this study, we first confirmed that rDKK1
increases the invasion of HUVECs and then
established stable cell lines with regulated
DKK1 expression. Second, we found that the
tube formation and migration abilities of
HUVECs were significantly enhanced upon
treatment with concentrated CM with high
DKK1 concentration. Third, a signaling study
showed that DKK1 was correlated with the
VEGFR2-mediated mTOR/p70S6K signaling
pathway. Fourth, we also found that DKK1
enhanced spheroid compactness and EMT
markers in HCC-MCTS models. In addition, we
reported that DKK1 promoted angiogenesis
and tumorigenesis in xenograft tumor and
mouse liver, which was supported by the
increased expression of endothelial and EMT
markers, such as CD31, vimentin, fibronectin
and decreased expression of E-cadherin. Bas-
ed on these results, we concluded that DKK1
promotes angiogenesis and tumorigenesis
via upregulation of VEGFR2-mediated mTOR/
p70S6K signaling and EMT markers.

Our study has several unique findings. First, our
study provides additional support to the fact
that DKK1 is significantly associated with
angiogenesis of endothelial cells. To identify
the angiogenic role of DKK1 in endothelial
cells, we established stable cell lines using
CRISPR/Cas9-based DKK1 knockout system in
Hep3B and the tetracycline-based DKK1 induc-
ible system in Huh7 cells. In Hep3B stable cell
lines, two clones (Hep3B CRISPR#73 and
#131) were selected because they were slightly
smaller than the size of the upper part of the
positive control band. Moreover, the Sanger
sequencing results were used for selection. To
date, the CRISPR-Cas9 system has shown great
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Figure 7. DKK1 increased angiogenesis and EMT markers in the xenograft mouse model. A. Observation of IF
staining for DKK1, VEGFR2 and CD31 on serial paraffin sections of xenograft tumors generated using Hep3B wild-
type and CRISPR#73 with confocal microscopy. B. Quantification of DKK1 (P<0.05), VEGFR2 (P<0.05) and CD31
(P<0.05) IF, presented as the mean fluorescence intensity. C. Observation of IF staining for vimentin, fibronectin and
E-cadherin on serial paraffin sections of xenograft tumors generated using Hep3B wild-type and CRISPR#73 cells
with confocal microscopy. D. Quantification of vimentin (P<0.05), fibronectin (P<0.01) and E-cadherin (P<0.05) IF,

presented as the mean fluorescence intensity.

potential for genome editing, but several limita-
tions still exist [33]. For instance, homology-
directed repair and insertion-deletion muta-
tions in some genome sites have shown low
efficiency. In addition, it has been found that
some regions of the genome are not cut very
well with CRISPR, and some cell types do not
easily accept foreign DNA, RNA, or RNA-protein
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complexes [34]. All these factors might be
associated with the minimal detection of DKK1
in our study. Nevertheless, the secreted DKK1
levels in Hep3B CRISPR#73 and #131 were sig-
nificantly lower than those in Hep3B wild-type
cells, which enabled us to investigate the
effects of DKK1 inhibition on angiogenesis and
tumorigenesis in vitro and in vivo. To date, it
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has been reported that DKK1 promotes the
angiogenic effects of endothelial cells and
fibroblasts [35, 36]. Smadja et al. [35] showed
that DKK1 enhanced the proangiogenic poten-
tial of human endothelial colony-forming cells
and these angiogenic effects have been attrib-
uted to enhancement of VEGFR2. In addition,
Jiang et al. [37] showed that DKK1 is correlat-
ed with angiogenesis in fibroblasts through
increased expression of VEGF and also found
that HIF-1a may be associated with DKK1-
induced HUVECs migration. Our data similarly
found that DKK1 raised the angiogenic poten-
tial of endothelial cells, which was supported by
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the increased effects of HUVEC invasion, tube
formation and migration. Our results showed
that the angiogenic effects of HUVECs were
increased by DKK1 in HCC cells.

Second, because we noticed a close associa-
tion between DKK1l and angiogenesis, we
focused on the mechanism involved. We found
that DKK1 promoted HUVECs invasion and
migration by upregulating VEGFR2-mediated
mTOR/p70S6K pathway. mTOR expression is
frequently upregulated in cancer, including HCC
and is associated with poor prognosis, poorly
differentiated tumors and early recurrence
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[38]. In addition, Trinh et al. [39] determined
that VEGF-A signaling acts on tumor cells as a
stimulator of the Akt/mTOR pathway. Our
results showed that DKK1 increased p-VEGFR2
and p-p70S6K protein levels in HUVECSs.
p70S6K, which is activated in signaling path-
ways that include mTOR, is significantly associ-
ated with HCC [40, 41]. Li et al. [40] suggested
that the expression level of p-p70S6K was
increased in HCC compared to that in cirrhotic
nodules and normal liver tissue using immu-
nostaining. In addition, Kristine et al. [42]
showed that patients with breast tumors hav-
ing increased expression of p-p70S6K showed
increased metastasis and worse disease-free
survival. In addition, to identify the effects of
DKK1 in VEGFR2 signaling, we used the quer-
cetin. In a previous study, Pratheeshkumar et
al. [43] found that quercetin inhibited VEGFR2-
mediated Akt/mTOR/p70S6K signaling. We
found that DKK1 combination of auercetin
ameliorated VEGFR2-mediated Akt/mTOR/
p70S6K signaling and angiogenesis effects,
compared to DKK1 alone. These results
suggest that DKK1 promotes angiogenesis
through VEGFR2-mediated Akt/mTOR/p70S6K
signaling. Based on these results, our data sug-
gest that the DKK1-induced VEGFR2 down-
stream pathway is involved in the angiogenesis
of endothelial cells. Considering that DKK1 is
a major player in VEGFR2-mediated mTOR/
p70S6K, DKK1 may be an attractive target for
preventing the incidence of angiogenesis.

Third, we showed the influence of DKK1 on
spheroid formation using Hep3B, HUVEC, LX2
and WI-38 cells. Our results reveal a striking
correlation between the compactness ability of
DKK1 and MCTS. In ovarian cancer cells,
Katharine et al. [44] first indicated that a cell
line possessing myofibroblast-like properties
could form compact spheroids and subse-
quently, Katharine suggested that compact
spheroid formation may facilitate ovarian can-
cer cell invasion. In addition, Cho et al. [45]
found that YAP/TAZ levels were significantly
different for each type of HCC-MCTS model,
while Hep3B MCTS had the highest level of
YAP/TAZ expression. YAP and TAZ are known to
contribute to cell cycle [46] and Jorgenson et al.
[47] reported that TAZ activation is associated
with fibroblast spheroid growth. In summary,
although Kelm et al. [48] reported an inverse
association between tumor cell spheroid cohe-
siveness and invasive potential, a positive cor-
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relation between tumorigenicity and spheroid
formation of cancer cells has been suggested
[49]. Taken together, our MCTS results show
that a DKK1-mediated increase in compact-
ness, in addition to a rise in the expression lev-
els of vimentin and Slug in MCTS, may promote
cancer cell invasion. In addition, the relation-
ship between YAP/TAZ and the ability of DKK1
including spheroid compactness should be fur-
ther studied.

Fourth, we found that DKK1 leads to poor sur-
vival and there was an increase in the expres-
sion of angiogenesis and EMT markers in the
mouse model, indicating the enhancement of
angiogenesis and EMT markers upon DKK1
stimulation. Similar to the findings of the pres-
ent study, Yao et al. [50] showed that in vascu-
logenic mimicry, DKK1 increases the expres-
sion level of EMT-related protein in non-small
cell lung cancer. In addition, Maha et al. [51]
found that since DKK1 facilitates tumor inva-
sion and migration through transforming growth
factor beta 1, it may induce EMT in HCC cell
lines. Indeed, increasing evidence indicates a
central role of EMT, which might occur at the
leading edge of tumor cells, under particular
factors derived from the tumor microenviron-
ment in HCC [52]. In addition to EMT, DKK1 is
significantly associated with endothelial-to-
mesenchymal transition (EndMT) [27, 53].
Previously, Choi et al. [27] found that DKK1
increases the expression of EndMT-related pro-
teins (N-cadherin, Twist and vimentin) in endo-
thelial cells and Cheng et al. [53] demonstrated
that DKK1 enhances EndMT in aortic endothe-
lial cells by augmenting ALK/Smad signaling to
modulate the endothelial cell phenotype. In
contrast, some studies have shown that EMT is
negatively regulated by DKK1 [54-586]. In spite
of this controversy regarding the interaction
between DKK1 and EMT/EndMT [57, 58],
based on the findings of our current study, we
postulate that DKK1 may help to develop effec-
tive therapies against HCC.

There are several limitations to this study. First,
our data show that DKK1 activates VEGFR2
downstream signaling, but only at the endothe-
lial cell level. The mechanism of DKK1 should
be further investigated in the HCC cell line or
HCC mouse model. Second, our data confirmed
that DKK1 activates downstream molecules of
VEGFR2 signaling, but further studies are
required to determine the underlying mecha-
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nism. In addition, since DKK1 is known to be a
Wnt signaling antagonist, it needs to be a stud-
ied whether the activation of VEGFR2 signaling
by DKK1 is dependent or independent of Wnt
signaling.

In conclusion, our findings demonstrated that
DKK1 facilitates endothelial cell angiogenesis
through the upregulation of VEGFR2-mediated
mTOR/p70S6K signaling and promotes HCC
progression through the activation of EMT fac-
tors in diverse HCC models. Our results suggest
that DKK1 is a potential therapeutic target for
HCC.
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