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ABSTRACT

Objective: We previously reported that endogenous Sprouty-related, EVHI domain-containing protein 2 (SPRED2), an inhibitor
of the Ras/Raf/ERK-MAPK pathway, controls hepatocellular carcinoma (HCC) cell stemness by downregulating the expression of
pluripotency factors, such as Nanog, c-Myc, and KLF4, in an ERK-dependent fashion. However, the exact mechanisms by which
SPRED?2 regulates HCC cell stemness have not been established.

Methods: Three human HCC cell lines [HepG2 (parental and SPRED2-deficient), HLE, and Hep3B] were used. Cells were
transfected to downregulate or overexpress proteins. Western blot and RT-qPCR were used to evaluate the level of protein and mRNA
expression. Co-immunoprecipitation and ChIP-qPCR were used to examine protein-protein interactions and the activation of gene
transcription. Clinical HCC tissues were also used to validate in vitro data.

Results: KLF4 was identified as the major pluripotency factor responsible for SPRED2-mediated downregulation of HCC cell
stemness and KLF4 expression was regulated by miR-506-3p. SPRED2 formed a protein complex with the tumor suppressor (p53)
and upregulated miR-506 gene transcription by binding to the promoter region, resulting in subsequent downregulation of KLF4
mRNA expression. There was a negative correlation between KLF4 expression and miR-506-3p and a positive correlation between
miR-506-3p expression and SPRED2 in human HCC samples, highlighting the relevance of the study findings.

Conclusions: The current study revealed a novel SPRED2/p53/miR-506-3p/KLF4 axis through which SPRED2 contributes to the

suppression of HCC cell stemness and provides a potential new target to prevent HCC progression.

KEYWORDS SPRED?2; p53; KLF4; miR-506-3p; stemness

Introduction

Liver cancer is the fifth most frequently diagnosed cancer
and the second leading cause of cancer deaths worldwide.
Hepatocellular carcinoma (HCC) accounts for 70-85% of
cases among primary liver cancers with a 5-year recurrence
rate as high as 70-80%*. Accumulating evidence suggests that
cancer stem cells (CSCs) with a capacity for self-renewal and
multipotency contribute to HCC initiation and progression.
Although CSCs represent only a small proportion of the gen-
eral population of cancer cells, CSCs contribute significantly
to tumor relapse, metastasis, and chemoresistance?. CSC
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stemness is regulated by a complex interplay of networks,
including transcriptional, post-transcriptional, and epigenetic
regulation. In addition, signaling pathways create interwoven
networks of signaling molecules and control CSCs>. It is crit-
ical to identify factors that control the intricate networks that
regulate the stemness of CSCs to overcome HCC progression
and chemoresistance.

Sprouty-related, EVHI domain-containing protein 2
(SPRED2) is a member of the SPRED protein family. SPRED2
inhibits Ras-dependent extracellular signal-regulated kinase
(ERK) signaling by suppressing Raf phosphorylation and acti-
vation®. SPRED2 expression is downregulated in advanced
human cancers, such as prostate cancer®, urothelial carci-
noma®, and HCC’. We and others have shown that SPRED2
overexpression decreases cancer cell motility and epithe-
lial-mesenchymal transition (EMT)®!!, apoptosis®!?, and
autophagy!®. We also showed that SPRED2 knockout (KO)
HCC cells have an increased ability to form spheres and col-
onies and express higher levels of stemness markers, such as
Nanog, c-Myc, and KLF43. The levels of Nanog, c-Myc, and
KLF4 expression in HCC tissues were significantly higher
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BACKGROUND

SPRED2 controls the stemness of hepatocellular carcinoma (HCC) cells by downregulating the expression of pluripotency factors.
However, the exact mechanisms by which SPRED2 regulates the stemness of HCC cells remain unclear.

CORE DESIGN

. In vitro studies using HCC cell lines: HepG2 (WT and SPRED2-deficient), HLE, Hep3B
. Clinical HCC tissues (40 cases) were used to validate in vitro data

* KLF4, knockdown reduced sphere/colony formation, invasion, and EMT (sphere formation, colony formation,
KLF4 is a Transwell invasion assay).

central o Decreased CD44" and CD90* populations in KLF4-silenced cells (flow cytometry).
regulator » Knockdown of KLF4 in HepG2 cells reduced not only KLF4, levels but also Nanog, and c-Myc, expression.

of HCC In contrast, knockdown of Nanog or c-Myc did not affect KLF4, expression (Western blot, RT-qPCR).
stemness o KLF4, knockdown did not alter SPRED2 levels in three HCC cell lines. In contrast, levels of KLF4, Nanog, and
c-Myc were increased in SPRED2 knockdown (Western blot).

« miR-506-3p directly targets KLF4, (database, luciferase, mimic/inhibitor assays).

« Inverse correlation between miR-506-3p and KLF4 (40 HCC samples, RT-qPCR).

» miR-506-3p overexpression suppressed KLF4 and stemness (sphere formation, colony
formation, Western blot, RT-qPCR).

« SPRED2 upregulates miR-506-3p (RT-qPCR).

SPRED2
suppresses KLF4
via miR-506-3p

» SPRED2 binds p53 (Western blot, confocal microscopy, Co-IP).
SPRED2 forms a nuclear » p53is required for SPRED2 nuclear localization (Western blot)
complex with p53 to * p53 binds to the miR-506 promoter (ChIP assay).
activate miR-506 + SPRED2 expression dose-dependently increased miR-506-3p levels
in a p53-dependent manner (RT-qPCR).

CONCLUSION

SPRED2 suppresses HCC stemness by downregulating KLF4 through the p53-dependent transcriptional activation of miR-506-3p.

PERSPECTIVES

Targeting the SPRED2/p53/miR-506-3p/KLF4 axis may provide new therapeutic strategies to inhibit cancer stemness and

progression in HCC.

Study flowchart Three human HCC cell lines [HepG2 (parental and SPRED2-deficient), HLE, and Hep3B] were used. Cells were transfected
to downregulate or overexpress proteins. Western blot and RT-qPCR were used to evaluate the level of protein and mRNA expression.
Co-immunoprecipitation and ChIP-qPCR were used to examine protein—protein interactions and the activation of gene transcription. Clinical
HCC tissues were also used to validate in vitro data. Therefore, the SPRED2/p53/miR-506-3p/KLF4 axis could be considered a target to prevent
HCC progression through stemness regulation. ChIP, chromatin immunoprecipitation; Co-IP, co-immunoprecipitation; EMT, epithelial-mes-
enchymal transition; HCC, hepatocellular carcinoma; KLF4, Krippel-like factor 4; miR, micro RNA; SPRED2, Sprouty-related, EVH1domain-

containing protein 2; WT, wild-type.

than adjacent non-cancerous tissues. Interestingly, there was
a significant negative correlation between SPRED2 and KLF4
mRNA expression®. Thus, endogenous SPRED2 has a critical
role in suppressing cancer stemness in HCC cells. However,
detailed mechanisms underlying SPRED2-mediated stemness
suppression remain to be elucidated.

In the present study the molecular mechanisms leading
to suppression of stemness by SPRED2 were elucidated. The

study results showed that SPRED2 is a novel binding partner
of the tumor suppressor (p53), enters the nucleus as the p53-
SPRED2 complex, and upregulates miR-506 gene transcrip-
tion. Increased miR-506-3p targets KLF4 mRNA and reduces
the KLF4 level, resulting in the subsequent downregulation
of cancer cell stemness in HCC cells. Thus, the SPRED2/p53/
miR-506-3p/KLF4 axis could be considered as a target to
prevent HCC progression through stemness regulation.
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Materials and methods

Cell culture

HepG2 and HLE cells (JCRB Cell Bank, Osaka, Japan) were
cultured in Dulbeccos modified Eagle medium (Nacalai
Tesque, Kyoto, Japan) supplemented with 10% fetal bovine
serum (FBS) (Gibco, Carlsbad, CA, USA), 100 U/mL of pen-
icillin, and 100 pg/mL of streptomycin (Sigma-Aldrich, St.
Louis, MO, USA). Hep3B cells (DS Pharma Biomedical, Osaka,
Japan) were cultured in Eagle’s minimal essential medium
(MEM; Sigma-Aldrich, St. Louis, MO, USA) (Sigma-Aldrich)
supplemented with MEM non-essential amino acid solution,
10% FBS, and antibiotics. Cells were treated with the MEK/
ERK1/2 inhibitor, PD98059 (20 uM; Thermo Fisher Scientific,
Waltham, MA, USA), the STAT3 inhibitor, S31-201 (20 uM;
Abcam, Cambridge, UK), or vehicle (DMSO; FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) for 24 h in some
experiments. All experiments were performed using myco-
plasma-free cells.

Transfection

Cells (2 x 10° cells) were suspended in OPTI-MEM™ I reduced
serum medium (Gibco; Thermo Fisher Scientific, Waltham,
MA, USA) and seeded into 6-well plates. Transfection was
performed using Lipofectamine 3000 (Life Technologies,
Carlsbad, CA, USA) with reagents for loss- or gain-of-func-
tion experiments (Table S1) according to the manufacturer’s
protocol. Cells were then cultured for 48 h. The efficacy of
each procedure was validated by real-time quantitative poly-
merase chain reaction (RT-qPCR) or Western blot.

Sphere formation and colony formation assay

Cells were dissociated into single cell suspensions when
at approximately 80% confluence using 0.25% trypsin and
0.05% EDTA (Sigma-Aldrich, St. Louis, MO, USA). Cells were
suspended in B-27 supplement (Thermo Fisher Scientific,
Waltham, MA, USA), supplemented DMEM/F12 medium
containing 20 ng/mL of epidermal growth factor (EGF)
(Peprotech, Cranbury, NJ, USA) and 20 ng/mL of basic fibro-
blast growth factor (bFGF) (PeproTech, Rocky Hill, NJ, USA),
seeded into 96-well ultra-low attachment plates (Corning,
Lowell, MA, USA) at a density of 1000 cells per well, and incu-
bated at 37°C. Fresh aliquots of EGF and bFGF were added
every 2 d and cultured for a total of 14 days. The spheres
were then dissociated, and cells (1 x 10* cells) were plated
in a 6-well plate (BioLite 6-well multi-dish; Thermo Fisher
Scientific, Waltham, MA, USA) and cultured for an additional
14 d to examine the self-renewal ability of the cells through
secondary sphere formation. Images were captured using an

inverted microscope (Olympus, Tokyo, Japan) at the indicated
time points. Experiments were performed in triplicate.

Transwell invasion assay

Transwell chambers (Corning Incorporated, Corning, NY,
USA) were used. Cells (2 x 10° cells) were seeded in the
Matrigel-containing upper chambers and incubated for 24 h
at 37°C. Cells that invaded to the lower surface of membranes
were fixed with methanol and stained with crystal violet. Three
low-power fields (magnification, x20) were randomly selected
from each membrane to count the number of migrated cells.
Experiments were performed in triplicate.

Aldehyde dehydrogenase (ALDH) assay

ALDH activity was measured in cell lysates using the
EnzyChrom™ ALDH Assay Kit (BioAssay Systems, Hayward,
state, USA) according to the manufacturer’s protocol.
Absorbance was measured at 565 nm and enzyme activity was
calculated based on a standard curve. The results were shown
as relative ALDH activity normalized to the protein concen-
tration. Four independent experiments were performed.

Human HCC xenograft model

Male Scid/beige mice (8 weeks of age) were purchased from
The Jackson Laboratory Japan (Hamamatsu, Japan) and
housed under specific pathogen-free conditions. HepG2 cells
were transfected with control siRNA (si-Ctrl) or KLF4-specific
siRNA (si-KLF4) (Dharmacon, Horizon Discovery, Lafayette,
CO, USA) and cultured until confluent. The cells were then
harvested and resuspended in culture medium without FBS or
antibiotics. Five mice received subcutaneous injections of 5 x
10° viable si-Ctrl- and si-KLF4-transfected HepG2 cells (100
pL each) in the right and left dorsum, respectively. Tumor
size was measured every 3 d after the tumor became palpa-
ble (day 7). Tumor volume was calculated using the following
formula: volume = (width)? x length/2. The mice were sacri-
ficed 28 d after implantation and the tumors were collected
and photographed.

The experimental protocols used in this study were reviewed
and approved by the Animal Care and Use Committee at
Okayama University [Okayama, Japan (Approval No. OKU-
2025640)]. All procedures were carried out in strict accord-
ance with the relevant guidelines and regulations.

Cell isolation

CD44 and CD90 microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) were used to isolate CD44" and CD90*
cells, respectively, from single cell suspensions of HCC cells.
The purity and viability of the cells were > 95%.



Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from cultured cells using the High Pure
RNA Isolation Kit (Roche, Mannheim, Germany). First-strand
cDNA was synthesized from 2 pg of total RNA using a High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific, Waltham, MA, USA). RT-qPCR was performed
using a StepOnePlus™ Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA). The primers used in this
study are listed in Table S2. The expression of each gene was
normalized to GAPDH expression. miR-191-5p was used to
validate miR-506-3p expression'*. miR-191-5p was previously
shown to be statistically superior to the reference RNAs, such
as 5S rRNA, U6 snRNA, or total RNA, most frequently used in
microRNA (miRNA) RT-qPCR experiments'®.

Western blot

Cells were lysed in lysis buffer (Cell Signaling Technology,
Danvers, MA, USA). The protein concentration in lysates was
measured using the BCA protein assay (Takara Bio, Shiga,
Japan). Equal amounts of samples (15 pg) were fractionated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE; Thermo Fisher Scientific, Waltham, MA, USA)
and proteins were transferred to PVDF membranes (Bio-Rad
Laboratories, Hercules, CA, USA). The membranes were
blocked, then incubated overnight with a primary antibody
followed by a horseradish peroxidase-conjugated secondary
antibody. Target proteins were visualized using ImmunoStar
LD (Wako, Osaka, Japan) and the membranes were scanned
using a C-DiGit Blot Scanner (LI-COR Biotechnology,
Lincoln, NE, USA). The blot images were semi-quantified
using Image Studio Digits software (LI-COR Biosciences,
Lincoln, NE, USA). The antibodies used for Western blot are
listed in Table S3.

Flow cytometry

Cells were incubated with Alexa Fluor 488-conjugated
anti-human CD44 antibody and anti-human CD90 antibody
(Biolegend, San Diego, CA, USA) to detect CD44* and CD90*
cells, respectively. Cells were analyzed using a MACSQuant
Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany) and
data were analyzed using MACSQuantify software (Miltenyi
Biotec, Bergisch Gladbach, Germany).

Dual-luciferase reporter assay

A double-stranded synthetic DNA with 60 base pairs contain-
ing a potential miR-506-3p targeting site in the 3'-UTR of the
KLF4 gene (Thermo Fisher Scientific, Waltham, MA, USA)
was cloned into the pmirGLO Dual-Luciferase miRNA Target
Expression Vector (Promega, Madison, WI, USA) at the Xbal
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restriction enzyme site. A mutant 3’-UTR construct (Thermo
Fisher Scientific, Waltham, MA, USA) was also generated by
replacing the targeting site of the seed region with thymine
(T) (Thermo Fisher Scientific). HepG2 cells were seeded into
24-well plates for 24 h until 60-70% confluence was reached,
then transfected with 3 types of constructs and 30 picomol
of miR-506-3p mimic using Lipofectamine™ RNAIMAX
(Life Technologies, Thermo Fisher Scientific, Waltham, MA,
USA). Each sample was cultured in duplicates for 48 h. The
cell lysates were harvested to determine the firefly and Renilla
luciferase activity using a Dual-Luciferase® Reporter Assay
System (Promega Corporation, Madison, W1, USA) and lucif-
erase activities were recorded using a GloMax® 96 Microplate
Luminometer (Promega Corporation, Madison, WI, USA).
The luminescence value was normalized by calculating the
ratio of firefly luminescence-to-Renilla luminescence. Three
independent experiments were performed.

Fluorescence immunostaining

Cells (1 x 10* cells) were seeded into the chambers of an
8-chamber Lab-Tek II Slide (Electron Microscopy Sciences,
Hatfield, PA, USA) for cell staining, incubated at 37°C for 1 d,
then fixed in acetone. HCC tissue sections (4-um thick speci-
mens) were deparaffinized, rehydrated, treated with 0.3% H,O,
in methanol, then subjected to heat-induced epitope retrieval
in 1 mM ethylenediaminetetraacetic acid (EDTA) buffer (pH
8.0). The samples were incubated with the indicated primary
antibody (Table S3) overnight at 4°C, followed by incubation
with Alexa Fluor 568-conjugated goat anti-rabbit IgG and
Alexa Fluor 647-conjugated goat anti-mouse IgG (Thermo
Fisher Scientific, Waltham, MA, USA) for 30 min at room
temperature, coverslipped with mounting medium containing
DAPI, and visualized by confocal laser scanning microscopy
(LSM780; Zeiss Microscopy, Jena, Germany). Co-localization
of SPRED?2 and p53 was assessed by calculating Pearson’s cor-
relation coefficient (r) using the Coloc2 plugin in Image], as
previously described!®. Pearson’s r values range from —1 and
+1 with 0.0-0.3 considered low, 0.3-0.7 moderate, and 0.7-1.0
high degrees of co-localization.

Chromatin immunoprecipitation quantitative
PCR (ChIP-qPCR)

ChIP analysis was performed according to the iDeal ChIP-
qPCR Kit protocol (Diagenode, Denville, NJ, USA). HCC
cells were cross-linked with 11% formaldehyde and lysed
with cell lysis buffer. DNA was then sonicated to 200~500
bp using Bioruptor (Cosmo Bio Co., LTD, Tokyo, Japan).
Lysates were incubated with rabbit anti-p53 mAb (catalog #
2527; Cell Signaling) or mouse anti-histone H3 mAb (cat-
alog # 14269; Cell Signaling) with shaking at 4°C overnight.
Normal rabbit IgG (catalog # 2729; Cell Signaling Technology,
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Danvers, MA, USA) or normal mouse IgG (catalog # 5415;
Cell Signaling Technology, Danvers, MA, USA) was used as
a control (Table S3). DNA-protein-antibody complexes were
then bound on Protein A beads (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA). After washing, the DNA-
protein complexes were digested with Proteinase K (Diagenode,
Liége, Belgium), followed by DNA purification using a DNA
purification kit (Diagenode). qPCR was performed using
primers amplifying the promoter region of the miR-506 gene,
as follows: forward, 5" CTTAGACTCTGCGTATGAGTC 3';
and reverse, 5° GTCACCACAGTCATGCACTTG 3'. Data
were calculated and expressed as % recovery = 2A(Ct_input —
Ct_sample) x 100%.

Human tissue samples

An a priori power analysis was performed to determine the
required sample size for a paired comparison between tumor
and adjacent non-tumor tissues. The analysis indicated a min-
imum requirement of 33 paired samples, assuming a medium
effect size (Cohen’s dz = 0.5), a two-tailed significance level
(a =0.05), and a statistical power (0.80). A total of 40 paired
samples were included to account for potential unusable sam-
ples. This calculation corresponds to 40 subjects who provided
tumor and adjacent matched non-tumor measurements. A
total of 40 surgically resected HCC specimens (Table S4) were
retrieved from the pathology records at Okayama University
Hospital. The patients who received chemotherapy or radio-
therapy before the resection were not included in this study.
Hematoxylin and eosin (HE)-stained sections were reviewed
by two pathologists in a blinded manner and the correspond-
ing paraffin block was used for immunohistochemistry and
RT-qPCR. RNA was isolated from the adjacent normal and
cancerous areas of each sample. The level of the target gene
expression was evaluated by RT-qPCR. RT-qPCR was per-
formed on 1 sample from each case and on 40 independent
human samples. Thus, there were 40 biological replicates and
1 technical replicate. Multiple RT-PCR tests were performed
on some samples to ensure consistency of results and these
measurements were considered precise. The study proto-
col was reviewed and approved by the Ethics Committee of
Okayama University (1703-007). The study plan was posted
on our website to allow patients or their families to opt out
only cases from individuals who did not decline were enrolled
in the study.

Analysis of database

Four miRNA databases [mirDIP (http://ophid.utoronto.ca/
mirDIP/), DIANATOOLS (http://diana.imis.athena-inno-
vation.gr/DianaTools/index.php), miRDB (http://mirdb.
org), and Target Scan Human (http://www.targetscan.org/
vert_72/)], a transcription factor-microRNA regulation

database [Trans miR v2.0 database (http://www.cuilab.cn/
transmir)], and a transcription factor binding profile [JASPAR
(https://jaspar.elixir.no)] were used in the current study.

Statistical analysis

All statistical analyses were performed using SPSS statistics
(version 25; IBM, Chicago, IL, USA) and GraphPad Prism 9
(GraphPad Software, San Diego, CA, USA). Levene’s test was
performed prior to group comparisons in IBM SPSS to assess
homogeneity of variances. The assumption of equal variances
was considered satisfied when the variances between groups
were not significantly different (P > 0.05). Data distribution
normality within each group was evaluated by the Shapiro—
Wilk test in GraphPad Prism. All data in this study met the
assumptions of equal variances and normality. A one-way
ANOVA was performed in GraphPad Prism to assess group
differences involving multiple groups. The overall ANOVA
P-value was > 0.05, indicating that there were no statisti-
cally significant differences among the groups. In addition,
a Brown-Forsythe test was used to assess homogeneity of
variances. The Brown-Forsythe test yielded a P-value > 0.05,
which supports the assumption of equal variances and vali-
dates the use of a standard ANOVA. The Bonferroni/Holm-
Sidak/FDR correction method was used with the “Multiple ¢
tests” module in GraphPad Prism for comparisons involving
multiple genes of interest between control and experimen-
tal groups. This approach automatically adjusts P-values to
account for multiple testing, thereby reducing the risk of false
positives.

The statistical significance between the two groups with a
normal distribution was analyzed with a parametric two-tailed
unpaired t-test. A paired Student's t-test was used to analyze
the differences between tumor and adjacent non-tumor tissues.
Pearson’s correlation was used to measure the degree of the
relationship between two data. Data are expressed as the mean
£ SEM. A P-value < 0.05 was considered statistically significant.

Results

KLF4 has an important role in regulating HCC
stemness

We previously reported that SPRED2 mRNA expression in
cancer tissues was significantly lower than adjacent non-can-
cer tissues. In contrast, Nanog, c-Myc, and KLF4 expres-
sion in cancer tissues was significantly higher than adjacent
non-cancer tissues. There was a significant negative correla-
tion between SPRED2 and KLF4 mRNA expression but not
between Nanog and c-Myc mRNA expression®. This finding
suggested that KLF4 is the primary pluripotency factor influ-
enced by SPRED2. KLF4 is one of the factors involved in the



induction of pluripotency in somatic cells and has been shown
to be responsible for stem cell self-renewal, cancer initiation,
progression, and metastasis in breast cancer!”. KLF4 was
knocked down in three HCC cell line cells by siRNA to clarify
whether KLF4 has a major role in regulation of HCC stemness
(Figure S1A). HepG2 cells were chosen as a model because
HepG2 cells express a significant level of endogenous SPRED2
and are considered more suitable for the study than other
cell lines, such as Hep3B and HLE cells, which express lower
levels of SPRED28. KLF4 knockdown HepG2 cells generated
smaller spheres in a sphere-forming assay (Figure 1A), fewer
colonies in a colony-forming assay (Figure 1B), and exhibited
weaker invasion ability in a Transwell invasion assay (Figure
1C) compared to control HepG2 cells. EMT is often associated
with acquisition of stemness properties in HCC cells'®. KLF4
knockdown reversed cadherin switching, a hallmark of cells
undergoing EMT?, as evidenced by increased E-cadherin and
decreased N-cadherin levels (Figure 1D). There was a trend
towards decreased expression of the EMT-related transcrip-
tion factor, Snail, in KLF4 knockdown cells (Figure 1D; P =
0.0563). ALDH activity, a functional marker for the stem-
ness of cancer cells (including HCC cells)®, was significantly
reduced in KLF4 knockdown cells (Figure 1E). Similar results
were obtained with KLF4 knockdown Hep3B and HLE cells
(Figure S1B-E). In addition, KLF4 knockdown decreased the
percentage of cells expressing CD44* (Figure 1E) or CD90*
(Figure 1F), which are cell surface markers associated with
CSCs?122, HepG2 cells transfected with si-Ctrl or si-KLF4
(5 x 10 cells/site) were subcutaneously injected into SCID-
beige mice to evaluate the effect of KLF4 knockdown on
tumor growth in vivo. The tumor size was much smaller in
the si-KLF4 group than the control group (Figure 1H). These
results indicated that KLF4 is, at least in part, responsible for
regulation of stemness in HCC cells.

We have previously shown that the expression of three pluri-
potency factors (Nanog, c-Myc and KLF4) are all increased
in SPRED2-KO HepG2 cells®. Therefore, the role of KLF4 in
SPRED2-mediated downregulation of stemness in HepG2
cells was investigated. Knockdown of KLF4 decreased the lev-
els of KLF4 and Nanog and c-Myc in HepG2 cells (Figure 2A,
left). In contrast, knockdown of Nanog (Figure 2A, middle)
or c-Myc (Figure 2A, right) had no effects on KLF4 expres-
sion. These results indicated that KLF4 regulates Nanog and
c-Myc expression in HepG2 cells. KLF4-mediated regulation
of Nanog and c-Myc was also detected in other HCC cell lines
[Hep3B (Figure 2B) and HLE (Figure 2C)].

In contrast, KLF4 does not appear to regulate SPRED2
expression in HCC cells because KLF4 knockdown did not
alter SPRED2 expression in all three HCC cell lines (Figure
2D, E). In addition, increased Nanog and c-Myc expression
in SPRED2-KO HepG2 cells was reduced to similar lev-
els following KLF4 knockdown in WT HepG2 cells (Figure
2F). Finally, overexpressing SPRED2 in HepG2 cells reduced
the expression of KLF4, c-Myc, and Nanog compared to the
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control (Figure 2G). Taken together, these results indicated
that SPRED2 downregulates HCC cell stemness by targeting
KLF4 expression.

KLF4 expression is regulated by miR-506-3p in
HCC cells

Having identified that KLF4 is the critical factor regulating
HCC cell stemness and that KLF4 expression is regulated
by SPRED2, we asked how endogenous SPRED2 downregu-
lates KLF4 expression in HCC cells. We focused on miRNAs
because miRNAs are known to have a role in cancer devel-
opment and progression?>. Among miRNAs, the expression
of miR-506-3p was previously shown to decrease in HCC
tissues and the transfection of HCC cells with miR-506-3p
significantly inhibited HCC cell proliferation in vitro*?>.
Furthermore, miR-506-3p was shown to promote vascu-
lar smooth muscle cell proliferation and migration by tar-
geting KLF4?°. These findings led us to hypothesize that
SPRED2 reduces KLF4 expression by increasing miR-506-3p
expression.

To test this hypothesis, we searched for miR-506-3p tar-
geting genes using four miRNA databases, including mirDIP,
DIANATOOLS, miRDB, and Target Scan Human. KLF4 was
1 of the 553 genes common to all databases and identified as
a candidate of the miR-506-3p target gene (Figure S2). When
miR-506-3p expression was compared among the three HCC
cell lines, miR-506-3p expression was significantly lower in
Hep3B and HLE cells compared to HepG2 cells. Conversely,
KLF4 expression was higher in Hep3B and HLE cells than
HepG2 cells (Figure 3A). Next, HCC cells were transfected
with control synthetic RNA and miR-506-3p-specific mimic
or inhibitor (Figure S3). KLF4 mRNA and protein expres-
sion in HCC cells was decreased by the mimic, whereas KLF4
mRNA and protein expression in HCC cells was increased by
the inhibitor (Figure 3B). Three luciferase reporter plasmids
containing no additional sequence (control), wild-type (WT),
or the mutated 3’-untranslated region (3'-UTR) sequence of
KLF4 mRNA were prepared (Figure 3C) and HepG2 cells
were transfected in combination with miR-506-3p mimic.
miR-506-3p mimic decreased the luciferase activity by nearly
50% in cells transfected with the WT plasmid, whereas lucif-
erase activity was not suppressed when the miR-506-3p tar-
geting site was mutated (Figure 3D), further supporting our
hypothesis.

The relationship between KLF4 mRNA and miR-506-3p
expression in 40 clinical human HCC samples was analyzed
to determine the relevance of the in vitro results (Figure S4).
KLF4 mRNA expression was higher in tumor areas than
adjacent non-tumor areas, whereas miR-506-3p expres-
sion was significantly lower in tumor areas than non-tumor
areas (Figure 3E). There was a negative correlation between
KLF4 mRNA and miR-506-3p expression in tumor areas
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(Figure 3F). These results strongly suggested that miR-506-3p
downregulates KLF4 expression in HCC cells by directly tar-
geting the 3’-UTR of KLF4 mRNA.

miR-506-3p regulates KLF4 expression and
HCC cell stemness

HepG2 cells were transfected with miR-506-3p mimic or
inhibitor and the effects were evaluated using sphere- and
colony-forming assays to obtain evidence indicating that
miR-506-3p regulates HCC cell stemness. miR-506-3p mimic
decreased the sphere- and colony-forming ability, while
miR-506-3p inhibitor had an opposite effect (Figure 4A,
B). Furthermore, miR-506-3p mimic decreased the levels
of all three pluripotency factors (Nanog, c-Myc, and KLF4).
In contrast, miR-506-3p inhibitor significantly increased
KLF4 expression, while Nanog and c-Myc expression had an
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increasing trend but no significant differences (Figure 4C).
Moreover, miR-506-3p mimic suppressed ALDH activity,
whereas miR-506-3p inhibitor enhanced ALDH activity com-
pared to the control group (Figure 4D).

Next, whether SPRED2 regulates the expression of miR-
506-3p in HCC cells was determined. SPRED2 knockdown
decreased miR-506-3p expression, whereas SPRED2 over-
expression increased miR-506-3p expression (Figure 4E).
In contrast, SPRED2 mRNA expression was unaffected by
miR-506-3p mimic or inhibitor (Figure 4F). SPRED2 mRNA
and miR-506 expression was analyzed in 40 pairs of HCC
and adjacent non-cancer tissues by RT-qPCR (Figure S4).
SPRED2 and miR-506-3p mRNA expression in cancer tis-
sues was significantly lower than adjacent non-cancer tissues.
Therefore, a positive correlation existed between SPRED2
and miR-506-3p expression in the tumor areas of HCC tis-
sues (Figure 4G). These data supported the hypothesis that
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Figure 1 KLF4 regulates stemness in HepG2 cells. (A, B) HepG2 cells transfected with control siRNA (si-Ctrl) or KLF4-specific siRNA (si-KLF4)
were cultured in 96-well ultra-low attachment plates for 14 days. (A) Left, representative photos are shown. Scale bars: 100 um. Right, the
sphere size was measured (n = 3 for each group). (B) Spherical colonies were dissociated and 1 x 10* cells were plated in 6-well plates and
cultured for 14 days. Left, representative photos are shown. Right, the number of colonies was counted (n = 3 for each group). (C) Matrigel
invasion assay was performed after transfection with control siRNA (si-Ctrl) or KLF4-specific siRNA (si-KLF4) in HepG2 cells. Left, representative
photos are shown. Scale bars: 100 um. Right, three low-power fields (100x magnification) were randomly selected from each membrane to
count the number of migrated cells (n = 3 for each group). (D) The levels of each protein after transfection with control siRNA (si-Ctrl) or KLF4-
specific SIRNA (si-KLF4) in HepG2 cells were assessed by western blotting. Left, representative images are shown. Right, band densities were
digitized and semi-quantified (n = 3 for each group). (E) HepG2 cells transfected with control siRNA (si-Ctrl) or KLF4-specific siRNA (si-KLF4)
were extracted and the ALDH activities were measured (n = 4 for each group). (F, G) HepG2 cells were transfected with control siRNA (si-Ctrl)
or KLF4-specific siRNA (si-KLF4). Left, cells were stained with Alexa Fluor 488-conjugated anti-human CD44 antibody (F) or anti-human CD90
antibody (G), and the percentage of positive cells was analyzed by flow cytometry. Right, the percentage of positive cells was evaluated (n =
3 for each group). (H) Five mice received subcutaneous injection of 5 x 10° viable si-Ctrl or si-KLF4 HepG2 cells (100 pL each) into the right
and left dorsum, respectively. Tumor size was measured every 3 days for up to 28 days. Left, photographs of tumors resected on day 28. Right,
tumor volume was calculated after the tumor became palpable. *P < 0.05, **P < 0.01, two-tailed unpaired t-test.

SPRED2 regulates miR-506-3p expression and subsequent examined by western blotting; SPRED2 was indeed present in
KLF4 expression and HCC cell stemness. the nucleus and cytoplasm (Figure 5A). SPRED2 was detected

by immunofluorescence in the nucleus (Figure 5B) and co-
SPRED2 binds to p53 and activates miR-506 localized with p53 in HepG2 cells (Figure 5C, upper) and

clinical HCC tissues (Figure 5C, lower). Pearson r values were

gene transcription .
calculated (HepG2 cells, 0.5312; and HCC tissues, 0.2032),

SPRED?2 is mainly located in the cytoplasm?’. Therefore, it is which indicated a moderate and low degree of co-localization
unclear how SPRED2 regulates miR-506-3p expression. We of SPRED2 and p53, respectively. Co-immunoprecipitation
speculated that SPRED2 may regulate miR-506-3p expression (Co-IP) was performed to investigate the potential binding
by binding to a transcription factor and translocation to the between p53 and SPRED2 in HepG2 cells (WT p53) and HLE
nucleus. Analysis of the Trans miR v2.0 database suggested that cells (mutant p53). SPRED2 and p53 were co-immunopre-
the tumor suppressor (p53) is a potential transcription factor cipitated by anti-p53 or anti-SPRED2 antibody (Figure 5D),
activating miR-506 gene transcription (Figure S3). Whether strongly suggesting the ability of SPRED2 to bind p53. The

SPRED2 was present in the nucleus of HepG2 cells was first hypothesis that p53 supports SPRED2 nuclear translocation
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Figure 2 KLF4 has an important role in HCC stemness regulation. (A) HepG2 cells transfected with control siRNA (si-Ctrl) or KLF4/Nanog/c-
Myc specific siRNA (si-KLF4/Nanog/c-Myc) were cultured in 6-well plates for 14 days. mRNA expression of KLF4, Nanog, and c-Myc were
examined by RT-qPCR (n = 3 for each group). (B, C) Hep3B cells and HLE cells transfected with control siRNA (si-Ctrl) or KLF4-specific sSiRNA
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(si-KLF4) were cultured in 6-well plates for 48 h. The level of each protein in Hep3B (B) and HLE cells (C) was assessed by western blotting.
Left, representative images are shown. Right, band densities were digitized and semi-quantified (n = 3 for each group). (D, E) HepG2/Hep3B/
HLE cells transfected with control siRNA (si-Ctrl) or KLF4-specific siRNA (si-KLF4) were cultured in 6-well plates for 48 h. (D) KLF4 and SPRED2
MRNA expression was examined by RT-qPCR (n = 3 for each group). (E) Production of each protein was assessed by western blotting.
Representative images are shown. (F) Wild-type HepG2 (WT) and SPRED2-KO HepG2 cells (SP2-KO) transfected with control siRNA (si-Ctrl) or
KLF4-specific siRNA (si-KLF4) were cultured in 6-well plates for 48 h. The level of each protein was assessed by western blotting. Left, repre-
sentative images are shown. Right, band densities were digitized and semi-quantified (n = 3 for each group). (G) Cell lysates were prepared
from control (Ctrl), SPRED2 knockdown (si-SP2), and SPRED2-overexpression (SP2-OE) cells and the presence of each protein was evaluated

by western blotting. Representative data are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-tailed unpaired t-test.

by knocking down p53 (Figure S5) in HepG2 and HLE cells
was tested next. Nuclear SPRED2 expression was decreased in
p53-knockdown HepG2 and HLE cells compared to controls
(Figure 5E, F). In contrast, nuclear SPRED2 expression was
increased when p53 was overexpressed (Figure S5) in p53-
deficient Hep3B cells?® (Figure 5G).

The 5'-promoter region of the miR-506 gene was analyzed
and a sequence with potential p53 binding ability was iden-
tified (Figure 6A). Significant enrichment of the miR-506
DNA promoter region sequence was detected by ChIP-qPCR
using anti-p53 antibody compared to control IgG, indicating
p53 binding to the promoter region of the miR-506 gene in
both cell lines (Figure 6B). SPRED2 KO HepG2 cells were
transfected by increasing doses of SPRED2-expression plas-
mid to confirm the role of SPRED2 and p53 in miR-506 gene
transcription. SPRED2 increased miR-506-3p expression in a
dose-dependent fashion (Figure 6C). Knockdown or overex-
pression of SPRED2 had no effect on miR-506-3p expression
in Hep3B cells with absence of p53 and presence of SPRED2
(Figure 6D). However, miR-506-3p expression was increased
when cells were transfected with p53-expression plasmid
(Figures S6 and 6E). miR-506-3p expression was further
increased compared to p53 overexpression alone when both
SPRED2 and p53 were overexpressed (Figure S6), although
not statistically significant (Figure 6E; P = 0.098).

These results strongly suggest that SPRED2 downregulates
HCC cell stemness via enhanced miR-506 gene transcription
by interacting with p53 and decreasing KLF4 expression.

Role of ERK and STAT3 in SPRED2-mediated
miR-506-3p expression in HCC cells

SPRED?2 inhibits ERK activation by binding to RAF and/
or RSK24%, SPRED2 is also shown to inhibit STAT3 acti-
vation by interacting with DYRK1A3. STAT3 activation
occurs during various aspects of carcinogenesis, including
regulation of CSCs properties®. We recently showed that
SPRED2 downregulated HCC cell stemness in an ERK-
dependent manner. Furthermore, SPRED2 deletion increased

STAT3 phosphorylation, whereas SPRED2 overexpression
decreased®. The possibility that the ERK and the STAT3
pathways have a role in stemness via miR-506-3p expres-
sion in HCC cells was examined. S3I-201 (STAT3 inhibi-
tor) significantly decreased the sphere size (Figure 7A) and
downregulated KLF4, Nanog, and c-Myc expression was con-
firmed using HepG2 cells (Figure 7B). The role of ERK and
STATS3 signaling in miR-506-3p expression was determined.
PD98059 (ERK inhibitor) and S31-201 increased miR-506-3p
expression in HepG2 cells, as shown in Figure 7C. ERK acti-
vation, as evidenced by increased ERK phosphorylation, was
not altered by S31-201 and STAT3 activation, as evidenced
by increased STAT3 phosphorylation, was not affected by
PD98059 (Figure 7D), indicating that ERK and STAT3 inde-
pendently suppresses miR-506-3p. This finding suggests that
ERK and STATS3 inhibition by SPRED2 increases miR-506-3p
expression and inhibits HCC cell stemness.

Discussion

The role of SPRED2 in cancer has attracted attention. We pre-
viously showed that endogenous SPRED2 inhibits not only
proliferation, migration and invasion capacity, but also EMT
and HCC cell stemness by downregulating the expression of
pluripotency factors, such as Nanog, c-Myc, and KLF4. Among
the pluripotency factors, only KLF4 had a negative correla-
tion with SPRED2 mRNA expression in human HCC tissues®.
KLF4, one of the Yamanaka factors®?, has a strong oncogenic
role in mammary tumorigenesis, probably by maintaining
stem cell-like features!’. In the present study the mechanisms
by which SPRED2 mediates the downregulation of stemness
in HCC cells were characterized. KLF4 was first identified as
a critical pluripotency factor regulating HCC cell stemness.
Interestingly, SPRED2 forms a protein complex with p53 that
binds to a DNA sequence located upstream of the miR-506
gene and increases gene transcription. miR-506-3p, a prod-
uct of miR-506, downregulates KLF4 expression. Thus, we
demonstrated a novel mechanism by which SPRED2 down-
regulates HCC cell stemness.
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Figure 3 Expression of KLF4 is regulated by miR-506-3p in HCC cells. (A) Expression of miR-506-3p and KLF4 in HepG2, Hep3B, and HLE
cells was examined by RT-qPCR (n = 3 for each group.). (B) miR-506-3p mimic or inhibitor was transfected into HepG2/Hep3B/HLE cells and
the protein level of KLF4 was assessed by western blotting. Top, representative images are shown. Bottom, band densities were digitized and
semi-quantified (n = 3 for each group). (C) The sequences of a potential miR-506-3p targeting site in the 3’-UTR of KLF4 mRNA, miR-506-3p,
and mutant (red) are presented. (D) Luciferase activities after transfection with empty vector or constructs containing WT or a mutant KLF4
mRNA 3-UTR sequence were evaluated (n = 3 for each group). (E) Expression of miR-506-3p and KLF4 in 40 clinical samples was measured by
RT-gPCR. (F) The relationship between miR-506-3p and KLF4 expression was analyzed. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed unpaired
t-test.
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Figure 4 miR-506-3p regulates the expression of KLF4 and stemness in HCC cells. (A, B) HepG2 cells transfected with miR-506-3p mimic or
inhibitor were cultured in 96-well ultra-low attachment plates for 14 days. (A) Left, representative photos are shown. Scale bars: 100 um. Right,
the sphere size was measured (n = 3 for each group). (B) Spherical colonies were dissociated and dispersed cells were plated in 6-well plates
and cultured for 14 days. Left, representative photos are shown. Right, the number of colonies was counted (n = 3 for each group). (C, D) miR-
506-3p mimic or inhibitor was transfected into HepG2 cells. (C) The level of each protein was assessed by western blotting. Left, representative
images are shown. Right, band densities were digitized and semi-quantified (n = 3 for each group). (D) Cells were extracted and the ALDH
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activities were measured (n = 4 for each group). (E) Expression of miR-506-3p in HepG2 cells transfected with control siRNA (si-Ctrl), SPRED2-
specific siRNA (si-SPRED2), or SPRED2 overexpression plasmid (SPRED2-OE) was evaluated by RT-gqPCR (n = 3 for each group). (F) HepG2
cells were transfected with miR-506-3p mimic or inhibitor and the SPRED2 mRNA level was measured by RT-qPCR (n = 3 for each group). (G)
Expression of miR-506-3p and SPRED?2 in 40 clinical samples was measured by RT-qPCR. The relationship between miR-506-3p and SPRED2
expression was analyzed. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed unpaired t-test.
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Figure 5 p53 supports nuclear translocation of SPRED2. (A) Cell lysates were prepared from the cytoplasm and nucleus of HepG2 cells and
the presence of each protein was assessed by western blotting. B-Tubulin and lamin B1 were used as a cytoplasmic and nuclear protein marker,
respectively. Representative images are shown. (B) HepG2 cells were seeded in Lab-Tek Il slides, fixed in acetone, and stained with anti-SPRED2
antibody. Representative photos are shown. Scale bars: 10 um. (C) Co-localization of SPRED2 and p53 in HepG2 cells (top) and clinical HCC
samples (bottom) was examined by immunofluorescence using a confocal microscope. Representative photos are shown. Scale bars: 10 um.
(D) Cell lysates (1 mg) from HepG2 and HLE cells were incubated with anti-SPRED2 and anti-p53 antibodies. The immunoprecipitated proteins
were separated by SDS-PAGE and the presence of each protein was analyzed by western blotting using anti-p53 and anti-SPRED2 antibodies,
respectively. Representative images are shown. (E, F) HepG2 (E) and HLE cells (F) were transfected with control siRNA (si-Ctrl) or p53-specific
siRNA (si-p53). Cytoplasmic and nuclear proteins were obtained from the cell lysates. The presence of each protein was determined by
western blotting. B-Tubulin and lamin B1 were used as a cytoplasmic and nuclear protein marker, respectively. Left, representative images
are shown. Right, band densities were digitized and semi-quantified using the appropriate controls (cytoplasm; B-tubulin: nuclear; lamin B1)
(n = 3 for each group). (G) Hep3B cells were transfected with control (Ctrl) or p53 overexpression plasmid (p53-OE). Cytoplasmic and nuclear
proteins were obtained from cell lysates. The presence of each protein was determined by western blotting. B-Tubulin and lamin B1 were
used as a cytoplasmic and nuclear protein marker, respectively. Left, representative images are shown. Right, band densities were digitized
and semi-quantified using the appropriate controls (cytoplasm; B-tubulin: nuclear; lamin B1) (n = 3 for each group). **P < 0.01, ***P < 0.001,
****P < 0.0001, two-tailed unpaired t-test.

miRNAs are a class of small non-coding single-stranded The expression of miR-506-3p, a product of its precur-
RNAs, approximately 23 nucleotides in length, that regulate sor (miR-506), is decreased in several cancers and has been
gene expression. miRNAs bind to the 3'-UTRs of the target implicated in cancer progression®”*® and EMT*42 A set of
mRNAs, resulting in mRNA degradation or translational 19 miR-506-3p target genes that function as strong modula-
repression®®. Alterations in miRNA expression are involved tors in neuroblastoma cell lines have been identified**. Herein
in the initiation and progression of human cancers, including we identified a novel miR-506-3p target site in the 3'-UTR of
HCC. Profiling miRNA expression patterns in human tumors KLF4 mRNA and demonstrated that miR-506-3p suppresses
has identified signatures associated with diagnosis, staging, cancer stemness by downregulating KLF4 mRNA expression.
progression, prognosis, and response to treatment*>. Among miR-506-3p expression was decreased in SPRED2 KO cells and
miRNAs, miR-506 is known to suppress tumorigenesis of increased upon SPRED2 overexpression in HCC cells. There
HCC cells by targeting the 3'-UTR of YAP mRNA%**, Rho- was a positive correlation between SPRED2 and miR-506-3p

associated protein kinase 1 (ROCK1)**, and IL-8 mRNA. expression in human HCC tissues. These results indicated that
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SPRED?2 inhibits HCC cell stemness via miR-506-3p, which
targets KLF4 mRNA.

P53, coded by the TP53 gene, functions as a transcription
factor that regulates cell proliferation, senescence, DNA repair,
and cell death**°. p53-deleted pancreatic epithelial cells

display stemness features, such as increased sphere formation
and increased expression of CSC markers*®. p53 is a multid-
omain protein consisting of five main regions: the transacti-
vation domain (TAD); proline-rich domain; DNA binding
domain; tetramerization domain; and a regulatory domain.
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Figure 6 SPRED2/p53 complex binds to the promoter region of miR-506 gene. (A) Top, the nucleotide sequence of the miR-506 gene (com-
plementary strand) is shown. Green: The miR-506 gene sequence. miR-506-5p and 3p sequences are underlined. Red: a potential p53 binding
site in the 5’-upstream of the miR-506 gene. Bold letters: Primer sequences used for qPCR. Bottom, a p53 consensus binding site from the
JASPAR database is shown. (B) HepG2a and HLE cells were cross-linked, lysed, sonicated, and the cell lysates were incubated with anti-p53
mAb or anti-histone H3 mAb. DNA-protein-antibody complexes were purified and qPCR was performed using primers for promoter region of
the miR-506 gene. Data were calculated and expressed as % recovery = 2~ (Ct_input — Ct_sample) x 100% (n = 4 for each group). (C) SPRED2-
knockout HepG2 cells were transfected with 0.5, 1, or 2 ug of SPRED2 expression plasmid and the expression of SPRED?2 (left) and miR-506-3p
(right) was evaluated by RT-qPCR (n = 3 for each group). (D) Hep3B cells were transfected with SPRED2-specific siRNA (si-SPRED2) or SPRED2
overexpression plasmid (SPRED2-OE) and the expression of SPRED2 (left) and miR-506-3p (right) was evaluated by RT-qPCR (n = 3 for each
group). (E) Hep3B cells were transfected with SPRED2 overexpression plasmid (SPRED2-OE) and p53 overexpression plasmid (p53-OE), and
the expression of miR-506-3p was evaluated by RT-qPCR (n = 3 for each group). **P < 0.01, ***P < 0.001, ****P < 0.00001, two-tailed unpaired

t-test.

The TAD allows p53 to bind several cofactors that contrib-
ute to p53 function in a context-dependent fashion*’*8, We
have shown for the first time that p53 forms a complex with
SPRED?2. SPRED2 was detected in the cytoplasm and nucleus
in p53-present HepG2 and HLE cells but the nuclear SPRED2
level decreased after p53 knockdown. Overexpression of p53
increased nuclear SPRED2 expression in p53-deficient Hep3B,
suggesting that a part of cytoplasmic SPRED2 translocates to
the nucleus with p53. In addition, binding of SPRED2/p53
protein complex to the promoter region of the miR-506 gene
was detected. These data strongly suggest that binding of
SPRED?2 enables p53 to activate miR-506 gene transcription
more efficiently. Further studies are needed to identify the
binding domain of SPRED2 that is used to form a complex
with p53 and to determine whether other proteins involved in
gene transcription are included in the protein complex.
Accumulating evidence suggests that dysfunction of signa-
ling pathways, including Janus-activated kinase/signal trans-
ducer and activator of transcription (JAK/STAT), Hedgehog,
Wnt, Notch, phosphatidylinositol 3-kinase/phosphatase
and tensin homolog (PI3K/PTEN), and nuclear factor-xB
(NF-kB), supports unregulated self-renewal and differenti-
ation of CSCs*»*0, Many of these pathways are mediated by

an interwoven network of signaling mediators that feedback
on each of the pathways and promoting crosstalk between
pathways. Aberrant activation of the JAK/STAT pathway has
been shown in stem-like cells isolated from breast, prostate,
blood, and glial tumors, and the activated form of STAT3 has
been shown to be the most significantly upregulated JAK/
STAT signaling protein in breast CSC-like cells®!. The MAPK/
ERK pathway also has an important role in regulating the
self-renewal and differentiation of embryonic stem cells®.
SPRED?2 has been shown to inhibit the MAPK/ERK pathway
by binding to RAF and/or RSK24% and the STAT3 pathway
by binding to DYRK1A®, Inhibition of both signaling path-
ways can reduce KLF4 expression®»> and suppress stemness
in SPRED2-expressing HCC cells. The interaction of these
pathways is based on the previous findings and the present
results are shown in Figure 8. SPRED2 binds to RAF and/or
RSK2 and inhibits the ERK signaling pathway under normal
conditions (left panel)*?°. SPRED2 also binds to DYRK1A and
inhibits the STAT3 signaling pathway?. As a result, the inhib-
itory effect on miR-506-3p is negated, resulting in increased
expression of miR-506. SPRED2 also forms a protein complex
with p53 and directly promotes miR-506-3p expression. Thus,
SPRED2 coordinates all three pathways (ERK, STAT3, and p53)
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Figure 7 The role of ERK and STAT3 in SPRED2-mediated increased miR-506-3p expression and decreased HCC cell stemness. (A) HepG2
cells were cultured with 20 uM S31-201 or vehicle (DMSO) in 96-well ultra-low attachment plates for 14 days. Left, representative photos are
shown. Scale bars: 100 um. Right, the sphere size was measured (n = 3 for each group). (B, C) HepG2 cells were cultured with 20 uM S31-201
or vehicle (DMSO) for 24 h. (B) The levels of each protein in the cell lysates were evaluated by western blotting. Left, representative images
are shown. Right, band densities were digitized and semi-quantified (n = 3 for each group). (C) miR-506-3p mRNA expression was evaluated
by RT-gPCR (n = 3 for each group). (D) HepG2 cells were treated with 20 uM PD98059, 20 uM S31-201, or vehicle (DMSO) for 24 h. Cell lysates
were prepared and the level of each protein was evaluated by western blotting. Left, representative images are shown. Right, band densities
were digitized and semi-quantified (n = 3 for each group). *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed unpaired t-test.

to increase miR-506-3p expression, thereby reducing KLF4
expression and HCC cell stemness. The ERK and STAT3 path-
ways are no longer inhibited and the formation of SPRED2/p53
protein complex decreases when HCC cells lose the expression
of SPRED2, leading to decreased miR-506-3p expression. This
effect results in increased KLF4 expression and promotion of
HCC stemness. It remains unknown whether ERK or STAT3
has a role in forming SPRED2/p53 complex or binding to the
miR-506 gene promoter. More detailed studies are needed to
clarify the interplay between the three pathways in regulation
of KLF4 expression and subsequent cell stemness.

Conclusions

In summary, we have identified a novel action of SPRED2
in the regulation of HCC cell stemness. This action does not
appear to require its inhibitory effects on the MAPK/ERK
or STAT3 pathways. Molecules targeting signaling pathways
have become a new direction for the treatment of HCC>.
The identification of the SPRED2/p53/miR-506-3p/KLF4
axis may provide novel therapeutic strategies to prevent HCC
progression.
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Figure 8 Schematic diagram indicating the mechanisms by which SPRED2 regulates the stemness of HCC cells. miR-506-3p downregulates
KLF4 expression. Left panel: Under normal conditions, SPRED2 binds to RAF and/or RSK2 and inhibits the ERK signaling pathway. SPRED2 also
binds to DYRK1A and inhibits the STAT3 signaling pathway. As a result, the inhibitory effect on miR-506-3p is negated, resulting in increased
expression of miR-506. SPRED?2 also forms a protein complex with p53 and directly promotes miR-506-3p expression. Thus, SPRED2 coor-

dinates all three pathways (ERK, STAT3, and p53) to increase miR-506-3p expression, thereby reducing KLF4 expression and cell stemness in
HCC cells. Right panel: When HCC cells lose the expression of SPRED2, the ERK and STAT3 pathways are no longer inhibited and the formation
of SPRED2/p53 protein complex decreases, leading to decreased miR-506-3p expression. This results in increased KLF4 expression and pro-

motion of HCC stemness.
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