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BACKGROUND: Sorafenib is one of the standard first-line therapies for advanced hepatocellular carcinoma (HCC). Unfortunately,
there are currently no appropriate biomarkers to predict the clinical efficacy of sorafenib in HCC patients. MicroRNAs (miRNAs) have
been studied for their biological functions and clinical applications in human cancers.

METHODS: In this study, we found that miR-10b-3p expression was suppressed in sorafenib-resistant HCC cell lines through miRNA
microarray analysis.

RESULTS: Sorafenib-induced apoptosis in HCC cells was significantly enhanced by miR-10b-3p overexpression and partially
abrogated by miR-10b-3p depletion. Among 45 patients who received sorafenib for advanced HCC, those with high miR-10b-3p
levels, compared to those with low levels, exhibited significantly longer overall survival (OS) (median, 13.9 vs. 3.5 months, p =
0.021), suggesting that high serum miR-10b-3p level in patients treated with sorafenib for advanced HCC serves as a biomarker for
predicting sorafenib efficacy. Furthermore, we confirmed that cyclin E1, a known promoter of sorafenib resistance reported by our
previous study, is the downstream target for miR-10b-3p in HCC cells.

CONCLUSIONS: This study not only identified the molecular target for miR-10b-3p, but also provided evidence that circulating miR-

10b-3p may be used as a biomarker for predicting sorafenib sensitivity in patients with HCC.
British Journal of Cancer (2022) 126:1806-1814; https://doi.org/10.1038/541416-022-01759-w

BACKGROUND

MicroRNAs (miRNAs) are non-coding RNAs that play important
roles in gene regulation, often suppressing gene expression either
by blocking mRNA translation or enhancing mRNA degradation. In
hepatocellular carcinoma (HCC), several miRNAs have been
demonstrated to play important roles in regulating genes
important to cell cycle progression, migration, metastatic poten-
tial, and angiogenesis [1-3]. In this manner, different miRNAs can
act as pro-oncogenic drivers or tumor suppressors depending on
which genes they regulate.

Following tissue injury, miRNAs may be released passively into
circulation and may also be actively secreted into circulation via
exosomes [4, 5]. Secreted miRNAs may play important roles in
regulating gene expression and function in the target cells [6, 7].
Cancer cells may even secrete anti-oncogenic miRNAs into the serum
as a tumorigenic mechanism [8]. Given the relative ease of collecting
patient blood samples and measuring a miRNA panel, circulating
miRNAs thus have the potential to serve as useful biomarkers for
predicting treatment sensitivity and cancer prognosis [9, 10].

Circulating miRNAs have therefore been extensively explored as
biomarkers for early diagnosis in many cancers, including HCC
[8, 11-15]. Certain miRNAs or patterns (i.e., ‘signature’ of miRNAs)
have been associated with advanced tumor stage and poor
survival [16-19], leading to the development of a plasma
microRNA panel in diagnosing early-stage HCC [20]. Nevertheless,
there remain challenges in using these miRNA panels, including
the large heterogeneity in the plasma miRNA levels of HCC
patients [8].

Sorafenib, a multikinase inhibitor, is one of the standard first-line
therapies for advanced HCC [21]. Given the relatively modest
survival benefit and large variations in patient response to sorafenib,
finding biomarkers that predict patient response to sorafenib
treatment has important clinical implications [22]. Several studies
have explored the correlation between levels of different miRNAs in
patients with advanced HCC and the efficacy of sorafenib treatment
[23-31]. Candidate miRNAs have been identified by comparing the
expression of miRNAs between sorafenib-sensitive and sorafenib-
resistant HCC cells in vitro [23-26, 28-31] or by comparing the
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serum mMiRNAs levels between patients with or without clinical
benefit from sorafenib treatment [24, 25, 27, 29]. These studies have
suggested potential correlations between the expression of specific
circulating miRNAs, such as miR-122 and miR-34a, and response to
molecular targeted therapy for HCC patients.

In this study, we investigated the roles of miR-10b-3p (hsa-miR-
10b-3p) in regulating HCC cell response to sorafenib therapy. miR-
10b (the complementary miRNA of miR-10b-3p) has already been
extensively studied as a driver of epithelial-mesenchymal transi-
tions and cancer metastasis in many cancers [18, 32-36], including
HCC cell lines. Compared to miR-10b, miR-10b-3p has been less
well studied. At the molecular level, miR-10b-3p was demon-
strated to target CMTM5 and appeared to promote tumor growth
and cell proliferation in HCC cell lines [19]. The biological role of
miR-10b-3p specifically relating to sorafenib treatment and
sensitivity, however, remains unclear.

We used in vitro and in vivo models of HCC simulating the
acquired resistance to sorafenib in HCC patients to explore the
mechanisms by which miR-10b-3p modulates resistance of HCC
cells to sorafenib. These models were also used to explore the
potential clinical use of miR-10b-3p as a prognostic marker and a
predictive biomarker in response to sorafenib treatment.

METHODS

Cell lines and reagents. The HCC cell lines, HepG2, PLC5, Tong and Hep3B,
were obtained from the American Type Culture Collection (ATCC), and the
Huh-7 cell line was from the Health Science Research Resources Bank.
Sorafenib (Bayer-Schering Pharma, West Haven, CT) was dissolved in DMSO
for in vitro experiments, and the final concentration of DMSO was kept
below 0.1%. The sorafenib-resistant cell lines, Huh-7R and HepG2R, were
generated by continuous treatment of Huh-7 and HepG2 cells with
sorafenib up to 10 uM and maintained as previously described [37, 38]. The
antibodies used for western blotting were cyclin E1 (BD Bioscience, San
Diego, CA, USA), phospho-cyclin E1, phospho-Rb, Mcl-1, E2F1, caspase 3,
PARP-1, GAPDH (Cell Signaling Technology, Danvers, MA, USA), Rb, CDK2,
and Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, CA).

Cell viability and apoptosis assays. Cell viability was assessed using an
MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5- diphenyltetrazolium bromide) assay
as previously described [37]. The ICs, values after drug treatment were
calculated using CompuSyn software (ComboSyn, Paramus, NJ). The
fraction of apoptotic cells after drug treatment was assessed by sub-G1
fraction analysis using flow cytometry [37].

Screening for candidate miRNAs. miRNAs were extracted with mirVana
miRNA Isolation kit (Ambion, Austin, TX, for cell lysate samples) or mirVana
PARIS kit (for serum and culture media samples) according to the
manufacturer’s protocol. The miRNA quality was checked using an Agilent
2100 Bioanalyzer (Agilent Technologies). Candidate miRNAs were selected by
comparing the miRNA profiles between the Huh-7 (sorafenib-sensitive) and
Huh-7R (sorafenib-resistant) cells using a TagMan® human microRNA array
v20 on an Applied Biosystems 7900HT Real-Time PCR System (Applied
Biosystems, Foster City, CA) and quantified using the TagMan miRNA Assay Kit
(Applied Biosystems), The mammalian U6 (MammU6) gene was used to
determine the relative miRNA expression levels, and several endogenous
controls, including RNU44, RNU48, miR-16 and miR-24, were used to validate
the MammU6 control. The relative miRNA amount of the target gene/
MammU6 gene was calculated using the ACt (threshold cycle) method as
follows: relative expression = 2-ACt, where ACt = Ct (target gene) - Ct
(MammU6). miR-10b-3b was selected for further exploration.

Identification of genes targeted by miR-10b-3p in HCC cells. Microarray
analysis with the Agilent SurePrint G3 Human GE 8x60K Microarrays System
(Agilent Technologies) was used to identify genes targeted by miR-10b-3p in
HCC cells after sorafenib treatment. Huh-7 cells overexpressing miR-10b-3p
were treated with sorafenib or DMSO control for 24 h. RNA extraction, cDNA
synthesis, and cDNA quantification proceeded as described above.

Modulation of pre-miR and anti-miR of miR-10b-3p expression. To
measure the effects of miR-10b-3p on cellular signaling activities, cells
were transfected with pre-miR or anti-miR of miR-10b-3p (Ambion, Austin,
TX) using the siPORT NeoFx siRNA transfection reagent (Ambion, Austin,
TX) and then treated with sorafenib at the indicated concentrations and
times. The transfected cells were subjected subsequent flow cytometry.
Protein and RNA extracted from the cells were subjected to Western
blotting and qRT-PCR analysis, as previously described [37].
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In vivo miRNA-10b-3p expression in HCC xenografts. The protocol for the
in vivo studies was approved by the Institutional Animal Care and
Use Committee of the College of Medicine, National Taiwan University. All
the animal studies were performed according to the criteria outlined in the
Guide for the Care and Use of Laboratory Animals prepared by the National
Academy of Sciences and published by the National Institutes of Health.
The orthotopic HCC model was established by injecting 1 x 10° Huh-7 or
Huh-7R cells into the sub-capsular area of the left liver lobe of male SCID
mice at 6-7 weeks of age, as previously described [39], to analyze miR-10b-
3p expression by in situ hybridization (miRCURY LNA microRNA ISH
optimization kit, EXIQON). In brief, formalin-fixed, paraffin-embedded
tumor sections were deparaffinized, rehydrated, fixed in 4% paraformal-
dehyde, and pre-hybridized in hybridization buffer containing 20 nmol/L of
DIG-labeled Locked Nucleic Acid (LNA™) probe (Exiqon, Denmark) at 50 °C
for 2 hours. Slides were hybridized overnight with the diluted probe in a
humidified chamber at 50 °C. The slides were then blocked with 2% sheep
serum, 2mg/mL BSA in PBST), and incubated with anti-DIG-AP Fab
fragments (1:1000, Roche Diagnostics) at 4°C overnight. Signals were
detected by incubating sections in NBT-BCIP solution (Roche Diagnostics)
and imaged by TissueFAXS (TissueGnostics, Vienna, Austria) with a 20x
lens. The staining intensity was categorized as high, moderate, or low.

Depletion of miR-10b-3p expression in HCC xenograft

The protocol for the xenograft experiments was approved by the
Institutional Animal Care and Use Committee of the College of Medicine,
National Taiwan University, as described above. The 2 x 10% Huh-7/miR-
10b-3p-suppressing cells (Anti-10b-3p) or Huh-7/ miR-scrambled-
suppressing cells (Anti-NC) were injected subcutaneously into the flank
of male BALB/c athymic (nu+/nu-+) mice (six weeks old). Tumor size was
measured with calipers every seven days after tumor formation. Tumor
volume was calculated by using the following formula: volume (mm?) =
(width)? x length x 0.5. When tumor volume reached ~200 mm?, the mice
were randomized and began to receive sorafenib (10 mg/kg/day) by
gavage. After four weeks of administration, the mice were sacrificed and
removed, photographed, and weighted, as previously described [37].

Luciferase Reporter Assay. The 587bp sequence of the CCNE1 3-
untranslated region (UTR) containing either the predicted miR-10b-3p binding
site was synthesized and cloned into the pmirGLO dual-luciferase miRNA
target expression vector (Promega) by Omics Biotechnology Co. Ltd. The
luciferase reporter assay was performed as previously described [37].

Patient samples. We enrolled patients who received sorafenib as the
first-line therapy for advanced HCC at NTUH. All patients were
histologically or clinically diagnosed to have HCC. Clinical diagnosis
followed the guidelines of the American Association for the Study of Liver
Diseases [40]. It was only allowed in patients with cirrhosis or chronic
hepatitis B or C when typical imaging patterns were found in dynamic
imaging. Sera from 6 healthy volunteers were used as control. For patients
with HCC, serum samples were collected before treatment initiation and
4 weeks after the start of sorafenib treatment. Total RNA was isolated,
using the mirVana PARIS kit (Ambion) described above. The patient’s
demographic features, objective tumor response, treatment duration, date
of disease progression, and survival data were retrieved from the medical
records (Supplemental Table S1). This study was approved by the Institute
Research Ethical Committee of NTUH.

Statistical analysis. Comparisons were analyzed using the Student's t
test, chi-square test, and one-way ANOVA as appropriate. Significance was
defined as p <0.05. Kaplan-Meier analysis was performed to estimate
survival, and the log-rank test was used to compare the survival between
patients with high and low serum miR-10b-3p levels univariately. In the
multivariate analysis, a Cox proportional hazards model was used to adjust
for other potential OS predictors including gender, age, macrovascular
invasion, hepatitis virus infection, extrahepatic involvement, serum alpha-
fetoprotein level, the ALBI grade, the CLIP score, performance status, and
prior HCC treatment. A stepwise variable selection procedure was used to
determine the best fit model with the significance levels for entry and for
stay set at 20.15.

RESULTS

miR-10b-3p levels may correlate with response of HCC cell
lines to sorafenib

The miRNA expression profiles of sorafenib-sensitive (Huh-7) and
sorafenib-resistant (Huh-7R and Hep3B) HCC cell lines were
compared, and 29 miRNAs with a greater than 3-fold difference
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Fig. 1 miR-10b-3p as a predictive biomarker of response to sorafenib treatment in HCC cell lines in vitro and in vivo. A Quantitative RT-

PCR of miR-10b-3p miRNA expression in HCC cell lines. ICso of HCC cell lines after sorafenib treatment. HCC cells were treated with sorafenib at
the indicated concentrations in 96-well plates for 72 h, and cell viability was assessed by MTT assay. Points, mean (n = 3); bars, SD of three
independent experiments. B The orthotopic HCC model was established by injecting 1 x10° Huh-7 or Huh-7R cells into the sub-capsular area
of the left liver lobe of male SCID mice at the age of 6-7 weeks. C After implantation for 30 days, mouse sera were collected in BD serum tubes
for quantitative RT-PCR analysis of serum miR-10b-3p (n = 6). D After implantation for 30 days, tumor tissues of mice were collected, formalin-
fixed, and paraffin-embedded for analysis of tumor miR-10b-3p. Huh-7 or Huh-7R tumor tissues of mice were stained with the miR-10b-3p
probe (miR-10b-3p) or a scramble-control probe (SC) by in situ hybridization (miRCURY LNA microRNA ISH optimization kit). Positive signals
are shown in dark blue; nuclei are counterstained in red. Scale bar: 20 pm.

in expression levels between sorafenib-sensitive and sorafenib-
resistant cell lines were selected (Supplementary Table S2). From
this pool, 9 candidate miRNAs with a greater than 4-fold difference
were selected for confirmation by quantitative RT-PCR, and miR-
10b-3p was one of the most significantly downregulated miRNAs
found in both sorafenib-resistant cell lines (Supplementary
Table S3). The ICsq of sorafenib, determined by MTT assay, was
highly correlated with the miR-10b-3p levels of individual HCC cell
lines, with significantly lower miR-10b-3p levels found in
sorafenib-resistant cell lines (Fig. 1A). The orthotopic liver cancer
models (Fig. 1B) demonstrated that mice bearing sorafenib-
resistant tumors (Huh-7R) had significantly lower levels of miR-
10b-3p in serum (Fig. 1C) and in the tumors (Fig. 1D).

The changes in miR-10b-3p levels in HCC cells and in the culture
medium after sorafenib treatment were then examined. The HCC
cells were treated for 24h, when no evident morphological
changes of the cells were observed, and the cells and the culture
medium were collected for miR-10b-3p quantification. The levels
of miR-10b-3p increased significantly both in the cells (Fig. 2A) and
in the culture medium (Fig. 2B) when the cells were treated at
greater than the ICsq of sorafenib (10 uM for sorafenib-sensitive
and 20 uM for sorafenib-resistant HCC cells, respectively). These
findings suggested that secreted miR-10b-3p may serve as a
biomarker for HCC patients who received sorafenib treatment, and
miR-10b-3p may play a functional role in sorafenib-induced cell
death.

Serum miR-10b-3p levels may help predict the clinical
outcome of HCC patients who received sorafenib treatment
Since tissue biopsies are unavailable from advanced HCC patients,
we collected their blood samples for analysis of circulating miR-
10b-3p. Serum samples from a cohort of patients who received
sorafenib treatment for advanced HCC were tested for the
potential of circulating miR-10b-3p as a sorafenib therapeutic
biomarker. A total of 45 patients were enrolled (Supplementary
Table S1). Compared with healthy volunteers (n = 6), HCC patients
tended to have higher miR-10b-3p levels, calculated using qRT-
PCR analysis and the ACt (threshold cycle) method (Fig. 3A). The
HCC patients were divided into high- (n = 27) and low- miR-10b-
3p (n = 18) groups, with the cut-off value set at the third quartile
(0.1015) of healthy controls (Fig. 3A). The baseline characteristics
of the high- vs. low- miR-10b-3p patients were compared in
Supplementary Table S1.

Patients with high miR-10b-3p levels had significantly longer
overall survival (OS) (median, 13.9 vs. 3.5 months, p=0.021;
Fig. 3B) but not progression-free survival (Fig. 3C). In multivariate
analysis, high miR-10b-3p level remained as an independent
predictor of longer OS (hazard ratio 0.276, p = 0.003; Table 1). For
patients with available serum samples obtained after sorafenib
treatment (24 patients in the high-miR-10b-3p group and 15 in the
low-miR-10b-3p group), we further evaluated whether the
increase in miR-10b-3p levels was associated with therapeutic
efficacy. The results indicated that only in the low-miR-10b-3p

British Journal of Cancer (2022) 126:1806 - 1814
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group, an increase in serum miR-10b-3p levels was associated with
better overall survival (OS) (Fig. 3D, E).

The functional roles of miR-10b-3p in sorafenib efficacy for
HCC cells

The effects of miR-10b-3p over-expression or depletion on
sorafenib-induced apoptosis in HCC cells were evaluated by
transient transfection of miR-10b-3p mimics (Fig. 4A) or antagomirs
(Fig. 4B). Overexpression of miR-10b-3p significantly enhanced
sorafenib-induced apoptosis (Fig. 4A), whereas depletion of miR-
10b-3p suppressed sorafenib-induced apoptosis (Fig. 4B). This
finding was further confirmed for apoptosis-related proteins by
western blotting, which showed cleavage of PARP-1 and caspase 3
(Supplementary Fig. S1). Overexpression of miR-10b-3p signifi-
cantly enhanced sorafenib-induced cleavage of PARP-1 and
caspase 3 (Supplementary Fig. S1A), whereas depletion of miR-
10b-3p suppressed sorafenib-induced cleavage of PARP-1 and
caspase 3 (Supplementary Fig. S1B). These phenomena appeared
more prominent in the sorafenib-sensitive Huh-7 and HepG2 cells
(Fig. 4 and Supplementary Fig. S1). The effects of mimics and
antagomirs on cell viability, as determined by MTT assay, showed
consistent trends (Supplementary Fig. S2). A subcutaneous liver
cancer model was used to analyze the effect of miR-10b-3p on
sorafenib resistance in vivo. We demonstrated that mice showing
depletion of miR-10b-3p (Anti-10b-3p) in sorafenib-sensitive
tumors (Huh-7) had significantly suppressed sorafenib-induced
anti-tumor efficacy (Fig. 4C).

British Journal of Cancer (2022) 126:1806- 1814

The potential downstream targets of miR-10b-3p were
explored using gene expression microarray data of Huh-7 cells.
Eighteen genes were found to be downregulated in Huh-7 cells
treated with miR-10b-3p over-expression, sorafenib, or both
(Fig. 5A). Among these genes, cyclin E1 (CCNET) was selected for
further analysis because CCNE1 has been found a critical
regulator of sorafenib resistance [37]. A reporter system of wild
type and mutant 3'-UTRs of CCNE1, which contained a potential
binding site for miR-10b-3p, was established to verify whether
CCNET1 is the direct target of miR-10b-3p in Huh-7 and HepG2
cells, which had relatively high endogenous miR-10b-3p (Fig. 5B).
The construct with mutant miR-10b-3p binding site at the CCNE1
3"-UTR demonstrates luciferase activity, while the construct with
wild-type CCNE1 3-UTR failed to do so, suggesting that
endogenous miR-10b-3p directly recognized and suppressed
CCNE1 expression (Fig. 5C). To clarify the regulatory mechanism
of miR-10b-3p overexpression or depletion, sorafenib-induced
cyclin E1 and downstream in HCC cells were evaluated
by transient transfection of miR-10b-3p mimics (Fig. 5D) or
antagomirs (Supplementary Fig. S3). Overexpression of miR-10b-
3p downregulated endogenous CCNET mRNA, cyclin E1, and Rb
protein levels, but not CDK2 and E2F1 expression in both
sorafenib-sensitive and sorafenib-resistant HCC cells (Fig. 5D),
whereas depletion of miR-10b-3p slightly upregulated cyclin E1
and Rb protein expression (Supplementary Fig. S3), consistent
with the apoptosis-enhancing effects of miR-10b-3p overexpres-
sion (Fig. 4A). Previous study, we demonstrated that cyclin
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Fig. 3 Expression of miR-10b-3p was associated with better prognosis of HCC patients. A Comparison of serum levels of miR-10b-3p in
healthy volunteer controls (n = 6) and advanced HCC patients before sorafenib treatment (n = 45) by Q-RT-PCR analysis. The expression levels
were represented by the relative amount of target gene (miR-10b-3p) vs. control gene (MammU6). 2~<", where ACT = CT (target gene) — CT
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E High miR-10b-3p (=0.1015) patients were divided into two groups. There was no difference in survival between patients whose miR-10b-3p
levels increased vs. patients whose levels decreased after sorafenib treatment.

E1 suppression by sorafenib in HCC cells correlated with
therapeutic efficacy of sorafenib [37]. These results suggest that
miR-10b-3p may be an upstream regulator of CCNE1 expression
and may involve in sorafenib resistance in HCC cells (Fig. 5E).

DISCUSSION

In this study, we demonstrated that miR-10b-3p was one of the
most significantly downregulated miRNAs found in sorafenib-
resistant cell lines in vitro and in vivo. Interestingly, sorafenib
treatment dose-dependently enhanced the endogenous expres-
sion and secretion of miR-10b-3p in all tested HCC cell lines. In our

cohort of sorafenib-treated patients, high serum miR-10b-3p levels
correlated with significantly longer OS, suggesting that serum
miR-10b-3p may serve as a predictive biomarker for sorafenib
treatment response in advanced HCC patients. Because Q3 of the
healthy controls was close to the HCC patients’ median value,
patients with low or high mir-10b-3p did not to differ drastically in
number. Furthermore, we found that miR-10b-3p-regulated Cyclin
E1 expression is involved in controlling sorafenib resistance in HCC
cells. The overall survival results for our patient cohort differ from
those of other studies on miR-10b-3p in which high serum miR-
10b-3p levels were associated with worse survival in HCC patients
cohorts [19]. However, these previous studies included all HCC
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Table 1. Multivariate analyses of overall survival.
Covariate Coefficient Hazard Ratio 95% C.I. p value
Overall survival
High miR-10b-3p —1.2871 0.276 0.120-0.635 0.0025
Extrahepatic involvement 1.1963 3.308 1.328-8.238 0.0102
CLIP>3 1.3444 3.836 1.441-10.210 0.0071
ECOG =0 (vs. 1 or 2) —1.1102 0.329 0.142-0.765 0.0097
Cox’s proportional hazards model: n = 45, adjusted generalized R> = 0.402.
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Fig. 4 Expression of miR-10b-3p sensitizes HCC cells in response to sorafenib treatment. HCC cell lines were transfected with pre-miR of
miR-10b-3p (pre-10b-3p) or a negative-control (pre-NC) and treated with the indicated sorafenib concentration for 72 h. A Effects of miR-10b-
3p overexpression on sorafenib-induced apoptosis assessed by Sub-G1 analysis. HCC cell lines were transfected with anti-miR directed against
miR-10b-3p (anti-10b-3p) or a negative-control (anti-NC) and treated with indicated sorafenib concentration for 72 h. B Effects of miR-10b-3p
depletion on sorafenib-induced apoptosis assessed by Sub-G1 analysis. Each value is the mean + SD of three independent experiments. *p <
0.05; **p < 0.01, compared with pre-NC or anti-NC (sorafenib 10 pM). C Depletion of miR-10b-3p (Anti-10b-3p) in sorafenib-sensitive tumors
(Huh-7) suppressed sorafenib-induced anti-tumor efficacy in a subcutaneous liver cancer model. The growth curve and tumor weight of
xenograft tumors in nude mice; n =5 in each group; Data are presented as the mean + SD; *p < 0.05.

patients, whereas the patients in our cohort received sorafenib
treatment after initial measurement of their serum miR-10b-3p
levels. This difference may suggest that the serum miR-10b-3p
level has different implications for patient survival depending on
sorafenib treatment status. The mechanisms underlying the
differences in survival characteristics between these patient
cohorts should be further studied.

The biological functions of miR-10b-3p have not been as
thoroughly characterized as another mature miRNA product
generated from the same precursor, miR-10b-5p. The biological
roles of miR-10b-5p as an oncogenic MiRNA promoting cancer
metastasis through HOXD10 and KLF4 [41] and proliferation,
migration, and invasion in HCC cells [42] have been well
documented. A previous study found that in breast cancer,
miRNA-10b-3p suppresses proliferation and reduces in vivo tumor
growth by targeting BUB1, PLK1 and CCNA2 [43]. Our study has
identified a novel tumor-suppressive mechanism in which miR-
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10b-3p induction suppresses Cyclin E1 expression, in turn
prompting sorafenib-mediated cell death (Fig. 5D).

miR-10b-3p was reported to be associated with worse survival in
HCC patients [19]. However, suggested a pro-oncogenic role of miR-
10b-3p through the inhibition of CMTM5 in HCC cell lines without
sorafenib treatment [19]. The difference in our results and the results
of the study by Guan et al. may suggest that sorafenib treatment
potentially affects the CMTM5 and Cyclin E1 pathways in a manner
such that miR-10b-3p adopts a greater tumor suppressor role
following sorafenib treatment. For example, it may be that sorafenib
inhibits factors in the CMTM5 pathway, which allows miR-10b-3p to
act primarily as a tumor suppressor through its interactions with the
Cyclin E1 pathway in sorafenib-treated HCC. In light of previous
studies, our current findings may also suggest that the balance
between oncogenic miR-10b-5p and the tumor-suppressive func-
tion of miR-10b-3p may be critical in modulating HCC progression
and regulating cancer metastasis in sorafenib-treated HCC.
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In addition to intracellular functions, numerous miRNAs have
been identified to mediate intercellular communication. These
secreted miRNAs in circulation could be informative biomarkers,
with potential in therapeutic applications [7]. Circulating miRNAs
in serum have also been linked to different pathological processes
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of the liver, including inflammation, injury, fibrosis, and cancer. For
example, serum miR-122, one of the best-studied miRNAs as well
as the most abundantly-expressed miRNA in the liver, has been
found to be elevated in mice with liver injury and inflammation
[22, 44]. The potential tumorigenic mechanism of secreting tumor

British Journal of Cancer (2022) 126:1806- 1814



Y.-Y. Shao et al.

Fig. 5 miR-10b-3p was a possible mediator of sorafenib efficacy through down-regulation of cyclin E1 in HCC cell lines. A The target
genes in the miR-10b-3p-expressing Huh-7 cells (Huh-7™R1%03P) sorafenib-treated Huh-7 cells (Huh-7°°"2"""®) and sorafenib-treated miR-10b-

3p-expressing Huh-7 cells (Huh-7°°rafenib+miR-106-3p)

following microarray data analysis (left panel). Eighteen RNA targets selected by

microarray to analyze gene expression in Huh-7 cells transfected with miR-10b-3p or treated with sorafenib (right panel). B The putative
binding site of miR-10b-3p on the 3'-UTR of the human CCNE1 gene determined by computational predictions. CCNE1 3-UTR-WT sequence
and the CCNE1 3'-UTR-Mut in which the underlined sequence was mutagenized to abolish miR-10b-3p binding. C The constructs of the cyclin
E1 3"-UTR (+370 to +391 bp) were transfected into Huh-7 and HepG2 cells, and the relative luciferase activity was shown. D Cyclin E1 mRNA
expression in HCC cell lines was measured using qRT-PCR from RNA extracted from cells transfected with and overexpressing miR-10b-3p
(Pre-10b-3p) or a negative control (Pre-NC) treated with sorafenib (10 pM) for 24 h. HPRT was used as an internal control (top panel). Cyclin E1
and downstream protein (E2F1, Rb, and CDK2) expression was detected by western blotting of total protein from cells transfected with and
overexpressing miR-10b-3p (Pre-10b-3p) and the negative control (Pre-NC) treated with sorafenib (10 uM) for 24 h. GAPDH was used as an
internal loading control (bottom panel). Each value is the mean+SD of independent experiments. *p <0.05; **p <0.01. E Schematic
representation of the miR-10b-3p sensitizes HCC cells in response to sorafenib treatment through the downregulated Cyclin E1 expression.

suppressor miRNAs out of the cell [8] also merits further study
with miR-10b-3p and any other potential miRNA biomarkers as
their molecular mechanisms become more well understood.

The biological role of circulating miRNAs has demonstrated
their use as predictive, diagnostic, and prognostic biomarkers as
well as targets for therapy in HCC and in many other cancers
[8, 34, 45-48]. The recent development of a miRNA classifier is
valuable for detecting preclinical hepatocellular carcinoma,
providing patients with a chance of curative resection and longer
survival [12]. Similar hope arises from a panel of seven miRNAs
that can identify small-size, early-stage, and alpha-fetoprotein-
negative hepatocellular carcinoma in patients at risk [49]. In this
study, we not only reveal a functional mechanism of miR-10b-3p
mediated cell death in the regulation of sorafenib sensitivity, but
also found that secreted miR-10b-3p, which is induced by
sorafenib treatment, maybe an independent prognostic biomarker
for HCC patients. Our study had some limitations. We used healthy
volunteers as the control group, although patients with chronic
liver disease may be a better choice. However, the control group
was only used to determine the optimal cutoff point for the miR-
10b-3p level in patients with HCC. In addition, the sample size was
relatively small and the study lacked a histological diagnosis.
However, such limitations may not substantially influence our
outcomes. Our results should be further validated by a prospective
study involving multicenter clinical trials.

It must be noted that the validity of reference miRNAs has been
found to be unstable, especially with the abundance of reports
identifying individual miRNAs in primarily small studies [50, 51].
Validation of these smaller miRNA studies using larger datasets
that are combinations of independent datasets merits further
research [51]. Nevertheless, our findings demonstrate the biolo-
gical significance and underscore new clinical applications of miR-
10b-3p as a potential prognostic marker, a predictive marker for
monitoring sorafenib response, and a potential druggable target.
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