
Cell Death & Differentiation (2020) 27:676–694
https://doi.org/10.1038/s41418-019-0379-5

ARTICLE

RUNX3 suppresses metastasis and stemness by inhibiting Hedgehog
signaling in colorectal cancer

Bo Ram Kim1
● Yoo Jin Na2 ● Jung Lim Kim1

● Yoon A. Jeong2
● Seong Hye Park2 ● Min Jee Jo2

● Soyeon Jeong1
●

Sanghee Kang3
● Sang Cheul Oh1

● Dae-Hee Lee1

Received: 30 October 2018 / Revised: 29 May 2019 / Accepted: 18 June 2019 / Published online: 5 July 2019
© The Author(s), under exclusive licence to ADMC Associazione Differenziamento e Morte Cellulare 2019

Abstract
Disabled tumor suppressor genes and hyperactive oncogenes greatly contribute to cell fates during cancer development
because of their genetic alterations such as somatic mutations. However, little is known about how tumor suppressor genes
react to diverse oncogenes during tumor progression. Our previous study showed that RUNX3 inhibits invasiveness by
preventing vascular endothelial growth factor secretion and suppressed endothelial cell growth and tube formation in
colorectal cancer (CRC). Hedgehog signaling is crucial for the physiological maintenance and self-renewal of stem cells, and
its deregulation is responsible for their tumor development. The mechanisms that inhibit this pathway during proliferation
remain poorly understood. Here, we found that the tumor suppressor RUNX3 modulates tumorigenesis in response to cancer
cells induced by inhibiting oncogene GLI1 ubiquitination. Moreover, we demonstrated that RUNX3 and GLI1 expression
were inversely correlated in CRC cells and tissues. We observed a direct interaction between RUNX3 and GLI1, promoting
ubiquitination of GLI1 at the intracellular level. Increased ubiquitination of GLI1 was induced by the E3 ligase β-TrCP. This
novel RUNX3-dependent regulatory loop may limit the extent and duration of Hedgehog signaling during extension of the
tumor initiation capacity. On the basis of our results, identification of agents that induce RUNX3 may be useful for
developing new and effective therapies for CRC.

Introduction

The development of tumor cells often results from multiple
genetic alterations that cause a cellular shift. Numerous specific
genetic alterations have been identified that activate

proto-oncogenes or inactivate tumor suppressor genes. Indeed,
the sine qua non of a tumor gene is that it is affected by a
mutational event with a vital prevalence. In addition, a ‘third’
pathway to tumorigenesis has been identified whereby
the expression of key genes is regulated through promoter
hypermethylation and silencing. Particularly, tumor
suppressor genes may be subject to this mechanism of inacti-
vation, in addition to mutational events. Oncogenes and tumor
suppressor genes have classically been assigned distinct,
independent roles in tumor progression. However, the rela-
tionships between these tumor-promoting processes remain
poorly understood.

The human RUNX gene is homologous to the Drosophila
genes Runt and Lozenge [1, 2] and encodes a subunit of the
Runt-domain transcription factor PEBP2/CBF [3]. The Runt-
related transcription factor (RUNX) family includes RUNX1,
RUNX2, and RUNX3, which play a role in cell proliferation
and differentiation in humans [4, 5]. RUNX3 has been shown
to act as a tumor suppressor in gastric cancer [6], and previous
studies have indicated that it is downregulated in various
tumors [7]. Moreover, inactivation of RUNX3 is caused by
promoter hypermethylation, loss of heterozygosity, or
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mislocalization [8, 9]. Various studies have demonstrated that
RUNX3 can function as a tumor suppressor by regulating
metastasis in cancer [10, 11]. However, the inhibition
mechanism of metastasis mediated by RUNX3 remains
unclear. Along with this, whether RUNX3 and stemness are
correlated is unknown. Cancer stem cells (CSCs) play critical
roles in tumor growth, metastasis, recurrence, and drug resis-
tance [12, 13]. Various signaling pathways have been involved
in CSCs, such as the Hedgehog (Hh), Wnt, and Notch sig-
naling pathways [14–16]. CSCs have been considered to have
a function in the generation of niches for metastasis. Therefore,
targeting of metastasis and CSCs is an important strategy for
cancer therapy.

The Hh signaling pathway is essential in tissue polarity,
patterning maintenance, and stem cell renewal during
embryonic development. The Hh signaling pathway in mam-
mals, there are three homolog ligands, Sonic Hedgehog (SHh),
Indian Hegehog (IHh), and Desert Hedgehog (DHh). All
Hedgehog ligands binds with the Patched (PTCH1) trans-
membrane receptors, results in activates the smoothened
transmembrane receptor and glioma-associated oncogene (GLI)
transcriptional activators [17]. We and other researchers have
demonstrated that the Hh pathway plays an important role in
cancer proliferation, metastasis, angiogenesis, and stemness
[18–20]. Hh signaling activates the GLI family of zinc-finger
transcription factors to regulate their target genes. Three GLI
proteins, GLI1, GLI2, and GLI3, have been identified in
mammals [21]. GLI2 and GLI3 contain both C-terminal tran-
scriptional activation and N-terminal repression domains.
However, GLI1 has only a C-terminal transcriptional activation
domain and thus is the major transcriptional activator of Hh
target genes [22]. Thus, GLI1 is considered a key factor in the
Hh signaling pathway [23]. The stability of GLI1 is regulated
by three E3 ubiquitin ligases: the Skp/Cul/F-box complex
SCFβ-TrCP, E3 ligase ITCH in conjunction with the adaptor
NUMB, and E3 ligase p300/CREB-binding protein-associated
factor (PCAF) [24, 25]. RUNXs were reported to be linked to
major developmental pathways, such as the transforming
growth factor-β, Wnt, and Hh signaling pathways [26].
RUNX2 has also been associated with IHh [27]. In this study,
we found for the first time that RUNX3 negatively regulated
GLI1 expression. In addition, RUNX3 interacted directly with
GLI1. Clinically, loss of RUNX3 and increased GLI1 predicted
poor survival and metastasis in patients with human colorectal
cancer (CRC). Overexpression of RUNX3 enhanced the ubi-
quitination of GLI1. Our data suggest that overexpression of
RUNX3 prevents metastasis and reduces cancer stem-like cell
populations through GLI1 degradation. Both oncogenes and
tumor suppressor genes have been implicated in carcinogenesis
and cancer progression, and have been long regarded as
independent; however, we hypothesized that these distinct
genetic elements are related through epigenetic mechanisms.
Our model suggests that RUNX3 silences the GLI1 oncogene

through protein degradation induced by ubiquitination in
CRC cells.

Materials and methods

Patients and tissue specimens

A total of 197 cases of colon cancers were collected from
the Korea University Guro Hospital tissue bank between
2000 and 2006. The patients with colon carcinoma include
109 male and 88 female. This protocol was reviewed and
approved by the Institutional Review Board of Guro Hos-
pital (KUGH 12110).

Plasmid construction

To prepare the RUNX3 overexpression vector, we cloned
RUNX3 between the HindIII and BamHI restriction sites of
the pFlag-c1 vector. Vectors of pCS4-3myc-RUNX3 (full-
length) and RUNX3 deletion mutant vectors fused with the
Myc tag were kindly provided by Dr. SC Bae at Chungbuk
National University.

Cell culture and stable cell lines

Human CRC cells were purchased from the Korea Cell Line
Bank. Cells were cultured in RPMI 1640 medium (Invitrogen,
Carlsbad, CA, USA) containing 10% fetal bovine serum
(HyClone, Logan, UT, USA), 1 mM L-glutamine, and
26mM sodium bicarbonate for monolayer cell culture. Tumor
sphere media (also referred to as serum-free medium, SFM)
was composed of DMEM/F12 media supplemented with 1x
B27 (Invitrogen), EGF (20 ng/mL, Peprotech, Rocky Hill, NJ,
USA), bFGF (10 ng/mL, Peprotech), 200U/mL penicillin,
and 200 μg/mL streptomycin. For stable RUNX3 over-
expression, we transfected the cells with pFlag-c1 or pFlag-c1
RUNX3, using Lipofectamine 2000 (Invitrogen) and selected
transfectants using puromycin. For stable knockdown, we
used RUNX3 shRNA or GLI1 shRNA from Santa Cruz
Biotechnology (Dallas, TX, USA). SNU283 cells were treated
with 5 µg/mL Polybrene (Santa Cruz Biotechnology). The
cells were infected by adding the RUNX3 shRNA or
GLI1 shRNA lentiviral particles. The next day, SNU283 cells
were cultured in medium containing puromycin. Stable
infected cells were selected using puromycin.

Reagents and antibodies

GANT 61 was purchased from Selleckchem (Houston, TX,
USA). 5-Aza-2′-deoxycytidine and cyclohexamide were
purchased from Sigma (St. Louis, MO, USA). Protein G
PLUS-Agarose, anti-Snail, anti-EpCAM, anti-Myc, anti-PCAF,
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anti-LaminB, anti-SHH, and anti-Ub were from Santa Cruz
Biotechnology; anti-GLI1, anti-Sox2, anti-Oct4, anti-β-TrCP,
and Anti-SUFU were from Cell Signaling Technology
(Danvers, MA, USA); anti-N-cadherin, ITCH, and E-cadherin
were from BD Biosciences (Franklin Lakes, NJ, USA). anti-
RUNX3, anti-LGR5, anti-GLI2, anti-GLI3, and anti-Nanog
were from Abcam (Cambridge, UK); anti-CD133 was from
Miltenyi Biotec (Bergisch Gladbach, Germany); anti-actin
antibody was from Sigma. The secondary antibodies, anti-
mouse IgG horseradish peroxidase and anti-rabbit IgG horse-
radish peroxidase were from Cell Signaling Technology.

Immunoblotting

Cells were lysed in RIPA buffer (50mM Tris, 150mM NaCl,
1% Triton X-100, 0.1% SDS, and 1% sodium deoxycholate
[pH 7.4]) with protease inhibitor and phosphatase inhibitor
cocktails and subjected to SDS-PAGE. Cells were then trans-
ferred onto nitrocellulose membranes (GE Healthcare Life
Sciences, Little Chalfont, UK), blocked with Tris-buffered
saline containing 0.2% Tween 20 and 5% skim milk, incubated
with primary antibody, and then incubated with horseradish
peroxidase-labeled secondary antibody. The signals were
detected using X-ray film.

Wound healing assay and Matrigel invasion assay

After transfection, cells were seeded at 5 × 105 cells/well in 12-
well plates. At 100% confluence, two parallel wounds were
made using a plastic pipette tip. Cells were then grown in
culture medium containing 5% fetal bovine serum. Images of
the wound were collected at 0, 24, and 48 h using a micro-
scope. The migration rate was quantified by measuring the
distance between the wound edges. This assay was indepen-
dently repeated three times. For the Matrigel invasion assay,
3 × 105 cells/well were seeded in the upper chamber, which
was coated with Matrigel (BD Biosciences). After 48 h at
37 °C and 5% CO2, the cells present on the lower surface of the
insert were stained with Diff-Quik stain (Biochemical Sciences,
Inc., Swedesboro, NJ, USA). The cells that invaded through the
Matrigel-coated membrane were counted by microscopy.

Immunofluorescence staining

Cells grown on glass coverslips were fixed with 3.7% for-
maldehyde for 15min, followed by permeabilization with 0.5%
Triton X-100 for 15min at room temperature. Cells were then
blocked 1 h with 3% bovine serum albumin. Primary anti-
bodies were applied overnight at 4 °C, followed by incubation
with Alexa Fluor 594-conjugated secondary antibody (Mole-
cular Probes, Eugene, OR, USA) or fluorescein isothiocyanate
(FITC)-conjugated secondary antibody (Sigma-Aldrich). The

nuclei were costained with 4,6-diamidino-2-phenylindole
(DAPI) and visualized by fluorescence microscopy.

Real-time PCR (RT-PCR)

Total RNA was extracted with Trizol reagent (Life Tech-
nologies, Carlsbad, CA, USA). Transcripts were amplified
using a reverse transcriptase polymerase chain reaction kit
(Life Technologies). Real-time PCR was performed on an
Applied Biosystems 9700 real time PCR machine using
gene specific oligonucleotide primers for Taqman probes
(Applied Biosystems, Foster City, CA. USA). Taqman
probes were as follows: GAPDH (Hs99999905_m1),
Nanog (Hs04260366_g1), Oct4 (Hs00153294_m1), Sox2
(Hs01053049_s1), LGR5 (Hs00173664_m1), GLI1
(Hs01110766_m1), RUNX3 (Hs00231709_m1), PTCH1
(Hs00216017_m1), VEGFC (Hs01099203_m1), VEGFD
(Hs01128657_m1), SNAIL (Hs00195591_m1), and cyclin
D1(Hs00765553_m1). Gene expression was normalized to
the GAPDH mRNA levels.

Luciferase assay

Cells were plated at a density of 5 × 104 cells per well in 6-well
plates and transfected with the 8 × 3′Gli-BS or pGL4-phGLI1
(RIKEN, Tokyo, Japan) and internal control Renilla luciferase
construct. Cell were lysed in 100 µL lysis buffer (Promega,
Madison, WI, USA) for 15min at room temperature. Lysed
samples were transferred into 96-well plates, and 50 µL firefly
substrate (Promega) was added to the samples. After measuring
firefly luciferase activity, 50 µL Stop & Glo® buffer (Promega)
added to the cell lysates. Dual-luciferase activity was measured
using a Glomax luminometer following the manufacturer’s
instructions.

Apoptosis and cell cycle analyses

HT29 and SNU283 cells were mixed with 1.25 μL Annexin V
and 7 μL performing propidium iodide (PI) reagent (BioBud,
Seoul, Korea, Cat. LS-02-100) and incubated for 10min at
4 °C in the dark. Staining was terminated, and the cells were
immediately analyzed by flow cytometry. HT29 and SNU283
cells were harvested by trypsin and then were fixed with
5mM EDTA and 85% ethanol. Fixed cells were incubated
with 50 µg/mL PI and 20 µg/ml RNase at 37 °C for 30min
and were analyzed by performing flow cytometry.

Self-renewal assay

HT29 and SNU283 cells (1 cell/μL in SFM) were seeded at
100 μL/well in 96-well plates for 7 days. The total number
of spheres in each well was counted under a microscope.
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Next, the cells were dissociated and stained with Trypan
blue (Amresco Inc., Solon, OH, USA).

Detection of CD133 and EpCAM by FACS analysis

The cells were washed with cold PBS, and subsequent cell
suspensions were incubated at 4 °C with 1:10 FITC-conjugated
monoclonal CD133 antibody (Miltenyi Biotec) and PE-
conjugated monoclonal EpCAM antibody (Miltenyi Biotec)
for 1 h in the dark. After incubation, the cell pellets were
resuspended in a suitable amount of buffer for analysis by flow
cytometry.

Co-Immunoprecipitation (Co-IP)

Cells were washed with ice-cold PBS and incubated on ice for
5min with 300 μL lysis buffer (Cell Signaling Technolog, Cat.
No. 9803) (1mM PMSF, protease inhibitor, and phosphatase
inhibitor). The cells were scrape-harvested, cellular debris was
removed by centrifugation for 5min at 15,000 rpm at 4 °C, and
the concentration of protein was determined by BCA assay
(Thermo Fisher Scientific, Waltham, MA, USA). Cell super-
natants were incubated with primary antibody overnight at 4 °
C, followed by addition of 50 μL protein G agarose beads
(50% slurry) for 2 h at 4 °C. Immunoprecipitates were washed
five times with cold lysis buffer, separated by centrifugation for
30 s at 10,000 rpm, and then heated with 2× sample buffer for
electrophoresis and western blot analysis.

Immunohistochemical staining and assessment

Section of formalin-fixed, paraffin-embedded tumor speci-
mens were deparaffinized in xylene and rehydrated in gra-
ded alcohol. Endogenous peroxidase was blocked using 3%
hydrogen peroxide in dH2O for 15 min. Antigen retrieval
was performed with cooker for 20 min. The specimens were
incubated in universal blocking solution for 15 min at room
temperature, and then incubated at 4 °C overnight with
primary antibodies. Antibodies, clones, and dilutions used
in this method are listed in Table 1. The samples were
incubated with peroxidase-conjugated anti-goat IgG for 1 h
at room temperature. IHC reactions were visualized by
diaminobenzidine staining, using a DAKO EnVision+
system (Agilent Technologies, Santa Clara, CA, USA)
(Table 2).

Small interfering RNA transfection

Small interfering RNA (siRNA) duplexes specific to GLI1
and β-TrCP were synthesized by Invitrogen and Dharmacon
(Lafayette, CO, USA). SUFU siRNA were from Santa Cruz
Biotechnology. As a non-specific control siRNA, a scrambled
siRNA duplex was used. Transfection was performed using

RNAiMAX reagent (Invitrogen) following the manufacturer’s
instructions

GST pull-down assay

The cDNA of GLI1 was inserted into pGEX-4T-1. The protein
was overexpressed in Escherichia coli induced 1mM IPTG
overnight at 16 °C. Glutathione agarose resin (Pierce™ GST
Protein Interaction Pull-Down Kit; Thermo Fisher Scientific)
balanced with equilibrium buffer was utilized to capture the
proteins into complexes according to the manufacturer’s
instructions. Thereafter, the complexes were incubated with
lysate of HT29 pFlag-c1 or pFlag-c1 RUNX3, elution buffer
was used to separate the combined proteins and the eluted
proteins were analyzed by western blotting.

Chromatin immunoprecipitation (ChIP) assay

For ChIP, 1.5 × 106 HT29 cells were cross-linked with 1%
formaldehyde at 37 °C for 10min. After washing and spinning,
the cell pellets were lysed with SDS lysis buffer (PMSF and
protease inhibitor) on ice for 10min. The cell lysate was
sonicated to shear the DNA to obtain fragments between 200
and 1000 base pairs. The lysates were immunoprecipitated with
anti-RUNX3 overnight at 4 °C. The protein-DNA complex
was collected with protein A salmon sperm DNA, eluted, and
reverse cross-linked. Following treatment with protease K,
EDTA, and Tris-HCl, DNA fragments were extracted with
phenol/chloroform and precipitated with ethanol. The DNA
was analyzed by PCR using the following specific primers:
RUNX3BS1 forward, 5′-CTA CAG CTC CCT GCT CAC
TTT T-3′; reverse, 5′-CCA CTA GAG GGC AGA GTT AAG
GTA-3′; RUNX3BS2 forward, 5′-CTC CAG AAC TTC GAG
ACG TAG AG-3′; reverse, 5′-CTG GAA GAA GGT GAG

Table 1 Antibodies used for immunohistochemical staining

Antibody Source Clone number Dilution

RUNX3 Abcama R3-5G4 1:100

GLI1 Santa Cruz Biotechnologyb N-16 1:100

aCambridge, UK
bDallas, TX, USA

Table 2 IHC scoring

Percentage score (PS) Observation Intensity score (IS) Observation

1 0–5% 0 None

2 6–25% 1 White brown

3 26–50% 2 Brown

4 51–75% 3 Dark brown

5 76–100%
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GAG TCT A-3′; RUNX3BS3 forward, 5′-CCA TAG ACT
CCT CAC CTT CTT C-3′; reverse, 5′-AAT AGT GGA GGT
AGG GTA GTC G-3′.

Gene expression analysis

To investigate the correlation with human mRNA expres-
sion, The Cancer Genome Atlas (TCGA) dataset was used.
The TCGA dataset was downloaded from Xena Browser
(https://xena.ucsc.edu) on 15 August 2018 and used Illu-
minaHiSeq (n= 329) in TCGA Colon Cancer (COAD) of
TCGA hub. This dataset was processed with RSEM nor-
malized count and log2(x+ 1) by downloading level 3
RNA sequencing data from the TCGA data coordination
center. In the dataset, the primary tumor samples were
selected, and the correlation between mRNAs was esti-
mated by the Pearson correlation coefficient. Statistical
analyses were conducted using R version 3.5.0 (R Foun-
dation for Statistical Computing, Vienna, Austria). A
p value <0.05 was considered as significant.

In vivo metastasis model

The metastasis model was established to determine the effect of
RUNX3 on tumor metastasis. HT29 and SNU283 cells (1 ×
106) were intravenously injected into the tail veins of BALB/c
nude mice. After 9 weeks, the mice (n= 7) were sacrificed and
lung tissues were analyzed to detect the occurrence of metas-
tasis. The sections were stained with hematoxylin and eosin
(H&E) and analyzed for the presence of metastasis.

Statistical analysis

Statistical analysis was performed with GraphPad InStat
6 software (GraphPad Software, Inc., La Jolla, CA, USA).
The Student’s t-test was used to analyze the data of
experiments involving two groups. Pearson correlation
coefficient was used to analyze the correlation between
RUNX3 and GLI1. Significances between two groups were
evaluated by the Mann Whitney test. Kaplan–Meier survi-
val curves was used to determine survival analysis, and the
differences in survival curves were evaluated using the log-
rank test. A p-value of <0.05 was considered as significant.

Results

Inverse correlation between RUNX3 and GLI1 in CRC
cell lines

To study the relationship between RUNX3 and GLI1 in CRC,
we first confirmed the expression of both proteins in CRC cell
lines. Compared with CRC cells with low RUNX3

expression, RUNX3 overexpressing cells had relatively low
GLI1 expression in CRC cell lines (Fig. 1a). Consistent with
the results at the protein level, the mRNA expression levels
also indicated an inverse correlation between RUNX3 and
GLI1 in CRC cell lines (Fig. 1b). We also examined RUNX3
and GLI1 expression in fresh-frozen CRC tissues. RUNX3
was overexpressed in normal colon tissues compared with
that in CRC tissues. Whereas, GLI1 was overexpressed in
CRC tissue compared with that in normal colon tissues
(Fig. 1c). Overexpression of RUNX3 inhibited GLI1
expression at both the protein and mRNA levels, whereas
knockdown of RUNX3 enhanced GLI1 expression (Fig. 1d,
e). In agreement with these observations, immuno-
fluorescence studies also confirmed that overexpression of
RUNX3 inhibited GLI1 expression, while knockdown of
RUNX3 enhanced GLI1 expression (Fig. 1f). These results
were also confirmed by fractionation of the nuclei and cytosol
(Supplementary Fig. 1A). To examine the effect of
RUNX3 silencing on GLI1 function, we co-transfected the
8 × 3′Gli-BS-luciferase reporter into HT29 and SNU283 cells.
Overexpression of RUNX3 significantly reduced GLI tran-
scriptional activity, whereas knockdown of RUNX3 enhanced
GLI transcriptional activity (Fig. 1g). To examine whether
GLI1 regulates RUNX3, we determined the effect on RUNX3
expression by altering GLI1 expression. Overexpression and
knockdown of GLI1 expression did not affect RUNX3
expression (Supplementary Fig. 1B). Next, we examined
whether RUNX3 regulates GLI1 target genes. Overexpression
of RUNX3 decreased the mRNA levels of GLI1 target genes,
whereas knockdown of RUNX3 increased the mRNA levels
of GLI1 target genes (Fig. 1h and Supplementary Fig. 1C). As
well known, RUNX3 is inactivated by promoter hyper-
methylation [9]. HT29 cells in which the RUNX3 promoter is
hypermethylated were treated with 5-Aza-dc (5-aza-2′-deox-
ycytidine, DNA methylated inhibitor). 5-Aza increased the
expression of RUNX3 in HT29 cells. Increased RUNX3
inhibited the expression of GLI1 (Fig. 1i). These results
indicate that RUNX3 negatively regulates GLI1 expression.

Inverse correlation between RUNX3 and GLI1 in
clinical CRC specimens

Next, we examined whether RUNX3 is associated with
GLI1 in human CRC tissues. Immunohistochemistry (IHC)
analysis was performed to confirm RUNX3 and GLI1
expression. As shown in Fig. 2a, staining of RUNX3 was
observed in the nuclear compartment, while that of GLI1
was observed in both cytoplasm and nuclear compartments.
RUNX3 was highly expressed in normal colon tissue. But
was lost in tumors. In contrast, GLI1 was rarely expressed
in normal colon tissue but highly expressed in tumors (p <
0.0001). As shown in Supplementary Fig. 2A, RUNX3
expression was generally higher in stages I and II than in
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Fig. 1 Inverse correlation between RUNX3 and GLI1 in CRC cell
lines. a RUNX3 and GLI1 protein levels in CRC cell lines were
determined by western blotting. β-actin was used as a loading control
(p= 0.030, Pearson’s r). b RUNX3 and GLI1 mRNA levels in CRC
cell lines were measured using real-time PCR. The expression was
normalized to that of GAPDH. c RUNX3 and GLI1 expression in
fresh-frozen CRC tissues was confirmed using western blot analysis.
β-actin was used as a loading control. Quantitative graphs of signal
intensity of RUNX3 and GLI1 are shown in the right panel and were
prepared using ImageJ (NIH, Bethesda, MD, USA). N: Normal, T:
Tumor. d Expression of GLI1 protein in RUNX3 overexpressing cells
or RUNX3 knockdown cells was measured by western blot. β-actin
was used as a loading control. e The expression of GLI1 mRNA in
RUNX3 overexpressing cells or RUNX3 knockdown cells was mea-
sured by real-time PCR. The expression was normalized to that of

GAPDH. f Immunofluorescence of RUNX3 and GLI1 was detected by
confocal laser-scanning microscopy (original magnification, ×40).
Scale bar, 10 µM. g GLI-luciferase activity by expression of RUNX3.
Cells were transfected with a GLI-dependent luciferase reporter con-
struct. The luciferase activity was normalized to that of pRL-TK
vector. The controls (pFLAG-c1, Con shRNA) were equated to 1.
h Expression of GLI1, PTCH1, VEGFC, VEGFD, CyclinD1, and Snail
in RUNX3 overexpressing cells or RUNX3 knockdown cells was
measured by real-time PCR. The expression was normalized to that of
GAPDH. i HT29 cells were pretreated with 20 μM of 5-Aza-dc for
4 days and then treated with 20 ng/mL. The expression of GLI1 and
RUNX3 was measured by western blotting. β-actin was used as a
loading control. The data are expressed as the means of three inde-
pendent experiments (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s
t-test)
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stages III and IV (p= 0.0034). GLI1 expression was higher
in stages III and IV than in stages I and II. The expression of
RUNX3 was significantly higher in colon tissues with non-
metastasis than in tissues with metastasis (p= 0.037). In
contrast, the expression of GLI1 was significantly higher in
colon tissues with metastasis than in tissues without
metastasis (p= 0.026) (Fig. 2c). Furthermore, the expres-
sion of RUNX3 was higher in colon tissues with non-lymph

node metastasis than that in tissues with lymph node
metastasis (p= 0.015). The expression of GLI1 was higher
in colon tissues with lymph node metastasis than that in
tissues without lymph node metastasis (p= 0.089)
(Fig. 2d). The contradictory effects of RUNX3 and GLI1 on
survival were shown by the survival analysis. RUNX3-High
patients showed better survival rates than RUNX3-Low
patients (p < 0.0001), whereas GLI1-High patients showed
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Fig. 2 Inverse correlation between RUNX3 and GLI1 in clinical CRC
specimens. a Representative picture of IHC on human CRC specimens
stained for RUNX3 and GLI1. Magnification ×4 (upper) and ×20
(lower). b Box plots indicate the percentage of RUNX3 positive tis-
sues in normal and tumor samples (left). Box plots indicate the per-
centage of GLI1 positive tissues in normal and tumor samples (right).
For normal versus tumor tissues: normal, n= 53, tumor, n= 197 (p <
0.0001, Mann Whitney). c Box plot representing the RUNX3 and
GLI1 staining score in CRC tissues with and without metastasis. No
metastasis, n= 179, Metastasis, n= 18 (p= 0.037, p= 0.026, Mann
Whitney). d Box plot representing the RUNX3 and GLI1 staining

score in CRC tissues with and without node metastasis. No node
metastasis, n= 113, node Metastasis, n= 84 (p= 0.015, p= 0.089,
Mann Whitney). e, f Overall survival of the colon cancer patients with
RUNX3 and GLI1 expression was calculated and presented by
Kaplan–Meier analysis, and RUNX3 and GLI1 expression correlated
significantly with overall survival (p < 0.0001, p= 0.0005,
Kaplan–Meier). g, h Overall survival of the Stage I and II colon cancer
patients with RUNX3 and GLI1 expression was calculated and pre-
sented by Kaplan–Meier analysis, and RUNX3 and GLI1 expression
correlated significantly with overall survival (p < 0.0001, p= 0.037,
Kaplan–Meier)
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poor survival rate than GLI1-Low patients (p < 0.0001)
(Fig. 2e). Taken together, these results show that RUNX3-
High GLI1-Low patients had the best survival rates. In
contrast, RUNX3-Low GLI1-High patients had the worst
survival rates (p= 0.0005) (Fig. 2f). These data confirm the
inverse correlation between RUNX3 and GLI1 in CRC
clinical specimens. To investigate the possibility as bio-
marker of RUNX3 to predict prognosis, we demonstrated
the difference of survival by expression of RUNX3 in early
stage such as stage I and II. As shown in Fig. 2g, RUNX3-
High patients showed better survival rates than RUNX3-
Low patients in stage I and II (p < 0.0001). In addition,
RUNX3-High GLI1-Low patients showed the best survival

rates. In contrast, RUNX3-Low GLI1-High patients showed
the worst survival rates in stage I and II (p= 0.037)
(Fig. 2h). Taken together, our data suggest that RUNX3 can
be used as a biomarker in the early stages.

RUNX3 inhibits invasiveness and stemness of CRC
cells

In previous reports, RUNX3 was shown to be involved in
metastasis, not proliferation, apoptosis, and cell cycle [28]
(Supplementary Fig. 3A, B). And thus, RUNX3 may have
an important function in CRC metastasis. To explore the
effect of RUNX3, we examined the protein expression of
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EMT markers. In RUNX3 overexpressing cells, the epi-
thelial marker E-cadherin was significantly increased,
whereas the mesenchymal markers N-cadherin and Snail
were decreased. In RUNX3 knockdown cells, E-cadherin

was decreased, while N-cadherin and Snail were sig-
nificantly increased (Fig. 3a). In agreement with these
observations, immunofluorescence analysis confirmed that
overexpression of RUNX3 inhibited EMT, while
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knockdown of RUNX3 enhanced EMT (Fig. 3b). We
investigated the effect of RUNX3 on cell motility by a
wound healing assay. Overexpression of
RUNX3 significantly decreased cell motility, while
knockdown of RUNX3 increased cell motility (Fig. 3c). We
also examined the effect of RUNX3 on invasion of CRC
cells, and found that RUNX3 overexpressing cells inhibited
cell invasiveness while RUNX3 knockdown cells enhanced
cell invasiveness (Fig. 3d). CSCs play critical roles in the
recurrence, metastasis, and drug resistance of CRC [12]. We
used the TCGA dataset to investigate the correlation of
RUNX3 expression with cancer stemness and the GLI1
pathway in humans. The mRNA expression of RUNX3 was
negatively correlated with CSC markers in the CRC patients
of TCGA dataset. As the mRNA expression of RUNX3
increased, that of the CSC markers was decreased (Fig. 3e).
This result supports our findings that RUNX3 inhibits
cancer stemness. To determine whether RUNX3 regulates
stemness, we measured the levels of CSC markers. Over-
expression of RUNX3 resulted in the downregulation of the

stem cell factors Nanog, Oct4, Sox2, EpCAM, CD133, and
LGR5, whereas knockdown of RUNX3 resulted in upre-
gulation of theses stem cell markers (Fig. 3f). These
observations were also confirmed at the mRNA level.
Overexpression of RUNX3 significantly decreased CSC
markers, while knockdown of RUNX3 significantly
increased CSC markers at the mRNA level (Supplementary
Fig. 3C). In addition, we confirmed the levels of CSC
markers by FACS analysis. In RUNX3 overexpressing
cells, CD133+/EpCAM+ cells were decreased from 68 to
49%. In RUNX3 knockdown cells, CD133+/EpCAM+
cells were increased from 44 to 64% (Fig. 3g). Next, we
constructed a stem-like CRC cell through the sphere for-
mation culture and found that RUNX3 did not change
apoptosis but cell proliferation was reduced by RUNX3
overexpression (Supplementary Fig. 4A, B). We also
observed spheroid formation and found that the size and
number of spheres were reduced in RUNX3 overexpressing
cells. In contrast, the size and number of spheres were
increased in RUNX3 knockdown cells (Fig. 3h). To
examine whether RUNX3 inhibited CSC populations, we
determined the effect of RUNX3 in stem-like CRC cells. At
the protein level, overexpression of RUNX3 resulted in
downregulation of the stem cell factors Nanog, Oct4, Sox2,
EpCAM, CD133, and LGR5 in stem-like CRC cells.
However, knockdown of RUNX3 resulted in upregulation
of stem cell factors in stem-like CRC cells (Fig. 3i). Con-
sistent with results at the protein level, overexpression of
RUNX3 reduced the mRNA expression of the stem cell
factors Nanog, Oct4, Sox2, EpCAM, CD133, and LGR5 in
stem-like CRC cells. In contrast, knockdown of RUNX3
enhanced stem cell factors in stem-like CRC cells at the
mRNA expression level (Supplementary Fig. 4C). To
determine whether GLI1 could restore the expression of
stem cell markers, we overexpressed GLI1 using pCDNA
GFP GLI1 vector. Expression of stem cell markers that was
decreased by overexpression of RUNX3 was restored by
overexpression of GLI1 (Fig. 3j and Supplementary
Fig. 4D). These results indicate that RUNX3 decreased
GLI1-mediated stem cell marker. RUNX3 can repress
migration, invasiveness, and cancer stemness properties of
CRC cells.

RUNX3 suppresses migration, invasion, and
stemness by regulating GLI1

To examine whether inhibition of metastasis and stemness
by RUNX3 is GLI1-dependent, the cells were treated with
10 µM GANT61, a specific GLI inhibitor, for 48 h. As
shown in Fig. 4a, the increase of GLI1 following inhibition
of RUNX3 was inhibited by GANT61 or GLI1 siRNA. The
increase of cell motility by RUNX3 knockdown was sig-
nificantly decreased by GANT61 or GLI1 siRNA (Fig. 4b).

Fig. 3 RUNX3 inhibits invasiveness and stemness of CRC cells.
a Western blotting was performed to detect the levels of EMT markers
E-cadherin, vimentin, and Snail in HT29 and SNU283 cells. β-actin
was used as a loading control. b Immunofluorescence of E-cadherin
and Snail was detected by confocal laser-scanning microscopy (ori-
ginal magnification, ×40). Scale bar, 10 µM. c Wound healing assay
was performed to determine effect of cell motility in RUNX3 over-
expressing cells. Cells were photographed at 0 h and incubated for
48 h. Graphs represent the average relative migration distance (bot-
tom). d Transwell Matrigel invasion assay of HT29 and SNU283 cells
for effect of RUNX3. Images of invasive HT29 and SNU283 cells
(left). Quantitative analyses for the cell invasion through the Matrigel-
coated membrane (right). e The Cancer Genome Atlas (TCGA) dataset
was used to investigate the correlation between RUNX3 expression
and cancer stemness in human. The TCGA dataset was downloaded
from Xena Browser and used IlluminaHiSeq (n= 329) in the TCGA
Colon Cancer (COAD) of the TCGA hub. Statistical analyses were
conducted using R version 3.5.0 (R Foundation for Statistical Com-
puting, Vienna, Austria). f Western blotting was performed to detect
the levels of CSC markers (Nanog, Sox2, Oct4, EpCAM, CD133, and
LGR5) in HT29 and SNU283. β-actin was used as a loading control.
g Expression of CD133 and EpCAM in HT29 and SNU283 cells
determined by flow cytometry. Cells were labeled with FITC-
conjugated CD133 and PE-conjugated EpCAM antibody. Graphs
represent the percentage of CD133+/EpCAM+ cells (bottom).
h Sphere formation assay of HT29 and SNU283. Cells were cultured
in serum-free DMEM/F12 with growth factor for 7 days. The graph
shows the difference in the sphere numbers at 400x magnification
(bottom). i Cells were cultured in serum-free DMEM/F12 with growth
factor (EGF and FGF) for 14 days. Western blotting was performed to
detect the levels of CSC markers (Nanog, Sox2, Oct4, EpCAM,
CD133, and LGR5) in HT29 and SNU283. β-actin was used as a
loading control. Quantitative graphs of signal intensity are shown in
the right panel and were prepared using ImageJ. j HT29 pFlag-c1
RUNX3 cells were transfected pCDNA GFP GLI1. Western blotting
was performed to detect the levels of CSC markers (Nanog, Sox2,
Oct4, EpCAM, CD133, and LGR5). β-actin was used as a loading
control. The data are expressed as the means of three independent
experiments. (*p < 0.05, **p < 0.01, ***p < 0.001 Student’s t-test)
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In addition, the increase of invasiveness following inhibi-
tion of RUNX3 was inhibited by treatment with GANT61
or GLI1 siRNA (Fig. 4c). These data indicate that

RUNX3 suppressed cell motility and invasiveness by
downregulating GLI1. Furthermore, inhibition of GLI1
prevented the increase of cell sphere size and number
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induced by RUNX3 silencing (Fig. 4d). These results sug-
gest that RUNX3 inhibited migration, invasion, and stem-
ness by downregulation of GLI1.

RUNX3 promotes ubiquitination of GLI1 by β-TrCP

To investigate the mechanisms by which RUNX3 regulates
GLI1 expression, we confirmed the association between
RUNX3 and GLI1 by immunoprecipitation (IP). The
association of RUNX3 and GLI1 was enhanced in RUNX3
overexpressing cells. In contrast, the association between
RUNX3 and GLI1 was weakened in RUNX3 knockdown
cells (Fig. 5a). To confirm the direct interaction between
RUNX3 and GLI1, we performed a GST pull-down assay.
As shown in Fig. 5b, overexpression of RUNX3 increased
binding to the bacterial recombinant protein GST GLI1. To
map the RUNX3-GLI1 interaction domain, several deletion
mutants of RUNX3 were used. The RUNX3 truncation
construct (1–187) failed to co-immunoprecipitate with GLI1
(Fig. 5c), and did not alter the ubiquitination of GLI1
(Supplementary Fig 5A). These results indicate that
GLI1 specifically bound to the RUNX3 truncation domain
(187–234). Next, to determine whether the RUNX3-
mediated decline in GLI1 occurred because of posttransla-
tional degradation, we treated the cells with the proteasomal
inhibitor MG132 and lysosome inhibitor leupeptin. As
shown in Fig. 5d, the suppressive effects of RUNX3 on
GLI1 protein were weakened after treatment with 2 μM
MG132 for 6 h. However, the expression of GLI1 was not
changed in leupeptin-treated cells, suggesting that RUNX3
inhibits GLI1 by proteasome degradation. HT29 cells were
treated with or without Cyclohexamide (CHX), a protein
synthesis inhibitor. The degradation rate of GLI1 was sig-
nificantly increased by overexpression of RUNX3 (Sup-
plementary Fig. 5B). Next, to identify whether RUNX3
regulated GLI1 transcription level, we confirmed the tran-
scription level of GLI1 at short time after RUNX3

overexpression or knockdown. Overexpression or knock-
down of RUNX3 not changed GLI1 mRNA level and GLI1
promoter activity (Supplementary Fig. 5D, E). These results
indicate that RUNX3 does not regulate the transcription of
GLI1. To determine whether RUNX3 ubiquitinates GLI1,
we performed IP. As expected, overexpression of
RUNX3 significantly increased the accumulation of ubi-
quitinated GLI1. In contrast, knockdown of RUNX3
decreased the accumulation of ubiquitinated GLI1 (Fig. 5e).
These results confirm that RUNX3 can promote ubiquiti-
nation of GLI1. The studies reported that GLI1 proteasomal
degradation is controlled by multiple factors. GLI1 is ubi-
quitinated by the E3 ligases β-TrCP, PCAF, and ITCH
[24, 25]. To investigate whether the association of GLI1
with E3 ligases modulates the targeting of GLI1 for ubi-
quitylation, we measured the interaction between GLI1 and
E3 ligases by IP. As shown in Fig. 5f, overexpression of
RUNX3 enhanced the interaction between GLI1 and
β-TrCP. However, the interaction between GLI1 and PCAF
or ITCH was not increased. Whereas, knockdown of
RUNX3 decreased the interaction between GLI1 and
β-TrCP in SNU283 cells (Fig. 5g). We also examined
whether GLI1 was degraded by β-TrCP-mediated protein
degradation using β-TrCP siRNA. The increase of GLI1
ubiquitination resulting from overexpression of RUNX3
was decreased by β-TrCP siRNA (Fig. 5h). These data
indicate that RUNX3 degraded GLI1 via β-TrCP.

RUNX3 inhibits metastasis to the lung in vivo

Finally, we performed a metastasis assay in vivo. HT29 and
SNU283 cells (1 × 106) were resuspended in PBS and
injected into nude mice through the lateral tail vein. As
shown in Fig. 6a, HT29 pFlag-c1 RUNX3 groups showed
better survival rate than HT29 pFlag-c1 groups, whereas,
SNU283 Con shRNA groups showed better survival rate
than SNU283 RUNX3 shRNA groups. After 9 weeks, the
mice were sacrificed, and the lungs were resected for
microscopic histology (Fig. 6b). The area of lungs with
metastasis in mice injected with HT29 pFlag-c1 RUNX3
were significantly lower than those in mice injected with
HT29 pFlag-c1 cells. whereas, the area of lung metastasis in
mice injected with SNU283 RUNX3 shRNA were sig-
nificantly higher than those in mice injected with SNU283
Con shRNA cells (Fig. 6c). To investigate whether inhibi-
tion of metastasis by RUNX3 was due to inhibition of GLI1,
we performed an additional metastasis assay. As shown in
Fig. 6e, f, lung metastasis increased by RUNX3 knockdown
was decreased through inhibition of GLI1 (Fig. 6d–f). Taken
together, these results suggest that RUNX3 regulates CRC
metastasis via inhibition of GLI1 in vivo.

Fig. 4 RUNX3 suppresses migration, invasion, and stemness by reg-
ulating GLI1. a SNU283 cells inhibited expression of GLI1 protein using
GANT61 (10 μM; 48 h) or GLI1 siRNA, as determined by western
blotting. β-actin was used as a loading control. bWound healing assay was
performed to determine effect of cell motility. Cells were photographed at
0 h and incubated for 48 h. c Transwell Matrigel invasion assay of
SNU283 for effect of GANT61. Images of invasive SNU283 cells (left).
Quantitative analyses for cell invasion through the Matrigel-coated
membrane (right). d Sphere formation assay of SNU283 (Con),
SNU283 (GANT61), and SNU283 (GLI1 siRNA). Cells were cultured in
serum-free DMEM/F12 with growth factor for 7 days (left). The graph
shows the difference in the sphere numbers at 400x magnification (right).
The data are expressed as the means of three independent experiments.
(*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test)
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Discussion

The major cause of death in CRC is metastasis and recur-
rence to locations such as the lymph nodes, lung, and liver
[29, 30]. However, it is unknown how tumors develop the
ability to metastasize to other organs. Metastasis is thought
to be associated with disseminated CSCs [31]. In this study,
we found that the role of RUNX3 may be based on Hh-
controlled GLI1 ubiquitination, thus impacting CSCs pro-
liferation, metastasis, and tumorigenesis.

The Hh pathway plays an important role in cancer,
metastasis, angiogenesis, and stemness [32–34]. Our
previous study showed that Hh signaling is highly
expressed in a significant fraction of human gastric cancer
patients exhibiting a significantly lower overall survival
[20]. The role of the Hh pathway in tumorigenesis has
been well-characterized in medulloblastoma and basal cell
carcinoma (BCC). Nevertheless, the role of the Hh path-
way in CRC remains controversial [35]. Indeed, some
groups reported that CRC cell lines have an active Hh
pathway and, in general, CRC depends on Hh signaling
[36–38]. In contrast, it is known that the Hh pathway is
suppressed in CRC [39–41]. Some studies showed that
RUNX3 plays an oncogenic role and does not act as a
tumor suppressor in skin cancers, including BCC [42].
Further, a previous study reported that RUNX3 may act as
a downstream mediator of the constitutively active Hh
pathway in BCC [43]. As described above, although the
RUNX3 and Hh pathways have double-edged sword, our
study identified a direct interaction between RUNX3 and

GLI1, in which RUNX3 deficiency was associated with
upregulated GLI1. We also confirmed that canonical Hh
ligand-mediated activation of GLI1 was suppressed by
RUNX3 (Supplementary Fig 6A). The ubiquitination
levels of GLI2 and GLI3 were not changed in RUNX3
overexpressing cells (Supplementary Fig. 5C). We
investigated the relationship between RUNX3 and sup-
pressor of fused (SUFU), a major negative regulator. As
shown in Supplementary Fig. 6B, overexpression of
RUNX3 enhanced the interaction between SUFU and
GLI1 or SUFU and RUNX3. Knockdown of SUFU
decreased ubiquitination of GLI1 by RUNX3 (Supple-
mentary Fig. 6C). RUNX3, GLI1, and SUFU formed a
trimeric complex (Supplementary Fig. 6D).

An important implication of our findings is the possibi-
lity of cooperation between the SHh pathway and RUNX3
pathways in CRC, which requires further investigation. It is
well known that the SHh pathway is modulated via a
negative feedback loop through PTCH1, as PTCH1 itself is
a positive target of GLI3 [44, 45]. The stability of GLI1 via
SHh signaling is associated with a malignant phenotype in
various cancers. In addition, it has been reported that
increased GLI1 enhanced tumor induction in transgenic
mice [46]. Unlike SHh and IHh signaling regulated GLI1
through interactions with RUNX2 and RUNX3 in a chon-
drogenesis mouse model [47].

Our study investigated the possibility of using RUNX3
and GLI1 as biomarkers in the patients with CRC. We
demonstrated a difference of survival by expression of
RUNX3 in early stages such as stages I and II. Typically,
patients in these stages are not administered adjuvant che-
motherapy after corrective resection of the primary tumor
and show a high recurrence rate. Clinical biomarkers that
detected poor prognosis patients are urgently needed.

In summary, we showed that Hh-GLI signaling, a major
regulator of tumorigenesis, is suppressed by RUNX3. This
phenomenon involves the ubiquitin-regulated processing of
GLI1, which is mediated by functional cooperation between
RUNX3 and the E3 ubiquitin ligase β-TrCP (Fig. 6g).
RUNX3 also regulates the transactivation of Notch1 and,
consequently, the cell proliferation fate by Notch signaling
[48]. Functional crosstalk between the Notch and Hh
pathways is known to occur during development and
tumorigenesis, but the underlying mechanisms are unclear.
Ultimately, considering the roles of Hh signaling in
tumorigenesis, appropriate molecular targets should be
considered for evaluation in clinical anticancer drug trials
focusing on Hh signaling suppression. Our founding
improves the understanding of the mechanism by which
connecting to RUNX3 as a tumor suppressor and GLI1 as
an oncogene occurs as it relates to the metastatic and drug
resistance of CRC.

Fig. 5 RUNX3 promotes ubiquitination of GLI1 by β-TrCP. a The
interaction between RUNX3 and GLI1 was tested by Co-IP. Lysates of
HT29 and SNU283 cells were used for IP with GLI1 antibody and
then immunoblotted with an anti-RUNX3 antibody. b HT29 pFlag-c1
or pFlag-c1 RUNX3 cell lysates were incubated with GST-GLI1
protein for 2 h. The lysates were immunoprecipitated with glutathione
beads, followed by the eluted proteins were analyzed using western
blotting. c Diagram showing the structure of RUNX3 truncated con-
structs (upper). IP using Myc antibody in HT29 cells transfected with
RUNX3 truncation mutants (lower). d HT29 and SNU283 cells were
treated with 2 μM MG132 for 6 h and 100 μM leupeptin for 24 h.
Western blotting was performed. β-actin was used as a loading control.
e Lysate of HT29 and SNU283 cells were subjected to IP with anti-
GLI1 antibody and immunoblotted with anti-ubiquitin antibody. f The
interaction between GLI1 and E3 ligases was tested by Co-IP. Lysates
of HT29 cells were used for IP with anti-β-TrCP, anti-ITCH, and anti-
PCAF antibody and then immunoblotted with an anti- GLI1 antibody.
g The interaction between GLI1 and β-TrCP was tested by Co-IP.
Lysates of SNU283 cells were used for IP with β-TrCP antibody and
then immunoblotted with an anti- GLI1 antibody. h HT29 were
transfected by β-TrCP siRNA. Lysate of HT29 cells was subjected to
IP with anti GLI1 antibody and immunoblotted with anti-ubiquitin
antibody. The data are expressed as the means of three independent
experiments
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