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Abstract

Background: CRBP-1, a cytosolic chaperone of vitamin A, is identified in a serious number of cancers; however, its
biological role in hepatocellular carcinoma (HCC) needs to be further explored. The aim of our present study is to
explore the roles and mechanisms of CRBP-1 in regulating liver cancer by using in vitro and in vivo biology
approaches.

Methods: The expression level of CRBP-1 was detected using immunohistochemistry in HCC and matching
adjacent non-tumorous liver tissues. Following established stable CRBP-1 overexpressed HCC cell lines, the cell
growth and tumorigenicity were investigated both in vitro and in vivo. Intracellular retinoic acid was quantified by
ELISA. The relationship between CRBP-1 and WIF1 was validated by using dual luciferase and ChIP analyses.

Results: The low expression of CRBP-1 was observed in HCC tissues compared to the normal liver tissues, while
high CRBP-1 expression correlated with clinicopathological characteristics and increased overall survival in HCC
patients. Overexpression of CRBP-1 significantly inhibited cell growth and tumorigenicity both in vitro and in vivo.
Moreover, overexpression of CRBP-1 suppressed tumorsphere formation and cancer stemness related genes
expression in HCC. Mechanically, CRBP-1 inhibited Wnt/β-catenin signaling pathway to suppress cancer cell
stemness of HCC. Furthermore, our results revealed that CRBP-1 could increase the intracellular levels of retinoic
acid, which induced the activation of RARs/RXRs leading to the transcriptional expression of WIF1, a secreted
antagonist of the Wnt/β-catenin signaling pathway, by physically interacting with the region on WIF1 promoter.

Conclusion: Our findings reveal that CRBP-1 is a crucial player in the initiation and progression of HCC, which
provide a novel independent prognostic biomarker and therapeutic target for the diagnosis and treatment of HCC.
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inhibitory factor 1, Wnt/β-catenin signaling pathway
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Background
Cancer stem cells (CSCs) are a small subpopulation of
tumor cells, which possess the ability for unlimited self-
renewal and differentiation in multiple types of tumors
[1]. Growing evidence suggests that CSCs are respon-
sible for tumorigenesis, metastasis, recurrence as well as
chemotherapy/radiotherapy resistance, and have been
becoming one of the main targets for the current cancer
therapy [2]. In recent years, a large number of studies re-
lated to CSCs have been performed to identify multiple
cell surface proteins as the biomarkers of CSCs [3].
Moreover, it has also been indicated that various devel-
opmental and homeostatic stemness signaling pathways
are contributed to the self-renewal and differentiation of
CSCs [4]. However, the mechanisms of cancer occur-
rence and development regulated by CSCs are not fully
elucidated until now.
Hepatocellular carcinoma (HCC), the most common

type of primary liver cancer, is the sixth most commonly
diagnosed cancer and the fourth leading cause of
cancer-related deaths [5]. Increasing information sug-
gested that liver cancer grew from CSCs which are in-
volved in the initiation and maintenance of malignant
tumor, as well as contributing to the resistance against
anti-cancer drug [6]. In the year of 2006, suetsugu and
collogues firstly isolated high proliferative and tumori-
genic capacity CD133+ cells as a CSC subpopulation
from Huh7 cell lines [7]. After then, a minor subpopula-
tion with cancer stemness properties has been detected
in several established HCC cell lines and tumor samples.
To date, there have been various accepted cell surface
markers used to characterize liver cancer stem cells, in-
cluding CD13, CD24, CD44, CD90, CD133, EpCAM,
OV6, and ALDH [8]. Moreover, signaling pathways as
the hallmarks are also important to characterize liver
CSCs, including JAK/STAT, Hedgehog, Wnt/β-catenin,
Notch, PI3K/PTEN, and NF/κB signaling pathways [8].
Among them, Wnt/β-catenin signaling pathway plays an
essential role in self-renewal and maintenance of the
stemness properties [9]. Therefore, targeting Wnt/β-ca-
tenin signaling pathway will provide numerous numbers
of novel targets for exploring an avenue for liver cancer
clinical therapeutics.
Retinoic acid (RA), the final biologic active metabolite

of vitamin A, is required for lots of essential physio-
logical processes, including morphogenesis, organogen-
esis, tissue homeostasis, as well as cell growth,
differentiation and apoptosis [10]. The biological effects
of retinoic acid are achieved through binding to two dis-
tinct classes of nuclear receptors: retinoic acid receptors
(RARs) and retinoic x receptors (RXRs), which can form
heterodimers to regulate the target genes expression via
binding to their retinoic acid response elements (RAREs)
[11]. Clinical trials have demonstrated that retinoic acid

shows potential chemotherapeutic and chemopreventive
agent roles in cancer treatment because of its effects to
anti-proliferative, apoptotic, and antioxidant [12]. Re-
cently, it has been reported that all trans-retinoic acid
could inhibit Wnt/β-catenin signaling pathway to sup-
press the stemness of both embryonic stem cells and
CSCs [13, 14]. However, its detailed molecular mechan-
ism has not been well investigated.
Cellular retinol binding protein 1 (CRBP-1), a 15 KDa

cytosolic chaperone of vitamin A, is widely expressed in
numerous human tissues including liver, kidney, and
lung; which is also a master protein to regulate the
transportation, metabolism and bioavailability of intra-
cellular vitamin A [15]. Emerging evidence showed that
low expression of CRBP-1 was observed in a serious
number of human tumors including breast cancer, endo-
metrial cancer, liver cancer, ovarian cancer, and prostate
cancer [16–20]. Interestingly, it also highly expressed in
astrocytic glioma, lung adenocarcinoma, laryngeal squa-
mous cell carcinoma, tongue squamous cell carcinoma,
and oral squamous cell carcinoma [21–25]. Advanced
studies showed that high expression of CRBP-1 was rele-
vant to poor prognosis in astrocytic glioma, lung adeno-
carcinoma, laryngeal squamous cell carcinoma, and
tongue squamous cell carcinoma [21–24]. However, the
information is limited about the correlation of survival
time and expression of CRBP-1 in its low expressed can-
cers, e.g., breast cancer and liver cancer [16, 18]. Surpris-
ingly, CRBP-1 loss in mammary tissue results in
microenvironmental defects similar to those observed at
the early stages of tumorigenesis [26, 27], which suggests
that CRBP-1 may be a tumor suppressor in its decreased
expressed cancers. Unfortunately, there are no more in-
vestigations to analyze the role of CRBP-1 in the process
of liver cancer occurrence and development.
In the present study, we aim to explore the roles and

mechanisms of CRBP-1 in regulating liver cancer by
using in vitro and in vivo biology approaches. To the
best of our knowledge, this is the first time to evaluate
the association between CRBP-1, β-catenin, and CSCs in
cancer. We show that overexpression of CRBP-1 induces
the intracellular levels of RA to activate RARs/RXRs that
transcriptionally promotes the expression of WIF1, a
new target gene, then inhibits wnt/β-catenin signaling
pathway, thus suppresses the stemness of liver CSCs in
HCC.

Materials and methods
Patient specimens and immunohistochemistry analysis
A series of 104 HCC tumor specimens were collected
from the patients who had undergone surgical resection
procedure at the Affiliated Hospital of Xuzhou Medical
University. The clinicopathologic information of patients
was obtained from the Affiliated Hospital of Xuzhou
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Medical University Medical Records Department and in-
formed consent was obtained from all patients. Survival
time was calculated from the date of surgery to the date
of death or to the latest follow-up. All procedures in this
study involving human participants were in accordance
with the ethical standards of the institutional and/or na-
tional research committees and with the 1964 Declar-
ation of Helsinki and its later amendments or
comparable ethical standards. The Institutional Review
Board of Xuzhou Medical University approved the im-
plementation of this study.
Immunohistochemistry analysis was performed as pre-

viously described with 104 patient specimens [28]. In
brief, tissue specimens were used to construct tissue mi-
croarrays (TMAs), and then were cut into 4-μm thick
tissue sections. Following incubated overnight at 4 °C
with a 1:200 dilution of CRBP-1 antibody, the sections
were further incubated with HRP (horseradish peroxid-
ase)-conjugated secondary antibody for 1 h at room
temperature. Finally, the sections were analyzed by using
Image-Pro Plus software version 7.0 (Media Cybernetics,
Inc., MD, USA) after stained with DAB (diaminobenzi-
dine). In addition, 11 pairs of fresh HCC tissues and
matching adjacent non-tumorous liver tissues were used
for western-blot analysis.

Patients publicly available datasets
The gene expression profile with a total number of 374
primary HCC cases and 50 normal liver tissue samples
was retrieved from The Cancer Genome Atlas (TCGA)
project. And FPKM (Fragments Per Kilobase of tran-
script per Million mapped reads) was used as a unit
representing the gene expression levels. The related clin-
icopathological information for each sample could be
obtained via GDC Data Portal. These collected data was
used to perform the comparison of CRBP-1 expression
in HCC tissues and normal liver tissues, as well as cor-
relation analysis between CRBP-1 and WIF1, as well as
GSEA analysis, which was performed to assess the im-
pact of CRBP-1 expression in HCC.

Antibodies and reagents
Antibodies against CD90, CD133, EpCAM, SOX2,
OCT4, β-catenin, phosphorylated β-catenin, β-actin, and
Tubulin were all purchased from Cell Signaling Tech-
nology (Danvers, MA, USA), antibody against CRBP-1
was purchased from Santa Cruz biotechnology (Dallas,
TX, USA), antibody against WIF1 was purchased from
BD Biosciences (San Jose, CA, USA), antibodies of c-
Myc, and CyclinD1 were purchased from Proteintech
Group (Wuhan, China), and antibodies of RARα used
for Chromatin immunoprecipitation assay was pur-
chased from Abcam (Shanghai, China). MG-132 and ret-
inoic acid (RA) were purchased from Sigma-Aldrich (St.

Louis, MO, USA). Sorafenib tosylate (Nexavar) was pur-
chased from Bayer (Shanghai, China). Human retinoic
acid ELISA kit was purchased from CUSABIO Technol-
ogy LLC (Wuhan, China).

Cell culture and CSCs sorting
The human hepatoma cell lines including HepG2,
Hep3B, Huh7, and PLC/PRF/5 were all cultured in
DMEM medium supplemented with 10% heat inacti-
vated FBS (fetal bovine serum) purchased from Gibco
(Life technologies, Carlsbad, CA, USA). Cultures were
maintained at 37 °C in a humidified chamber with 5%
CO2. The CD133+ CSCs were sorted using magnetic
beads according to the manufactures’ introductions. In
brief, the individual cell suspension of PLC/PRF/5 cells
was incubated with magnetic beads conjugated with
anti-human CD133 antibodies (Miltenyi Biotec,
Germany) for 30 min at 4 °C. Following loaded onto LS
columns, CD133+ cells were separated using a Quadro-
MACS™ (Miltenyi Biotec, Germany). The acceptable cells
were cultured and used in the following experiments.

Total RNA isolation, RT-PCR and quantitative-PCR (qPCR)
assays
TRIzol reagent (Invitrogen, CA, USA) was used to iso-
late total RNA from cells and tissues according to the
manufacturer’s instructions. The cDNA was generated
with random primers and amplified with a One Step Pri-
meScript RT-PCR Kit (Takara, Dalian, China). qPCR
was performed using SYBR® Premix Ex Taq Kit (Takara,
Dalian, China) and ran on the Roche LightCycler®480
system following manufacturer’s instructions. GAPDH
was used for normalization of qPCR data. The primer
sequences were listed in supplementary Table S1. Rela-
tive expression values from three independent experi-
ments were calculated following the 2−ΔΔCt method [29].

Plasmid construction and virus infection
The cDNA fragment encoding the entire CRBP-1 coding
sequence was obtained using RT-PCR amplified with
specific primers. Primers contained XbaI and EcoRI re-
striction sites to assist subsequent cloning into pCDH1-
CMV-MCS-EF1-Puro lentivirus vector (System Biosci-
ences, CA, USA). As previously described [30], CRBP-1
overexpression lentivirus were generated by co-
transfecting 293 T cells with the packing vectors
pSPAX2 and pMD2.G. Stable cell lines overexpressing
CRBP-1 were generated by infected lentivirus and
screened with 2 μg/ml puromycin for two weeks. The
primer sequences for gene cloning are available in sup-
plementary Table S1.
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Cell proliferation, cell cytotoxicity and colony formation
assays
Cell proliferation was detected with a MTT assay kit
(KeyGEN Biotech, Nanjing, China) according to manu-
facturer’s instructions. For cytotoxicity assay, the cells
were treated with indicated concentrations of sorafenib
for 48 h, and then cell viability was measured with a
MTT assay kit. Half maximal inhibitory concentration
(IC50) values were calculated from dose-response curves.
For colony formation assay, the equal number of CRBP-
1 overexpressed and control cells were allowed to sub-
culture and grow in 6-well plates for two weeks, and
then the number of colonies was counted under a light
microscope following stained with 0.1% crystal violet.

Tumorsphere formation assay
Two thousand cells were plated in 6-well ultra-low at-
tachment plate (Corning, NY, USA) and grown in
serum-free DMEM/F12 medium (Thermo Fisher Scien-
tific, MA, USA) supplemented with 20 μg/ml B27 (Invi-
trogen, CA, USA), 20 ng/ml EGF (BD Biosciences, NJ,
USA), and 20 ng/ml bFGF (BD Biosciences, NJ, USA) at
37 °C and 5.0% CO2. Fresh media was added every 3
days. After 7–10 days, the number of tumorsphere,
which presented as tight, spherical, non-adherent masses
and more than 50 μm in diameter, was calculated, and
images of the tumorsphere were captured under an in-
verse microscope.

Protein preparation and western-blot
Both fresh tissues and cultured cells were homogenized
and lysed in RIPA buffer containing protease inhibitors.
The supernatant was collected after centrifuging at
13,000 g for 15 min at 4 °C, and total protein concentra-
tion was determined with a BCA protein concentration
assay kit (Beyotime, Shanghai, China). Equal quantities
of obtained protein samples were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes. After blocking with 5% nonfat-
dried milk dissolved in TBST buffer (TBS containing
0.1% Tween-20), the membranes were further incubated
with primary antibodies overnight at 4 °C. Then mem-
branes were incubated with secondary antibodies at
room temperature for 1 h. Immunoreactive bands were
visualized using a Tanon imaging system (Tanon Science
& Technology Co., Ltd., Shanghai, China).

RNA-seq and differentially expressed gene analysis
The RNA-sequencing for the CRBP-1 overexpressed
PLC/PRF/5 and control cells (triplicates) was performed
using HiSeqX Ten system from illumina by Vazyme Bio-
tech Co., Ltd. (Nanjing, China). After evaluated the se-
quencing data, transcriptome reads aligned to the

reference genome were quantified and normalized to
FPKM, differences between CRBP-1 overexpressed and
control FPKM values were compared with the software
Cufflinks v2.2.1. Transcripts with fold change ≥1.5 and a
p-value < 0.05 were defined as genes that were differen-
tially expressed between the two groups [31]. Differen-
tially expressed gene level was utilized to investigate
CRBP-1 regulating cancer stem cell mechanism on
transcriptome.

Intracellular retinoic acid analysis
Intracellular retinoic acid was measured using a human
retinoic acid ELISA kit (CUSABIO, Wuhan, China) fol-
lowing the manufacture’s description. Briefly, the equal
number of control and CRBP-1 overexpressed PLC/PRF/
5 cells were lysed with ultrasonicator on ice. Subse-
quently, the supernatant of cells was collected under
centrifuging at 10,000 g for 10 min at 4 °C. Equal volume
of samples or standard was added into each well of 96-
well plates, and then HRP-conjugate was added. Follow-
ing incubated for 60 min at 37 °C and washed with wash-
ing buffer, TMB substrate was added into each well.
After further incubation for 20 min at 37 °C, the reaction
was stopped with stop solution. Finally, the OD value of
each well was measured by using a microplate reader at
450 nm. The concentration of retinoic acid was calcu-
lated depending on the standard curve and OD value, all
the experiments were performed in triplicate.

Luciferase reporter assay
Luciferase assays were performed with the Dual-Glo® lu-
ciferase assay system (Promega, WI, USA) following the
description by manufacturer. In brief, WIF1 promoter
reporter containing firefly luciferase and control or
CRBP-1 plasmids were co-transfected into 293 T cells by
using Lipofectamine 2000 (Invitrogen, CA, USA). Fol-
lowing further 48 h incubated post infection, the mono-
layer cell culture was harvested and resuspended in
passive lysis buffer. Finally, the luciferase signal was
monitored by using the Dual-Glo® luciferase reporter
assay system and a luminometer (Molecular Devices,
CA, USA). The WIF1 promoter reporter activity was
shown as the relative ratio of firefly luciferase activity to
Renilla luciferase activity. And the specific activity was
presented as the fold change of CRBP-1 overexpressed
group versus the control one. All the experiments were
performed in triplicate.
TOP/FOP-Flash luciferase reporter system was used to

assess the transcriptional activity of β-catenin. Briefly,
293 T cells were co-transfected with control or CRBP-1
plasmids and TOP-Flash or FOP-Flash by using Lipofec-
tamine 2000 (Invitrogen, CA, USA), respectively. After
transfection for 48 h, the cells were harvested. And then,
both firefly and Renilla luciferase activity were measured
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according to above description. The TOP/FOP-Flash
values were normalized to Renilla luciferase activity. The
β-catenin activity was reported as the fold change of
TOP/FOP-Flash activity in CRBP-1 overexpressed cells
and control cells. All experiments were performed in
triplicate.

Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed by using a ChIP assay kit
(Beyotime, Shanghai, China) according to the manufac-
turer’s introductions. In brief, approximately 1 × 106

CRBP-1 overexpressed PLC/PRF/5 cells were treated
with 1.0% formaldehyde for 15 min at room temperature
to cross-link chromatin-associated proteins to DNA.
Then, the reaction was quenched with 125mM glycine
for further 10 min at room temperature. Following har-
vested by gently scraping, cell pellets were re-suspended
in 300 μl SDS lysis buffer (1.0% SDS, 1 mM PMSF, and
protease inhibitor) and lysed on ice for 30 min. The ly-
sates were sonicated with high power for 30-s pluses to
shear the DNA to 200–500 bp fragments. Finally, the ly-
sates were cleared by centrifugation at 13, 000 rpm for
10min at 4 °C. After diluted with ChIP dilution buffer,
the supernatant was pre-cleared with salmon sperm
DNA blocked Protein A/G agarose beads. And then, tar-
get protein-DNA complexes were immunoprecipitated
by incubating with 5 μl anti-RARα antibody or normal
rabbit immunoglobulin G as the negative control at 4 °C
for overnight. Following incubated with 30 μl Protein A/
G agarose beads for further 2 h, the antibody-protein-
DNA-bead complex were centrifuged at 1000 g for 1 min
at 4 °C. After washes, the pellets were eluted with fresh
elution buffer (1% SDS in 0.1M NaHCO3), and the
crosslink was reversed with 0.3M NaCl for 4 h at 65 °C.
Finally, the purified and input DNA was used as tem-
plate for PCR amplification with specific primers listed
in supplementary Table S1.

Subcutaneous xenograft animal model
Female 6–8-week-old Balb/c nude mice were purchased
from the Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd. (Beijing, China) and maintained at the
Xuzhou Medical University Animal Center (Xuzhou,
China). The mice were subcutaneously inoculated in the
flank with either control or CRBP-1 overexpressed PLC/
PRF/5 cells (1 × 106/mouse). The length and width of
the tumors were measured with a caliper every three
days, and tumor volumes were calculated as:
length×width2/2. The mice were killed at day 39, and tu-
mors were surgically isolated and photographed. The
study concerning mice was carried out in strict accord-
ance with the recommendations of the Xuzhou Medical
University Laboratory Animal Ethics Committee Care
and Use of Laboratory Animals guidelines. The protocol

was approved by the Xuzhou Medical University Labora-
tory Animal Ethics Committee (Permit Number:
201547).

Statistical analysis
Wilcoxon signed-rank test was used to analyze mRNA
levels of CRBP-1 in HCC tissue samples and normal
liver tissue samples. Single variable analysis was per-
formed using a two-sided Fisher’s exact test. Multivariate
analysis of overall survival odds ratio (OR) and 95% con-
fidence intervals (CI) were performed with Cox
proportional-hazards regression. Overall survival analysis
for the patients was performed using the Kaplan-Meier
method with a log-rank test. The unpaired student’s t-
test was used to determine the statistical significance of
differences between two groups. Data were presented as
mean ± standard deviation (SD), p < 0.05 was considered
statistically significant, data analysis was performed with
SPSS software package 16.0 (IBM SPSS Software, Inc.,
IL, USA) or GraphPad Prism 8.0 (GraphPad Software,
Inc., CA, USA). Gene Set Enrichment Analysis (GSEA)
was performed using the Bioconductor package cluster-
Profiler based on KEGG pathways (minimal set size = 15,
maximal set size = 500).

Results
High CRBP-1 expression positively correlates with
clinicopathological characteristics and increased overall
survival in HCC patients
In order to characterize the role of CRBP-1 in HCC, we
firstly evaluated the CRBP-1 gene expression in HCC
samples (n = 374) and normal liver tissue samples (n =
50), which were obtained from the TCGA database. Our
results showed that the mRNA levels of CRBP-1 were
significantly lower in human HCC samples than that in
normal liver tissues (Fig. 1A). Furthermore, we identified
the expression levels of CRBP-1 in human HCC tissues
(T) and para-carcinoma tissues (P) by using western-blot
assay with 11-paired fresh HCC tissues and their
matched para-carcinoma tissues. As shown in Fig. 1B,
CRBP-1 was nearly undetectable in HCC tissues,
whereas this protein was remarkably expressed in their
matched para-carcinoma tissues. Moreover, we per-
formed an immunohistochemical analysis of 104
paraffin-embedded HCC tissues in TMA (tissue micro-
array) sliders to investigate the expression levels of
CRBP-1. Our results revealed that 67.3% (70/104) of
HCC patients showed relatively low CRBP-1 expression,
whereas 32.7% (34/104) of HCC patients exhibited high
CRBP-1 expression (Fig. 1C and Table 1).
Furthermore, we also analyzed the correlation between

CRBP-1 expression and clinicopathological characteris-
tics in 104 HCC specimens. The results showed that
CRBP-1 expression was significantly associated with
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Fig. 1 (See legend on next page.)
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pathological stage and tumor size (Table 1). Interest-
ingly, high CRBP-1 expression was significantly corre-
lated with small tumor size (p < 0.001, Fig. 1D).
However, CRBP-1 expression was not significantly asso-
ciated with clinicopathogical characteristics including
age, gender, Child-Grade, AFP, ALT, AST, PLT, or ALB
(Table 1). The results of Kaplan-Meier survival analysis
revealed that patients with high CRBP-1 expression in

HCC had a significantly higher overall survival com-
pared with those with low CRBP-1 expression (p =
0.0029, Fig. 1E). Moreover, HCC patients with high
CRBP-1 expression had better recurrence free survival
than those with low CRBP-1 expression (p = 0.031, Fig.
1F).
In addition, to evaluate the independent prognostic

value of CRBP-1 expression levels for HCC patients, uni-
variate and multivariate Cox progression analysis was
performed. The univariate Cox regression analysis re-
sults reveled that CRBP-1 expression as an independent
prognostic marker for HCC patient’s overall survival
(OR: 0.342, 95% CI: 0.150–0.784, p = 0.011; Table 2) and
recurrence free survival (OR: 0.464, 95% CI: 0.226–
0.955, p = 0.037; Table 2). Moreover, our multivariate
Cox regression analysis results showed that CRBP-1 ex-
pression was also an independent prognostic marker for
both overall survival (OR: 0.493, 95% CI: 0.203–1.197,
p = 0.018; Table 3) and recurrence free survival (OR:
0.611, 95% CI: 0.279–1.341, p = 0.019; Table 3). To sum
up, our results indicated that CRBP-1 was lowly
expressed in HCC tissues and high expression of CRBP-
1 in HCC patients positively prognosing good overall
survival and recurrence free survival, which suggest that
it may suppress the initiation and development of HCC.

CRBP-1 inhibits cell growth in vitro and tumorigenicity
in vivo of HCC
To investigate CRBP-1 expression in liver cancer cells,
the expression of CRBP-1 in HepG2, Hep3B, Huh7, and
PLC/PRF/5 cell lines was detected by using western-blot.
Our results showed that low expression of CRBP-1 was
observed in all four cell lines (Fig. 2A). Furthermore,
PLC/PRF/5 and Huh7 cells were created to stably over-
expressed CRBP-1 using lentiviral overexpression sys-
tem. Then cell proliferation and colony formation
analyses were performed to investigate the cell growth
and viability after CRBP-1 overexpression. Our results
showed that cell growth and cell viability were signifi-
cantly inhibited in CRBP-1 overexpressed PLC/PRF/5
and Huh7 cells compared to the control groups (Fig. 2B
and C). In addition, overexpression of CRBP-1 obviously
decreased the expression of Ki-67 in both PLC/PRF/5

(See figure on previous page.)
Fig. 1 CRBP-1 high expression is associated with a better outcome for HCC patients. (A) The mRNA expression of CRBP-1 in normal liver
tissue samples (n = 50) and HCC tissue samples (n = 374), data was obtained from TCGA. Wilcoxon signed-rank test was used to evaluate the
significance for CRBP-1 expression in normal and HCC samples, data shown represent box and whisker plots (bar = median, box = interquartile
range, whiskers = 10–90 percentile). (B) The protein expression of CRBP-1 in HCC tissue samples (T) and their matched para-carcinoma tissues (P)
was detected by using western-blot. (C) Immunohistolochemical analysis of CRBP-1 protein expression in HCC tissue microarray sliders.
Representative images of low expression (upper, n = 70) and high expression (under, n = 34) of CRBP-1 in HCC tissue samples. (D) The analysis of
correlation between CRBP-1 expression in HCC tissue samples and tumor size. Data was obtained from 104 HCC patients, and the expression
level of CRBP-1 was detected by immunohistolochemical analysis. Two-sided Fisher’s exact test was used to evaluate the significance, and p < 0.05
was considered to be significant. (E and F) Kaplan-Meier analysis of CRBP-1 expression was performed on the overall survival and recurrence free
survival of 104 HCC patients. Log-rank test was used to evaluate the significance, and p < 0.05 was considered to be significant

Table 1 Correlation between CRBP-1 expression and
clinicopathological variables in 104 HCC patients

Variables CRBP-1

High Low p value

All patients 34 70

Age (years) 0.408b

≤ 60 21 40

> 60 13 30

Gender 0.570b

Males 27 58

Females 7 12

AFP (ng/mL) 0.369b

≤ 400 17 28

> 400 17 42

Pathological stage 0.049b

High 8 15

Middle 23 34

Low 3 21

Tumor size (cm) < 0.001b

≤ 5 27 29

> 5 7 41

Child grade

A 28 57 0.570b

B 6 13

ALT (U/L) 71.9 ± 10.8 77.9 ± 7.19 0.638a

AST (U/L) 76.3 ± 12.9 74.6 ± 6.21 0.891a

PLT (109/L) 185.5 ± 14.3 175.8 ± 7.77 0.518a

ALB (g/L) 37.1 ± 2.07 37.9 ± 1.27 0.748a

a Statistical analysis was performed with Mann-Whitney U test. b Statistical
analysis was performed with Fisher’s exact probability test
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and Huh7 cells, which is a classical proliferation marker
for human tumor cells (Fig. 2D). Subsequently, 1 × 106

PLC/PRF/5 cells were inoculated into Balb/c nude
mouse, and then the rate of tumor formation as well as
tumor growth were monitored every three days until the
end of the experiment. Our results presented that the
rate of tumor formation was decreased at CRBP-1 over-
expressed xenografts compared to the controls (Fig. 2E).
In addition, the tumor volume was also obviously
smaller in CRBP-1 overexpressed xenografts compared
to the control groups (Fig. 2F and G). Altogether, our re-
sults suggested that CRBP-1 inhibited the cell growth
and proliferation in vitro and tumor formation of HCC
in vivo.

CRBP-1 suppresses cancer stemness properties of HCC
Generally, tumorigenesis is driven by a small subset of
cancer stem cells (CSCs), self-renewal is critical charac-
ter of CSCs [32]. In order to characterize the effects of
CRBP-1 to the self-renewal ability of CSCs, CRBP-1
overexpressed PLC/PRF/5 and Huh7 cells were cultured
in cancer stem cell culture medium for growing tumor
sphere. Our results showed that the number and size of
tumor spheres of both PLC/PRF/5 and Huh7 cells were

inhibited by overexpression of CRBP-1 (Fig. 3A), which
suggested that CRBP-1 suppressed the self-renewal abil-
ity of CSCs. In addition, CSCs are considered as the
main factor for chemotherapy resistance and following
cancer recurrence [1]. In order to identify the role of
CRBP-1 in cancer cell chemotherapy resistance, the
first-line treatment drug for advanced HCC—sorafenib
was used to treat CRBP-1 overexpressed PLC/PRF/5
cells. Our results showed that CRBP-1 overexpression
decreased the IC50 value of sorafenib compared to the
controls (Fig. 3B). Altogether, all these results suggested
that CRBP-1 suppressed the cell growth and tumorigen-
icity via inhibiting cancer cell stemness.
To confirm the role of CRBP-1 in the process of regu-

lating HCC cancer cell stemness, mRNA levels of stem
cell markers CD133, OCT4 and SOX2 was found dra-
matically decreased in CRBP-1 overexpressed PLC/PRF/
5 cells compared to the control by using qPCR (Fig. 3C).
To validate the findings based on qPCR results, our
western-blot results also confirmed the remarkably
downregulation at the protein levels of these three
markers as well as CD90 and EpCAM, another two
CSCs maker of HCC, based on CRBP-1 overexpression
in both PLC/PRF/5 and Huh7 cells (Fig. 3D).

Table 2 Univariate Cox regression analysis for overall survival (OS) and recurrence free survival (RFS) in 104 HCC patients

Variables OS RFS

OR (95%CI) p value OR (95%CI) p value

Age (≤ 60 vs. > 60 years) 1.206 (0.631–2.303) 0.571 0.989 (0.524–1.864) 0.972

Gender (males vs. females) 1.033 (0.454–2.352) 0.938 1.074 (0.495–2.334) 0.856

Pathological stage (high and/or middle vs. low) 3.819 (2.116–6.893) < 0.001 3.172 (1.779–5.658) < 0.001

Tumor diameter (≤ 5 vs. > 5 cm) 1.919 (1.000–3.681) 0.050 2.157 (1.152–4.039) 0.016

AFP (> 400 vs. < 400 ng/ml) 2.767 (1.305–5.868) 0.008 1.165 (0.621–2.186) 0.634

Child-Pugh grade (A vs. B) 1.848 (0.893–3.821) 0.098 0.899 (0.377–2.144) 0.810

Tumor Recurrence (yes vs. no) 3.894 (1.983–7.646) < 0.001 – –

CRBP-1 (high vs. low) 0.342 (0.150–0.784) 0.011 0.464 (0.226–0.955) 0.037

p values were calculated with log-rank test

Table 3 Multivariate Cox regression analysis for overall survival (OS) and recurrence free survival (RFS) in 104 HCC patients

Variables OS RFS

OR (95%CI) p value OR (95%CI) p value

Age (≤ 60 vs. > 60 years) 1.528 (0.746–3.130) 0.246 0.848 (0.437–1.645) 0.627

Gender (males vs. females) 1.109 (0.439–2.790) 0.827 1.795 (0.745–4.325) 0.192

Pathological stage (high and/or middle vs. low) 3.411 (1.689–6.888) < 0.001 2.785 (1.591–4.877) < 0.001

Tumor diameter (≤ 5 vs. > 5 cm) 0.913 (0.403–2.071) 0.828 1.769 (0.846–3.699) 0.130

AFP (> 400 vs. < 400 ng/ml) 3.346 (1.483–7.550) 0.004 0.911 (0.470–1.764) 0.782

Child-Pugh grade (A vs. B) 2.993 (1.366–6.556) 0.006 1.042 (0.431–2.521) 0.927

Tumor Recurrence (yes vs. no) 4.507 (2.082–9.756) < 0.001 – –

CRBP-1 (high vs. low) 0.493 (0.203–1.197) 0.018 0.611 (0.279–1.341) 0.019

p values were calculated with log-rank test
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Furthermore, we sorted CD133+ and CD133− cells from
CRBP-1 overexpressed PLC/PRF/5 cells with magnetic
beads. Our results showed that CD133+ cells highly
expressed OCT4 and SOX2 as usual, but possessed re-
markably low expression of CRBP-1 compared to
CD133− cells (Fig. 3E). To further investigate the effect
of CRBP-1 on cancer stemness, tumorspheres formation
assay was performed using CD133+ cells separated from
PLC/PRF/5 cells with or without CRBP-1 overexpres-
sion, respectively. Our results showed that CD133+ cells
with CRBP-1 overexpression exhibited lower pluripo-
tency compared to the cells without CRBP-1 expression
(Fig. 3F). In summary, all our data indicated that CRBP-
1 displayed suppression ability to the CSC characteristics
in HCC.

CRBP-1 inhibits Wnt/β-catenin pathway via upregulating
WIF1 to suppress cancer cell stemness
To explore the mechanism of CRBP-1 suppressing can-
cer stemness properties of HCC, we performed RNA-seq
with CRBP-1 overexpressed and control PLC/PRF/5
cells. After evaluated and analyzed the sequencing data
as described in material and methods, differentially
expressed genes were characterized including 78 upregu-
lated and 158 down regulated genes (Supplementary
Table S2). Interestingly, 15 CSCs-related genes were up-
regulated in response to CRBP-1 overexpression. Among
them, WIF1 (Wnt inhibitory factor 1) was the highest
upregulated one (Fig. 4A), which can bind to Wnt pro-
teins and prevent them from triggering Wnt/β-catenin
signaling pathway that plays an essential role in

Fig. 2 CRBP-1 contributes to the cell growth in vitro and tumorigenicity in vivo of HCC. (A) Western-blot analysis of the expression of
endogenous CRBP-1 in HCC cell lines. (B) Cell proliferation analysis of CRBP-1 overexpressed and control PLC/PRF/5 and Huh7 cells. All data
shown represent the mean ± SD from three independent experiments. (C) Colony formation analysis of CRBP-1 overexpressed and control PLC/
PRF/5 and Huh7 cells. All data shown represent the mean ± SD from three independent experiments. (D) Western-blot analysis of the expression
of Ki-67 in CRBP-1 overexpressed and control PLC/PRF/5 and Huh7 cells. (E) The tumor formation rate of CRBP-1 overexpressed and control PLC/
PRF/5 cells inoculated in Balb/c nude mice. (F) The tumor growth curve was shown in CRBP-1 overexpressed PLC/PRF/5 cells and control ones.
All data shown represent the mean ± SD from indicated numbers of xenograft tumor. (G) The photograph of xenograft tumors respectively
derived from CRBP-1 overexpressed and control PLC/PRF/5 cells inoculated in Balb/c nude mice
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Fig. 3 CRBP-1 regulates cancer stemness properties of HCC. (A) Representative images of tumorspheres formed by CRBP-1 overexpressed
PLC/PFR/5 and Huh7 cells as well as control ones. (B) Cell viability of CRBP-1 overexpressed PLC/PFR/5 cells and control ones after treated with
different concentrations of sorafenib for 48 h. All data shown represent the mean ± SD from three independent experiments. IC50 values were
calculated from dose-response curves. (C) qPCR analysis of the expression of cancer stem cell markers including CD133, SOX2, and OCT4 in CRBP-
1 overexpressed PLC/PRF/5 cells and control cells. Data shown for represent the mean ± SD from three independent experiments. (D) Western-
blot analysis of the expression of cancer stem cell markers including CD133, OCT4, SOX2, CD90, and EpCAM in CRBP-1 overexpressed PLC/PRF/5
and Huh7 cells as well as control cells. (E) Western-blot analysis of the expression of cancer stem cell markers including CD133, SOX2, and OCT4
in CRBP-1 overexpressed PLC/PRF/5 CD133+ cells and CD133− cells. (F) Representative images of tumorspheres formed by CRBP-1 overexpressed
PLC/PFR/5 CD133+ cells and control CD133+ cells
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maintenance of the stemness properties [33]. Accord-
ingly, we hypothesized that CRBP-1 may have an impact
on Wnt/β-catenin signaling pathway to suppress cancer
cell stemness in HCC.
To assess our hypothesis, Gene set enrichment analysis

(GSEA) was performed to identify the pathways that
were affected by CRBP-1 expression in human HCC
samples, which were obtained from TCGA database.

Finally, 46 pathways were found to be suppressed corre-
lated CRBP-1 expression (p < 0.05, Supplementary Table
S3). Interestingly, the Wnt signaling pathway showed
strong suppression upon CRBP-1 high expression (Fig.
4B). Moreover, Spearman correlation analysis was per-
formed to evaluate the gene expression interaction of
CRBP-1 and WIF1 in 374 pairs of HCC samples from
TCGA. As shown in Fig. 4C, strong co-expression

Fig. 4 CRBP-1 inhibits Wnt/β-catenin signaling pathway by upregulating WIF1. (A) Heatmap of RNA-seq analysis for differentially expressed
cancer stemness related genes (fold change ≥1.5, p < 0.05) in response to CRBP-1 overexpression. (B) Gene set enrichment analysis (GSEA) was
performed to investigate the activation of Wnt/β-catenin signaling pathway against CRBP-1 expression in HCC tissue samples. Dataset were
obtained from TCGA (n = 374). (C) Correlation analysis between CRBP-1 and WIF1 in HCC tissue samples was performed with Spearman
correlation analysis. Dataset were obtained from TCGA (n = 374). (D) qPCR analysis of the expression of WIF1 and β-catenin (CTNNB1) in CRBP-1
overexpressed PLC/PRF/5 cells and control cells. Data shown represent the mean ± SD from three independent experiments. (E) Western-blot
analysis of the expression of WIF1, β-catenin, and phosphorylated β-catenin in CRBP-1 overexpressed PLC/PRF/5 and Huh7 cells as well as control
cells. (F) Western-blot analysis of the expression of β-catenin in CRBP-1 overexpressed PLC/PRF/5 cells and control cells, which were treated with
10 μM of MG-132 under indicated time. (G) Western-blot analysis of the expression of c-Myc and Cyclin D1 in CRBP-1 overexpressed PLC/PRF/5
and Huh7 cells as well as control cells. (H) qPCR analysis of the expression of c-Myc and Cyclin D1 in CRBP-1 overexpressed PLC/PRF/5 and Huh7
cells as well as control cells. Data shown represent the mean ± SD from three independent experiments. (I) The transcriptional activity analysis of
β-catenin in CRBP-1 overexpressed cells and control cells by using TOP/FOP-Flash luciferase reporter system. Data shown represent the mean ±
SD from three independent experiments

Liu et al. BMC Cancer         (2021) 21:1224 Page 11 of 17



between CRBP-1 and WIF1 in HCC was observed with a
correlation coefficient r = 0.381 (p < 0.0001). Importantly,
as an endogenous antagonist of Wnt/β-catenin signaling
pathway, WIF1 can induce β-catenin degradation [34].
Furthermore, our qPCR results showed that the ex-

pression of WIF1 was remarkably promoted, and the ex-
pression of β-catenin (CTNNB1) was obviously inhibited
in CRBP-1 overexpressed PLC/PRF/5 cells compared to
the control (Fig. 4D). Western-blot assay also showed
that CRBP-1 overexpression upregulated WIF1 but
downregulated β-catenin, and the phosphorylation level
of β-catenin was correspondingly upregulated in both
PLC/PRF/5 and Huh7 cells (Fig. 4E). It has been re-
ported that intracellular phosphorylated β-catenin was
usually degraded via ubiquitin-dependent proteasomal
pathway, which could be effectively blocked by a prote-
asome inhibitor—MG-132 [35]. Then, CRBP-1 overex-
pressed and control PLC/PRF/5 cells were respectively
treated with MG-132 under indicated time. As shown in
Fig. 4F, the intracellular level of β-catenin was consist-
ently reduced by CRBP-1 overexpression, which was re-
versed by additional treatment of MG-132. Additionally,
overexpression of CRBP-1 repressed the expression of β-
catenin-dependent genes, including c-Myc, CyclinD1 in
both PLC/PRF/5 and Huh7 cells at protein and mRNA
level (Fig. 4G and H). To further assess the transcrip-
tional activity of β-catenin, TOP/FOP-Flash luciferase
reporter system was induced. As shown in Fig. 4I, the
fold change of TOP/FOP-Flash was significantly lower in
CRBP-1 overexpressed cells than that in control cells. In
summary, these results indicated that CRBP-1 inhibited
Wnt/β-catenin pathway via upregulating WIF1, then
suppressed cancer stemness properties in HCC.

CRBP-1 activates RARs/RXRs via upregulating intracellular
RA level
CRBP-1, a chaperone of vitamin A, is a crucial player in
the process of vitamin A metabolized to retinoic acid
(RA) [15]. In order to investigate the effects of CRBP-1
on vitamin A metabolism, the intracellular level of RA
was measured by using ELISA. Interestingly, our results
showed that the intracellular level of RA was signifi-
cantly increased in CRBP-1 overexpressed PLC/PRF/5
cells compared to the controls (Fig. 5A). In addition, it is
well known that RA could regulate the transcription of
targeted genes including RARβ (RARB2), Cytochrome
P450 26A1 (CYP26A1), and Homeobox A1 (HOXa1)
through activating RARs/RXRs [36, 37]. In the present
study, our qPCR results also showed that upregulation
of all these genes was observed in CRBP-1 overexpressed
PLC/PRF/5 cells compared to the control (Fig. 5B). All
of which suggested that RARs/RXRs was activated in
CRBP-1 overexpressed PLC/PRF/5 cells via upregulating
intracellular RA.

CRBP-1 transcriptionally increases the expression of WIF1
through RARs/RXRs
Furthermore, PLC/PRF/5 and Huh7 cells were treated
with/without RA for 48 h, then the expression of WIF1
was analyzed by using western-blot. Our results showed
that RA could remarkably induce the expression of
WIF1 in both PLC/PRF/5 and Huh7 cells (Fig. 5C). Im-
portantly, RA treatment further promoted the expression
of WIF1 and inhibited cell proliferation in CRBP-1 over-
expressed PLC/PRF/5 and Huh7 cells compared to the
control cells (Fig. 5D and E). It has been demonstrated
that RA could activate RARs/RXRs to regulate the target
genes expression via binding to RARE in their promoter
region [11], which promoted us to examine whether a
putative RARE exists in the promoter region of WIF1.
Our screening results showed that two putative RAREs
(RARE1: 5′-GTTCAAATCAGTCA-3′ and RARE2: 5′-
CATCACCATCACCATCA-3′) were characterized in
WIF1 promoter region (Fig. 5F), suggesting that WIF1
could be a RARE-responsive gene. These results revealed
that CRBP-1 might actively enhance the expression of
WIF1 via regulating its promoter region, which was me-
diated by RA.
In order to confirm this hypothesis, we performed

dual-luciferase assay to explore whether CRBP-1 en-
hances the promoter activity of WIF1. The WIF1
promoter-luciferase reporter containing the sequence
from − 2000 to + 200 of WIF1 gene promoter region
(the start codon ATG is defined as + 1) was constructed.
Our results showed that the luciferase activity in CRBP-
1 overexpressed cells was significantly higher than that
in control cells (Fig. 5G), which suggested that CRBP-1
overexpression could activate the promoter of WIF1.
Furthermore, we performed ChIP assay to characterize
whether RARα binds to the specific promoter region of
WIF1. The specific primers were designed to amplify
two putative RAREs in the promoter region of WIF1.
Our immunoprecipitation by RARα antibody indicated
that enrichment of RARα binds to the RARE2 not
RARE1 sequence in the promoter region of WIF1 (Fig.
5H). These data supported our prediction that CRBP-1
transcriptionally increases the expression of WIF1 via
activating RARs/RXRs that directly binds to its promoter
in HCC.

Discussion
Cancer stem cells (CSCs) are considered to be a crucial
player in liver cancer initiation, metastasis, recurrence,
and chemoresistance [38]. Interestingly, the function of
CSCs is regulated by altering the activities of several sig-
naling pathways, such as the Hedgehog, Wnt/β-catenin,
Notch, and NF/κB pathways, which ultimately affect the
occurrence and development of liver cancer [8]. In re-
cent years, some approaches, which attempt to inhibit
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key CSCs signaling pathways, ablate CSCs using their
surface marker antibodies and target quiescent CSCs,
have been developed to eliminate this cancer cell sub-
populations [1]. Theoretically, targeting CSCs could
eradicate tumors; however, there are complex crosstalk

amongst gene regulation pathways in tumors, which
blockade the implementation of these approaches in
clinical treatment [38]. Therefore, there is critical need
for exploring novel and effective therapeutic approaches
for liver cancer treatment. In the present study, we

Fig. 5 CRBP-1 regulates WIF1 expression through indirectly activating its promoter transcription. (A) The intracellular RA analysis in CRBP-
1 overexpressed PLC/PRF/5 cells and control cells. All data shown represent the mean ± SD from three independent experiments. (B) qPCR
analysis of the expression of representative RAR/RXR target genes including RARB2, CYP26A1, and HOXa1 in CRBP-1 overexpressed PLC/PRF/5
cells and control cells. Data shown represent the mean ± SD from three independent experiments. (C) Western-blot analysis of the expression of
WIF1 in PLC/PRF/5 and Huh7 cells after treated with/without 5 μM RA for 48 h. (D) Western-blot analysis of the expression of WIF1 in CRBP-1
overexpressed PLC/PRF/5 and Huh7 cells as well as control cells after treated with/without 5 μM RA for 48 h. (E) Cell proliferation analysis of CRBP-
1 overexpressed PLC/PRF/5 and Huh7 cells as well as control cells after treated with/without 5 μM RA for 48 h. Data shown represent the mean ±
SD from three independent experiments. (F) The prediction analysis of RAREs in the promoter region of WIF1. (G) The dual-luciferase activity
analysis for WIF1 promoter in 293 T cells in response to CRBP-1 overexpression. Data shown represent the mean ± SD from three independent
experiments. (H) ChIP analysis of RAREs for WIF1 promoter in CRBP-1 overexpressed PLC/PRF/5 cells
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revealed that CRBP-1 inhibited the stemness properties
of HCC via upregulating WIF1, then suppressed Wnt/β-
catenin signaling pathway, which provided a novel thera-
peutic target for clinical management of liver cancer.
To date, retinoic acid (RA) has become an effective

treatment for tumor differentiation therapy in the pa-
tients acquired acute promyelocytic leukemia (APML),
and several solid tumors [36, 39]. However, the usage of
RA also presents some drawbacks, such as retinoic acid
syndrome (RAS) and drug resistance, which partially
caused by aberrant metabolism and uptake of RA [40–
42]. Dietary vitamin A is the main source of intracellular
RA after two oxidization steps, which is controlled by
several enzymes and proteins involved in the transport
and catabolism [36]. Therefore, we hypothesized that
improving the intracellular levels of RA via targeting the
metabolic process of vitamin A could contribute to the
treatment of malignancy cancers and prevent side-effect
caused by excess RA. From numerous functional pro-
teins related to vitamin A metabolism, CRBP-1 attracted
attention, which is a chaperone and charges for the
intracellular transportation of vitamin A. Thus far, there
has been some investigations about the role of CRBP-1
in cancers [16–25]. However, the expression profile of
CRBP-1 in the above-related cancers has shown differ-
ence in different types of cancers, which indicates that
the function of CRBP-1 in tumorigenesis and cancer de-
velopment remains discrepancy.
In order to characterize the role of CRBP-1 in HCC

initiation and development, we primarily investigated
the expression profile of CRBP-1 at transcription and
translation levels in HCC. Our data showed that both
mRNA and protein levels of CRBP-1 decreased in HCC
tissues compared to those in their matched non-
tumorous tissues (Fig. 1). Furthermore, high CRBP-1 ex-
pression not only positively correlated with overall sur-
vival and recurrence free survival of HCC patients, but
also presented as an independent prognostic marker
(Tables 1, 2, and 3). Although the expression of CRBP-1
has been investigated in HCC [18], it is the first time to
characterize its role as a biomarker for the disease prog-
nosis. Subsequently, our in vitro and in vivo data also
confirmed that overexpression of CRBP-1 could inhibit
the cell growth and tumorigenicity of HCC (Fig. 2).
Taken together, our results revealed CRBP-1 as a key
suppressor in HCC progression and an independent
prognostic predictor for HCC patients.
To elucidate the underlying mechanisms, we then

identified the cancer stemness properties and stemness-
related gene signature. Of significance, overexpression
CRBP-1 inhibited tumorspheres formation ability, in-
creased the sensitivity of cancer cells to antineoplastic
drugs, and downregulated the expression of stemness-
related genes (Fig. 3). CD133 is a reliable membrane

marker for CSCs of HCC, which is widely used to isolate
CSCs from different types of cancer cells [43]. Further-
more, our results also showed that the tumorspheres for-
mation ability of CRBP-1 overexpressed PLC/PRF/5
CD133+ cells were decreased compared to the control
PLC/PRF/5 CD133+ cells (Fig. 3). Such findings suggest
that CRBP-1 inhibits tumorigenesis via suppressing can-
cer stemness properties in HCC.
Accumulating evidence indicated that cancer stemness

properties of HCC were modulated by several molecules
and signaling pathways [8, 44]. To characterize the mo-
lecular features of CRBP-1 in inhibiting HCC stemness,
RNA-seq was performed and found that CRBP-1 overex-
pression was associated with the highest upregulation of
WIF1 among 15 CSCs-related genes. Furthermore,
GSEA results showed that CRBP-1 was also highly cor-
related with Wnt/β-catenin signaling pathway (Fig. 4).
The Wnt/β-catenin signaling pathway, as “canonical”
Wnt pathway, is a crucial player in many aspects of
physiological and pathophysiological processes [45].
Wnt/β-catenin signaling pathway participates in almost
every facet of liver biology, including development,
homeostasis, as well as regeneration; moreover, it also
plays a critical role in CSCs for maintenance of stemness
properties and self-renewal [46, 47]. WIF1, an endogen-
ous secreted antagonist of Wnt/β-catenin signaling path-
way, can directly bind to Wnt molecules preventing
them from binding to their receptors and then inducing
β-catenin degradation [34]. This prevention also can in-
activate the downstream target genes of Wnt/β-catenin
signaling pathway, including c-Myc and Cyclin D1 [48,
49]. Interestingly, our present data showed that the gene
expression of CRBP-1 and WIF1 was positively corre-
lated with each other in HCC tissues, CRBP-1 overex-
pression could upregulate WIF1 in HCC cell lines.
Furthermore, the expression of β-catenin and its down-
stream target genes including c-Myc and Cyclin D1 was
also inhibited by CRBP-1 overexpression. In addition,
TOP/FOP-Flash reporter assay showed that CRBP-1
overexpression led to attenuate Wnt/β-catenin signaling
activity (Fig. 4). To summarize all the points, our study
suggested that CRBP-1 inhibited HCC cancer stemness
properties via upregulation of WIF1 then suppressed
Wnt/β-catenin signaling pathway. On the contrary, it
was reported that overexpression of CRBP-1 could up-
regulate β-catenin to promote osteogenenesis of mesen-
chymal stem cells [50]. The different effect of CRBP-1
may be associated with cell type and experimental
conditions.
WIF1, as a tumor suppressor, has been observed to be

downregulated in several human cancers, such as lung
cancer, neuroblastoma, and cervical cancer [33, 51, 52].
Accumulating evidence demonstrated that downregula-
tion of WIF1 was mediated through its promoter
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methylation [33, 51–55], which reminded that the activ-
ity of WIF1 promoter played a critical role in its tran-
scriptional modulation. Our present data showed that
overexpression of CRBP-1 could promote intracellular
RA levels (Fig. 5). Interestingly, it has also been investi-
gated that RA could regulate the target genes expression
via binding to their RARE through activated RARs/RXRs
[11]. Surprisingly, we also found that the expression of
representative RA target genes including RARB2,
CYP26A1, and HOXa1 was upregulated during CRBP-1
overexpression, which suggested that RARs/RXRs was
activated in CRBP-1 overexpressed PLC/PRF/5 cells.
Furthermore, drug dose of RA also increased the expres-
sion of WIF1 and further amplified the action in CRBP-
1 overexpressed PLC/PRF/5 and Huh7 cells (Fig. 5).
Consequently, our findings suggested that CRBP-1 indir-
ectly promoted the transcription of WIF1 through acti-
vated RARs/RXRs binding to its RARE in the promoter
regions. Interestingly, CRBP-1 was reported to inhibit
RXRα-induced β-catenin degradation in HEK293T cells
[50], but the exact mechanism remains unknown. After-
wards, our further studies confirmed that a RARE do-
main was identified in the promoter region of WIF1 by
using dual-luciferase assay and ChIP assay (Fig. 5). To
the best of our knowledge, this is the first time to dem-
onstrate that WIF1 is the target gene of RARs/RXRs.
These results explained the reason that the expression of
WIF1 could be regulated by CRBP-1 to some extent.

Conclusions
In summary, our present study identified that CRBP-1
was downregulated in HCC tissues, and positively corre-
lated with overall survival and recurrence free survival of

HCC patients. Overexpression of CRBP-1 inhibited the
cell growth and tumorigenicity both in vitro and in vivo.
Furthermore, we found that CRBP-1 induced the intra-
cellular levels of RA, which further activated transcrip-
tional factor RARs/RXRs and transcriptionally promoted
the expression of WIF1, thus enhancing the degradation
of β-catenin, consequently suppressed the expression of
cancer stemness related genes leading to the inhibition
of HCC stemness properties (Fig. 6). Therefore, our
findings provided a novel independent prognostic bio-
marker and therapeutic target for the diagnosis and
treatment of HCC.
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Fig. 6 Schematic illustration of CRBP-1 inhibiting cancer stemness via regulating wnt/β-catenin signaling pathway in HCC. CRBP-1
induces the intracellular levels of RA, which activates RAR/RXR and transcriptionally promotes the expression of WIF1 via activating RAREs in its
promoter region, thus downregulates the expression of β-catenin and its correlated genes, consequently suppress the cancer stemness properties
leading to the inhibition of HCC tumorigenesis
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