
Citation: Molecular Therapy—Nucleic Acids (2015) 4, e233;  doi:10.1038/mtna.2015.8
© 2015 The American Society of Gene & Cell Therapy  All rights reserved 2162-2531/15

www.nature.com/mtna

Introduction

Hepatocellular carcinoma (HCC) is among the most com-
mon malignancies worldwide, with approximately more than 
500,000 new patients diagnosed each year; however, signifi-
cant regional differences in the incidence of HCC are observed 
because of the frequency of the different etiological factors 
involved in HCC development.1 Despite major efforts to improve 
diagnosis and treatment of HCC, therapeutic options remain 
limited; treatment options depend on the stage of the disease 
and the extent of liver dysfunction and cirrhosis.2 Therefore, 
targeting the key-role genes and pathways has increasingly 
gained attention. Presently, molecular mechanisms leading to 
malignant transformation of hepatocytes as well as develop-
ment and progression of HCC still remain largely unclear. The 
mitogen-activated protein kinase (MAPK) pathway (including 
RAS, BRAF, MEK1/2, and extracellular-signal-regulated kinase 
(ERK 1/2 proteins cascades) has emerged as a major signal-
ing pathway, involved in the control of cell growth, apoptosis, 
proliferation, and migration in most cancers. It has also estab-
lished that alternative mechanisms of regulation of cell death 
exist and one of these is autophagy occurrence that has been 
also recently correlated to the activity of anticancer agents.3,4 
Recently, sorafenib, an oral multikinase inhibitor targeting RAF 

kinases among other cellular kinases, has been demonstrated 
to be effective in HCC.5 Ablative therapy, surgical resection, 
or liver transplantation are the first-line treatments for patients 
affected by HCC.6 Nonetheless, both advanced tumor stage 
and poor liver function preclude the majority of patients from 
these surgical interventions. In addition to this obstacle, trans-
plantation is indicated only for early small HCC, and its applica-
tion is limited by the availability of liver grafts.7 Therefore, there 
is an urgent need to develop an effective systemic therapy for 
patients with advanced HCC.8 In the last years, many advances 
in the knowledge of the molecular mechanisms that govern 
tumor development and progression have been made.9 More 
recently, single agent sorafenib has shown to prolong the over-
all survival (OS) of patients with advanced HCC in the pivotal 
phase 3 Sorafenib HCC Assessment Randomized Protocol 
and Oriental study.7 Currently, sorafenib is the only approved 
targeted therapy for patients with advanced HCC.

MicroRNA (miRNA) is a class of single-stranded, 19–25 
nucleotides in length, noncoding RNA molecules in eukaryotes. 
Binding to the 3′-untranslated region (3′-UTR) of target mRNAs, 
miRNAs regulate the translation and degradation of its target 
mRNAs and thus influence gene expression.10,11 More and 
more evidence has shown that miRNAs are strongly related to 
oncogenesis.12,13 It has been shown that miRNAs play critical 
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Hepatocellular carcinoma (HCC) is the third cause of cancer-related deaths worldwide. Sorafenib is the only approved drug 
for patients with advanced HCC but has shown limited activity. microRNAs (miRs) have been involved in several neoplasms 
including HCC suggesting their use or targeting as good tools for HCC treatment. The purpose of this study was to identify 
novel approaches to sensitize HCC cells to sorafenib through miRs. miR-423-5p was validated as positive regulator of autophagy 
in HCC cell lines by transient transfection of miR and anti-miR molecules. miR-423-5p expression level was evaluated by real-
time polymerase chain reaction (PCR) in sera collected from 39 HCC patients before and after treatment with sorafenib. HCC 
cells were cotreated with sorafenib and miR-423-5p and the effects on cell cycle, apoptosis, and autophagy were evaluated. 
Secretory miR-423-5p was upregulated both in vitro and in vivo by sorafenib treatment and its increase was correlated with 
response to therapy since 75% of patients in which an increase of secretory miR423-5p was found were in partial remission or 
stable disease after 6 moths from the beginning of therapy. HCC cells transfected with miR-423-5p showed an increase of cell 
percentage in S-phase of cell cycle paralleled by a similar increase of autophagic cells evaluated at both fluorescence activated 
cell sorter (FACS) and transmission electron microscopy. Our results suggest the miR423-5p can be used as a useful tool to 
predict response to sorafenib in HCC patients and is involved in autophagy regulation in HCC cells.
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roles in tumor suppression or carcinogenesis by regulating 
gene expression at post-transcriptional levels.14 On this light, 
miRNAs and their inhibitors are emerging as useful tool in order 
to control neoplastic diseases.15 Moreover, a large number of 
tumor-derived microRNAs exist in human serum/plasma in a 
stable, reproducible, and consistent form, which thus can serve 
as potential biomarkers for blood-based detection of human 
cancers diagnosis and/or prognosis.13,14,16 Indeed, a recent 
study screened a plasma microRNA panel and identified sev-
eral miRNAs that showed high effectiveness and accuracy in 
HCC diagnosis.17 Such inspiring results pushed forward the 
development of the early detection of HCC based on miRNAs.

The differential expression of miRNAs in HCC cells com-
pared with their expression in normal hepatocytes indicates 
potential values of miRNA detection in HCC diagnosis and 
prognosis prediction. For example, HCCs can be divided into 
three main clusters based on miRNA profiling each of one with 
different clinical outcome.18 Deregulation of miRNAs signifi-
cantly contributes to the development of HCC. miRNAs mainly 
function to downregulate the expression of targeted genes. 
However, they may have other yet unknown functions includ-
ing the activation of gene transcription. The discovery of new 
types or novel functions of miRNAs provides us with more and 
deeper insights into the molecular mechanism underlying the 
pathogenesis of HCC.19 On the other hand, miRNA expres-
sion profiles altered in HCC paves the way to early detection 
and treatment of HCC. With the advantage of target multiple 
genes simultaneously, miRNAs as therapeutic targeting would 
be more efficient than other single-gene targeted therapeutics 
such as RNAi-based therapy, thus representing a new avenue 
for the development of anti-HCC treatments. Based on this 
evidence, we have evaluated in HCC cells and in a series of 
HCC patients the effects of sorafenib on secreted miRs pay-
ing attention to miR-423-5p. Thereafter, we have studied the 
biological activity of this miRNA in HCC cells disclosing its 
role in the regulation of cell cycle and autophagy occurrence.

Results

Secretory miR-423-5p is upregulated in vitro in response 
to sorafenib treatment
Recent studies demonstrated that miRNAs are secreted after 
they are contained in RNase-resistant lipid vesicles, such as 
exosomes and apoptotic bodies via an exosome-dependent 
pathway. On this light, a screening of secretory miRNAs 
was performed on cell culture medium after sorafenib treat-
ment.20,21 We have firstly evaluated the antiproliferative effects 
of Sorafenib on two different HCC cell lines (HepG2 and HuH-
7) using concentrations of sorafenib, ranging from 0.1 to 50 
µmol/l. Cell viability was evaluated with MTT assay as explained 
in “Materials and Methods” section. Sorafenib induced 50% of 
growth inhibition at 72 hours (IC:50) at the concentration of 
5 and 6 μmol/l in HepG2 and HuH-7, respectively. (Figure 1) 
Subsequently, HepG2 cell culture supernatants were collected 
72 hours after growth in standard conditions or in the pres-
ence of 5 μmol/l sorafenib and the expression of 84 miRNAs, 
generally detectable in serum, plasma, and other body fluids, 
was profiled by RT-qPCR arrays. Most of analyzed miRNAs 
were found decreased in the medium of cells after sorafenib 

treatment (61 miRNAs out of 84) (Figure 2). Among extracel-
lular miRNAs found increased in response to sorafenib treat-
ment, miR-423-5p was at the top; so, we decided to focus our 
attention on this miRNA. A time course analysis was performed 
and revealed that an increased level (ranging from 1.4- to 1.8-
fold change) of extracellular miR-423 was detectable also 24 
and 48 hours after sorafenib treatment (Figure 3a). The effect 
of sorafenib treatment on the level of secretory miR-423 was 
also investigated for HuH-7. In this case, the increase of miR-
423 was higher than that one observed for HepG2 cells, rang-
ing from 4- to 30.8-fold change (Figure 3b) and highlighting 
a kinetic of miR-423 upregulation. Taken together, these data 
clearly showed a correlation between sorafenib treatment and 
the accumulation of extracellular miR-423.

Increased miR-423-5p secretion was correlated to 
increased intracellular ceramide production
The secretion of miRNAs is triggered by the increase of cel-
lular amount of ceramide, a bioactive sphingolipid, whose 
synthesis is tightly regulated by neutral sphingomyelinase 2 
(nSMase2).22 On the basis of these findings, we have evalu-
ated the effect of sorafenib addition to HCC cells on the intra-
cellular levels of ceramides. We have found that 72-hour 5 
µmol/l sorafenib treatment of HCC HepG2 cells increased the 
production of secondary ceramides metabolites in cell medium 
by using MALDI-TOF spectroscopic techniques (Figure 4). A 
series of sphingolipid components in the mass range 600–
750 Da were observed in the cells treated with sorafenib. In 
details, an increase of the following long chain ceramides was 
recorded: (i) Cer(d14:1(4E)/26:0(2OH)) (637.92 C40H79NO4); 
(ii) PE-Cer(d14:1(4E)/20:1(11Z)) (659 C36H71N2O6P); (iii) PE-
Cer(d16:1(4E)/24:0(2OH)) (760 C42H85N2O7P). Moreover, 
a significant increase of diacylglycerophosphoserine (703 
C36H66NO10P) was also recorded. Based on these findings, it 
can be hypothesized that a change in ceramide biosynthesis 
pathway was elicited by sorafenib and this can be associated 
to an increased secretion of miRNAs in exosomes.

Figure 1   Dose–response effects of sorafenib on different 
cell lines. HepG2 and HuH7 cells were seeded and treated with 
different concentrations of sorafenib for 72 hours and thereafter cell 
viability was assessed as described in “Materials and Methods”. The 
experiment was repeated three times and the results are the mean 
of the different data. Bars represent standard deviations.

100

80

%
 o

f c
el

l g
ro

w
th

60

40

1 10

Log microM

HUH-7 IC50 = 6,2 µmol/l

Hep-G2 IC50 = 5,1 µmol/l

100

20

0



www.moleculartherapy.org/mtna

MicroRNA-423-5p Promotes Autophagy in Cancer Cells
Stiuso et al.

3

miR-423-5p serum levels were upregulated by sorafenib 
treatment in HCC patients
Recently, plasma levels of miRNAs have emerged as poten-
tial biomarkers for various pathological conditions such as 
cancers.13,23 Based upon our in vitro results on both medium 
miRNA levels and ceramide biosynthesis, we have hypoth-
esized that also in HCC patients serum miR-423 levels could 
be modulated by sorafenib treatement. Thirty-nine patients 
were enrolled and treated with sorafenib for advanced HCC. 
Serum was collected before the beginning of the treatment 
and 10 days from therapy start as described in “Materials and 
Methods”. miR-423 was quantified in serum samples with  
RT-qPCR technique. MiR-423-5p was detectable in all 
samples and its mean value was found 2.1-fold higher after 
sorafenib therapy (Figure 5). Overall, the results from in vitro 
modulation of miR-423 levels in HCC cell lines correlated with 
the clinical observations on an increase of miR-423 serum 
levels after sorafenib therapy in HCC patients and spread 
light on the potential use of miRNA 423-5p as a predictive 
marker of response to sorafenib in HCC patients.

Effects of miR-423-5p on cell proliferation and distribution 
in cell cycle
To evaluate the role played by miRNA 423-5p on the regula-
tion of HCC cell proliferation, we have performed a transient 
transfection of HuH-7 cells with either miR 423-5p or anti-
miR 423-5p and the effects on miRNA levels were assessed 

with RT-qPCR. The overexpression of miR-423 was higher 
after 72 hours from the transfection with mimic while inhibi-
tor significantly decreased miRNA 423-5p levels. In order to 
evaluate the effects of miR 423-5p on the distribution of HCC 
cells in cell cycle, we performed a FACS analysis after prop-
idium iodide labeling, as described in “Materials and Meth-
ods”, on HuH-7 transfected with either miR 423-5p mimic 
or inhibitor after 72 hours from the transfection. miR 423-5p 
mimic induced a significant increase of S phase about 2.7-
fold if compared to the cells transfected with an unrelated 
sequence (Ctrl-miRNA) and an about 3.6-fold decrease of 
cells in G

2/M phase. Sorafenib treatment of HuH7 cells trans-
fected with mimic miR 423-5p induced an additional increase 
of cells in G0/1 phase (Figure 6a). These data suggested that 
HuH7 cells failed to efficiently transit from S to G2/M phase 
after 72 hours from the transfection with miR 423-5p mimic. 
On the other hand, transfection with inhibitor did not induce 
significant effects on HCC distribution in the different phases 
of cell cycle.

On the bases of these results, we studied the effects of 
miR 423-5p on two cyclin-dependent kinase inhibitors p21 
and p27, negative check-point regulators of the cell cycle, 
involved in the transition from G0/G1 to S phase. After 72 
hours from the transfection, miR 423-5p mimic induced 
a significant increase in p27 expression (about sixfold,  
P < 0.001 versus control), and a slight increase of p21 expres-
sion as evaluated by western blotting assay. (Figure  6b) 

Figure 2  miRNA profiling. Fold regulation of miRNA levels detectable in the medium of sorafenib-treated cells versus nontreated cells. P 
values at Student’s t-test were *P < 0.05, **P < 0.01, or ***P < 0.001.
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Therefore, the delay in G0/G1-S phase progression occurred 
together with an increase in p27 and, at a lesser extent, in 
p21 protein expression.

In Figure 6, we reported the effects of the overexpression 
of miR 423-5p on two key molecules involved in the regu-
lation of both cell proliferation and survival, MAPK (Erk-1 
and Erk-2) and AKT. After 72 hours, miR 423-5p mimic 
decreased both pErk-1/2 and AKT expression as compared 
to both control and unrelated sequence mimic (Figure 6b). 
On the basis of above results, we have studied apoptosis 
occurrence in transfected cells using FACS analysis after 
double labeling with propidium iodide (PI) and annexin V 
fluorescein isothiocianate and we have found no evidence 
of apoptosis (data not shown). Therefore, we used miRanda 
and TargetScan to identify target genes of miR 423-5p and 
identified potential candidate targets related to cell death. 
The analysis revealed that ATG7 (an autophagy vacuole for-
mation protein) is a putative gene target of miR 423-5p. On 
this light, we have evaluated the expression of ATG7 and we 
have found that the expression of ATG7 was about onefold 
increased in HuH-7 cells transfected with miR 423-5p mimic; 
on the other hand, HuH-7 transfected with miR-423-5p 
inhibitor showed a significant decrease of ATG7 suggesting 
that the latter is an indirect target of miR 423-5p (Figure 7a). 
Moreover, LC3-II protein, the phospho-ethanolaminated and 
truncated form of the autophagosome protein LC3-I, was 
increased by cell transfection with miR423-5p mimic if com-
pared to the control (HuH7 transfected with Ctrl- miRNA) 
(1.5-fold, P < 0.001), (Figure 7a).

miRNA 423-5p induces autophagy in HCC cells
On the basis of the above reported results, we have stud-
ied the alternative autophagy cell death mechanism. The 
autofluorescent probe monodansylcadaverine (MDC) is a 
selective marker of autophagic vacuoles and especially of 
autolysosomes. On this light, we have evaluated MDC uptake 
in cells transfected or not with miR 423-5p mimic. Figure 7b 
shows the quantitative evaluation of MDC staining performed 
by FACS and expressed as % mean fluorescence intensity 
(MFI) of control (Figure 7b). We have found that miR 423-5p 
mimic induced a significant increase in autophagic vacuoles 
formation in HuH-7 (about 60 % of both parental and scram-
ble transfected cells) while the transfection of the inhibitor 
did not induce any change in autophagic vacuoles formation 
in HuH-7 cells (Figure 7b). Interestingly, the transfection of 
HuH-7 cells with either mimic or inhibitor did not substan-
tially change the effect induced by treatment of HCC cells 
with sorafenib as MFI was increased of about 25–30% in all 
the experimental conditions (Figure 7b).

On the basis of these results, we have evaluated the 
autophagy occurrence at transmission electron microscopy 
(TEM). Not transfected HuH-7 cells exhibited the ultrastruc-
tural morphology of cytoplasm, organelles, and nuclei similar 
to that one of normal hepatocytes (Figure 8a,b). The most 
prominent morphological changes in cells transfected with 
miR 423-5p were formation of abundant autophagic vacu-
oles sequestrating cytoplasm and organelles, such as mito-
chondria and endoplasmic reticulum. Double-membranes, 
giant autophagosomes, filled with degraded organelles and 
autolysosomes were frequently observed. Autophagosomes 
are derived from isolated membranes that, possibly, origi-
nated from ribosome-free endoplasmic reticulum. These iso-
lated membranes elongate and curve at both ends to form 
C-shaped structures and double-membrane vacuoles.4 In 
Figure 8c,d, the images showed typical C-shaped double-
membrane structures, double-membrane autophagosomes, 
and lysosomes fusing with autophagosomes. TEM, the stan-
dard method to detect autophagy, was performed to detect 
the formation of autophagosomes, demonstrating that miR 
423-5p induced autophagy in HuH-7 cells.

Discussion

The analysis of circulating miRNAs has showed that they 
can have a biological role and can be used as diagnostic, 
prognostic, and predictive biomarkers and also studied as 
therapeutic targets.16 In fact, several serum miRNAs were 
significantly overexpressed in patients if compared to healthy 
subjects in a study in ovarian cancer.23 Recently, it was dem-
onstrated that serum miRNA can be useful for the diagnosis 
of HCC. Tan et al.25 identified eight miRNAs (hsa-miR-206, 
hsa-miR-141-3p, hsa-miR-433-3p, hsa-miR-1228-5p, hsa-
miR-199a-5p, hsa-miR-122-5p, hsa-miR-192-5p, and hsa-
miR-26a-5p) and constructed a miRNA set that provides 
high diagnostic accuracy for HCC that can be used to dif-
ferentiate HCC patients from healthy and cirrhosis patients. 
Several findings exist about the correlation of different serum 
miRNA and the diagnosis of HCC differentiating the latter 
with nontumoral disease of the liver such as cirrhosis and 

Figure 3  Secretory miR-423. Medium conditioned by HepG2 
(a) and HuH-7 (b) cells were collected at the indicated time after 
culturing them in standard condition (C, control) or with 5 µmol/l 
sorafenib (T, treatment). Relative miR-423 level was determined by 
quantitative real-time polymerase chain reaction as described. P 
values at Student’s t-test were *P < 0.05, **P < 0.01, or ***P < 0.001.
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hepatitis.26–30 Recent data suggest that serum miRNAs can 
work also as predictive markers of response to therapy. In 
fact, serum miRNA expression was recently found to pre-
dict the outcome of HCC patients subjected to transarterial 
chemoembolization. Multivariate analysis demonstrated that 
α-fetoprotein (AFP), satellite nodules, and miR-425-3p were 
the independent prognostic factors associated with survival 
in this cohort of patients.31 Sorafenib, a putative multitargeted 
kinase inhibitor, is the approved targeted therapy for patients 
with advanced HCC.5,6 At least at our knowledge, only one 
report exists about the correlation between miRNA serum 
expression and response to sorafenib. In fact, it was recently 
reported that miRNA 425-3p is a prognosticator in patients 

treated with sorafenib.33 We showed that, in our experimen-
tal conditions, the treatment of HCC cells for 72 hours with 
5 µmol/l sorafenib induced an increased ceramide accumula-
tion. Over the past decade, several papers have elucidated 
the roles of ceramide in cell signaling and the potential of 
modulating this pathway in cancer treatment.33,34 Moreover, 
it was also demonstrated that they induce the incorpora-
tion into exosomes and the release of the miRNAs via a 
ceramide-dependent pathway. Therefore, we hypothesized 
that sorafenib could modulate the secretion of miRNAs. In 
fact, among the 84 analyzed generally detectable in serum 
miRNAs evaluated by qRT-PCR arrays, in the medium of 
HCC cells treated with sorafenib, we observed a significant 

Figure 4  MALDI-TOF mass spectra of  cellular lipids. MALDI-TOF mass spectra of chloroform extracts from the Hepg2 without (a) and 
with (b) 5 µmol/l sorafenib incubation. A series of sphingolipid components in the mass range 600–750 Da were observed in the cells treated 
with sorafenib. The identification of sphingolipid was reported in the inset of panel b.
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increase of miRNA423-5p compared to untreated cells. In 
addition, we found that the miR-423-5p was increased after 
sorafenib treatment in serum of 39 HCC patients and in the 
75% of patients where it was increased a SD or a PR was 
recorded. On the basis of these results, we hypothesized that 
miR-423-5p can play a role in the biology of HCC. To assess 
this hypothesis, we evaluated the role of miR-423 on prolifer-
ation and programmed cells death in miR-423-5p-transfected 
Huh7 cells. miR-423 overexpression caused an accumulation 
of HuH-7 cells in S phase paralled by increased p27 and, at 
a lesser extent, p21 expression, and decreased phosphory-
lation of MAPK (Erk-1 and Erk-2) and AKT, key molecules 
involved in the regulation of both cell proliferation and sur-
vival. Moreover, the transfection with miR-423 did not induce 
any increase of apoptotic cells (data not shown). Interest-
ingly, the increased expression of p21 and p27 was not corre-
lated to an increase of G0/1 phase likely because we have not 
evaluated the kinetic of cell cycle distribution but considered 
a single time point without on/off labeling experiments. It is 
possible that at different time points an accumulation of cells 
in G0/1 could be recorded. We used miRanda and TargetScan 
to identify target oncogenes of miR-423-5p and detected 
a potential candidate target that was related to cell death. 
In fact, the analysis revealed that ATG7 (an autophagic pro-
tein) was a putative target of miR-423. Previous studies have 
demonstrated that autophagy can be activated by physiologi-
cal signals (e.g., starvation), pharmacological agents (e.g., 
rapamycin), or immunological stimuli, such as Toll-like recep-
tor (TLR) ligands and cytokines (e.g., IFN-γ and TNF).35 The 
mammalian target of rapamycin (mTOR) plays a key role in 
inhibiting autophagy,36 and its activity is enhanced by Ras 
homologue enriched in brain (Rheb).37 Moreover, the expres-
sion of autophagic genes and their corresponding autopha-
gic activities are suppressed in some HCC cells, and these 
defects can be associated with malignant phenotype and 
poor prognosis of HCC in an apoptosis-compromised back-
ground.38 We have demonstrated by FACS, TEM, and west-
ern blot that autophagy activation and cell death was induced 
by overexpression of miR-423. It is also to be considered that 

in previous studies miR-423-5p did not induce effects in Hep-
G2 and SNU449 cells. However, our results were obtained 
in a different cell line and it can not be excluded the differ-
ent molecular context can have important influence on the 
molecular interference induced by miRNAs.39

In conclusion, our data suggest that miR-423-5p has a bio-
logical role in both cell cycle regulation and autophagy occur-
rence in HCC cells as showed in Figure 9. Preliminary data in 
the serum of patients affected by HCC after the beginning of 
treatment with sorafenib showed an early increase of miRNA-
423-5p and it was suggested a correlation to response to ther-
apy deserving potential function as predictive biomarker of 
response to sorafenib. These data strongly warrant additional 
validation in a larger cohort of patients in order to achieve rec-
ommendation as routinely used predictive biomarker.

Materials and Methods

Cell cultures. Human hepatocarcinoma cell line HUH7 obtained 
from the American Type Tissue Culture Collection, Rockville, 
MD, were cultured in Dulbecco’s modified Eagle’s medium 
supplemented with heat inactivated 10% fetal serum bovine, 
20 mmol/l Hepes, 100 U/ml penicillin, 100 μg/ml streptomycin, 
and 1% L-glutamine. HepG2 cells were cultured in Dulbecco’s 
modified Eagle’s medium supplemented with 10% fetal bovine 
serum, 100 U/ml of penicillin, and 100 μg/ml of streptomycin. 
The cells were grown in a humidified atmosphere of 95% air/5% 
CO

2 at 37 °C. After incubation for 24 hours in Dulbecco’s modi-
fied Eagle’s medium with 10% fetal bovine serum, the cells 
were incubated with Sorafenib at a concentration of 5 μmol/l for 
72 hours. All experiments were performed in triplicate.

Patient characteristics, treatment schedule, and isolation of 
peripheral blood mononuclear cells. A total of 39 patients 
(31 M/8 F) were enrolled between July 2012 and July 2014. 
Patients were required to have HCC confirmed by biopsy or 
diagnosed by radiological and clinical criteria, as previously 
described.40 Patients received sorafenib 400 mg b.i.d. for 28 
days. Treatment was continued until disease progression or 
unacceptable toxicity. Dose reduction of sorafenib (200 mg 
two times per day (b.i.d.)) and octreotide (20 mg) were 
allowed for drug-related toxicities (National Cancer Institute 
Common Toxicity Criteria version 2.0). Response to treatment 
was assessed by at least two independent radiologists, using 
RECIST criteria every 2 months. Patients were considered 
“responsive to the treatment” if a PR or a SD lasting equal 
or more than 6 months was recorded and “resistant to treat-
ment” if a PR or SD lasting less than 6 months or a PD was 
recorded. The biological samples were collected before the 
treatment (T0), and 21 days (T21) from the beginning of the 
schedule and every month until progression was recorded. 
Sera were collected from the patients at the selected times 
and stored at −80 °C for all the following experiments.

Transfection of HUH7 cells with miRNA 423-5p mimic and 
inhibitor. To establish the specific role of miRNA 423-5p, 
HUH7 cells at 80% of confluence were transfected with 
miRNA 423-5p and its inhibitor. The day before transfec-
tion, cells were trypsinized and seeded in medium without 
antibiotics in 12-well plates. MiRIDIAN miR-423-5p mimic, 

Figure 5  Correlation of serum miR-423 level with Sorafenib 
therapy. Box plots of serum miR-423 level in 39 patients before 
(C, control) and after sorafenib therapy (T, treatment). The vertical 
lines indicate the value ranges; the horizontal boundaries of the 
boxes represent the first and third quartile. The P value for the 
comparison of the two data sets was 0.006.
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miRIDIAN miR-423-5p hairpin inhibitor, and their controls 
with unrelated sequences (Dharmacon, Lafayette, CO) were 
transfected at 50 nmol/l along with 50 ng of phRL-tk plasmid 
encoding Renilla luciferase to monitor transfection efficiency. 
Transfections were performed by using Lipofectamine2000 
(Invitrogen, Carlsbad, CA), as described by the manufac-
turer. After 6 hours, transfection mix was replaced with com-
plete medium. The analyses were performed 72 hours after 
transfection.

Cell proliferation assay. We assessed the viability of the cell 
lines tested to Sorafenib using a microplate colorimetric assay 
that measures the ability of viable cells to transform a soluble 
tetrazolium salt (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl-
tetrazolium Bromide (MTT) to an insoluble purple formazan 
precipitate. Cells were plated at the appropriate density in 
96-well microtitre plates. After 24 hours, cells were exposed 
to various concentrations of Sorafenib for 24, 48, and 72 

hours. Then, 50 μl of MTT (1 mg/ml) and 200 μl of medium 
were added to the cells in each well. After 4 hours incubation 
at 37 °C, the medium was removed, then the formazan crys-
tals were solubilized by adding 100 μl of Dimethyl sulfoxide 
(DMSO) and by mixing it in an orbital shaker for 20 minutes. 
Absorbance at 570 nm was measured using a plate reader. 
Experiments were performed in triplicate. As a control, 0.5% 
DMSO was added to untreated cells.

Labeling of autophagic vacuoles with MDC. To quantify the 
induction of the autophagic process in HUH7 cells transfected 
with miRNA 423-5p mimic and inhibitor, cells were treated 
with Sorafenib (5 μmol/l) for 72 hours. Following the treat-
ments, cells were incubated with 50 mmol/l MDC (Sigma, 
Milan, Italy) in phosphate-buffered saline (PBS) at 37 °C for 
15 minutes. After incubation, cells were washed with PBS, 
trypsinized, and immediately analyzed by flow cytometry. 
All fluorescences were analyzed with a FACScalibur flow 

Figure 6  Effects of miRNA 423-5p on cell proliferation and distribution in cell cycle. (a) Cell cycle distribution after 72 hours from 
transfection with Ctrl-miRNA and miR-423-5p with or without sorafenib (5 μmol/l) in HuH-7 cells, evaluated by FACS, as described in Materials 
and Methods. Data are expressed as mean ± SD of the percentage of cells in the different phases of the cell cycle, as compared with untreated 
control cells. Control values have been set to 100%. (b) Effects of trasfection with Ctrl miRNA and miR 423-5p on p21, p27, pERK1/2, ERK1/2 
AKT expressions in HuH7 cells. γ-tubulin was used as loading control. The intensity of each band was expressed as % arbitrary units compared 
to that of the Ctrl cells. Error bars showed standard deviation from the mean in at least three independent experiments.
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cytometer (Becton Dickinson, San Jose, CA). The fluores-
cent emissions were collected through a 530 nm band pass 
filter (FL1 channel). At least 10,000 events were acquired in 
log mode. For the quantitative evaluation of MDC, CellQuest 
software (Becton Dickinson) was used to calculate MFIs. The 
MFIs were calculated by the formula (MFI treated/MFI con-
trol), where MFI treated is the fluorescence intensity of cells 
treated with the various compounds and MFI control is the 
fluorescence intensity of untreated and unstained cells as 
previously reported.

Cell cycle analysis. HUH7-transfected cells were seeded 
in 100-mm plates at the density of 1 × 106 cells/plate. After 
incubation with Sorafenib, cells were washed in PBS, pel-
leted, and directly stained in a PI solution (50 μg PI in 0.1% 
sodium citrate, 0.1% NP40, pH 7.4) for 30 minutes at 4 °C 
in the dark. Flow cytometry analysis was performed using a 
FACScan flow cytometer (Becton Dickinson). To evaluate cell 

cycle PI fluorescence was collected as FL2 (linear scale) by 
the ModFIT software (Becton Dickinson). For the evaluation 
of intracellular DNA content, at least 20,000 events for each 
point were analyzed in at least three different experiments 
giving an SD less than 5%.

Western blotting. Cells were grown for 72 hours with 
Sorafenib (5 μmol/l) at 37 °C. For cell extract preparation, the 
cells were washed twice with ice-cold PBS/ bovine serum 
albumin (BSA), scraped, and centrifuged for 30 minutes at 
4 °C in 1 ml of lysis buffer (1% Triton, 0.5% sodium deoxy-
cholate, 0.1 mol/l NaCl, 1 mmol/l Ethylenediaminetetraace-
tic acid (EDTA), pH 7.5, 10 mmol/l Na

2HPO4, pH 7.4, 10 
mmol/l phenylmethanesulfonylfluoride (PMSF), 25 mmol/l 
benzamidin, 1 mmol/l leupeptin, 0.025 units/ml aprotinin) as 
previously described.41 Equal amounts of cell proteins were 
separated by SDS-PAGE, electrotransferred to nitrocellulose, 
and reacted with the different antibodies. Blots were then 

Figure 7  Effects of miR 423-5p on autophagy of hepatocellular carcinoma cells. (a) After trasfection with Ctrl miRNA, miR 423-5p, Ctrl 
anti-miRNA, and anti-miR 423-5p, ATG7 and LC3-II expression was evaluated by western blot assay with specific antibodies as described in 
“Materials and methods”. The intensities of the bands were expressed as % arbitrary units. Error bars showed standard deviation from the mean 
in at least three independent experiments. (b) Flow cytometric analyses of autophagosomes formation (MDC incorporation) in HUH-7 cells after 
72 hours from trasfection with Ctrl-miRNA and miR-423-5p with or without Sorafenib (5 μmol/l) as described in Materials and Methods. The 
% mean fluorescence intensities were calculated, as % of untreated control. Values are the means of three independent experiments (±SD).
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developed using enhanced chemoluminescence detection 
reagents (SuperSignal West Pico, Pierce, CA) and exposed 
to X-ray film. All films were scanned by using Quantity One 
software (BioRad laboratories, Hercules, CA).

TEM. For ultrastructural study, cells were washed with PBS 
1N and then fixed in 2.5% glutaraldheyde in PBS 1N for 2 
hours at 4 °C. After washing four times with 1N PBS, the cells 
were postfixed in 1% osmium tetroxide for 1 hour, dehydrated 
in graded ethanol for a total of 1 hour 30 minutes, and were 
then enclosed in Epon 812. Ultrathin sections were collected 
on nickel grids and stained with 2% uranyl acetate and 0.65% 
lead citrate for 7 minutes. The TEM observations were carried 
out at the Anton Dohrn Zoological Station of Naples with a 
Leo 912 AB electron microscope.

RNA purification. Total RNA, including small RNAs, was 
extracted from 200 µl of serum using miRNeasy Mini kit (Qia-
gen, Venlo, Netherlands) according to the supplementary 
protocol provided for miRNA isolation from serum. The same 
protocol was applied also to RNA extraction from cell culture 
medium, after removing cellular debris by centrifuging the 
conditioned medium at 12,000 × g for 35 minutes at room 
temperature. A 5-µl aliquot of 5 nmol/l Syn-cel-miRNA-39 
miScript miRNA Mimic was spiked into each sample before 
nucleic acid preparation to monitor the efficiency of miRNA 
recovery and to normalize miRNA expression in the subse-
quent real-time PCR.

miRNA profiling and real-time PCR analyses. Aliquots of RNA 
extracted from the different medium samples conditioned by 

Figure 8  Effects of miR 423-5p on autophagy of hepatocellular 
carcinoma cells evaluated by TEM. HUH-7 cells transfected 
with Ctrl-miRNA cells exhibited the ultrastructural morphology 
of cytoplasm, organelles, and nuclei similar to that one of normal 
hepatocytes (a,b). HUH-7 cells transfected with miR-423-5p for 72 
hours developed autophagosome-like characteristics, including 
single- or double-membrane vacuoles containing intact and 
degraded cellular debris (c–e).
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the same number of cells were reverse-transcribed by using 
miScript II RT kit (SABiosciences, San Francisco, CA); half 
preparation of cDNA was used for real-time PCR profiling of 
mature miRNAs using Human Serum&Plasma miRNA PCR 
Arrays (SABiosciences) in combination with miScript SYBR 
Green PCR kit (SABiosciences) and the MyiQ2 (Bio-Rad, 
Hercules, CA) instrument. Data analysis was performed with 
the web-based software package for the miRNA PCR array 
system (http://pcrdataanalysis.sabiosciences.com/mirna/
arrayanalysis.php). In brief, ΔCt value for each miRNA pro-
filed in a plate is calculated using the formula ΔCt = Ct

miRNA 
− Ct

cel-miR-39. ΔΔCt for each miRNA across the two groups of 
samples (before and after 72 hour of sorafenib treatment) is 
calculated using the formula: ΔΔCt = ΔCt of treatment group 
− ΔCt of control group. Expression fold-change was then 
obtained as 2−ΔΔCt (the normalized gene expression (2−ΔCt) 
in the treatment group divided the normalized gene expres-
sion (2−ΔCt) in the control group. Data are reported as fold-
regulation, where fold-regulation is equal to the fold-change 
for fold-change values greater than one (up-regulation) or is 
the negative inverse of the fold-change for fold-change val-
ues lower than one (downregulation). The P values are calcu-
lated based on a Student’s t-test of the replicate 2−ΔCt values 
for each miRNA in the control and treatment groups and the 
criteria of differential expression were P < 0.05.

cDNA preparations from serum samples and from condi-
tioned medium were then used for real-time PCR analyses 
using the specific miR-423 miScript Primer Assay (SABiosci-
ences) in combination with miScript SYBR Green PCR kit 
(SABiosciences). The level of miR-423 in each sample was 
normalized to cel-miR-39 as described above.

Extraction of lipid and MALDI-TOF MS analysis. Phospholip-
ids were extracted in chloroform–methanol according to Sti-
uso et al.38 Methanol–chloroform (2: 1 v/v; 800 l) was added to 
the homogenate of HepG2 with and without treatment for 72 
hours with 5 µmol/l sorafenib. Phase separation is induced by 
adding 200 µl of water. The mixture was centrifuged at 1,000 g 
for 10 minutes. The upper phase was discarded and the lower 
chloroform phase was evaporated to dryness under a stream 
of nitrogen. The lipids were dissolved in 100 µl of chloroform. 
A 2-l aliquot was used for MALDI-TOF MS determination. 
MALDI-TOF MS experiments were carried out by loading lipid 
mixtures (1 ml from a solution 0.02 mg/ml in H2O/0.1% v/v 
TFA) on the stainless steel target together with 1 l of matrix 
2,5-dihydroxybenzoic acid (10 mg in 1 ml MetOH/0.1% v/v 
TFA). Spectra were acquired on a PerSeptive Biosystems 
(Framingham, MA) Voyager DE-PRO mass spectrometer, 
equipped with a N2 laser (337 nm, 3 ns pulse width) operat-
ing either in linear or in reflector positive ion mode, using the 
delayed extraction technology. In the analysis of lipids, laser 
power was maintained at the lowest possible values in order 
to prevent in-source fragmentation. To check repeatability, 
spectra were acquired in triplicate at least.
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