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Hepatocellular carcinoma (HCC) is the second leading cause of
cancer-related death worldwide. Prognosis is poor, and
therapeutic options are limited. MicroRNAs (miRNAs) have
emerged as potential therapeutic molecules against cancer.
Here, we investigated the therapeutic efficacy of miR-
199a-3p, an miRNA highly expressed in normal liver and
downregulated in virtually all HCCs. The therapeutic value of
miR-199a-3p mimic molecules was assayed in the TG221
mouse, a transgenic model highly predisposed to the develop-
ment of liver cancer. Administration of miR-199a-3p mimics
in the TG221 transgenic mouse showing liver cancer led to a
significant reduction of number and size of tumor nodules
compared to control animals. In vivo delivery confirmed
protein downregulation of the miR-199a-3p direct targets,
mechanistic target of rapamycin (MTOR) and p21 activated
kinase 4 (PAK4), ultimately leading to the repression of
FOXM1. Remarkably, the anti-tumor activity of miR-199a-3p
mimics was comparable to that obtained with sorafenib. These
results suggested that miR-199a-3p may be considered a
promising HCC therapeutic option.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the second leading cause of cancer-
related death worldwide.1 Despite the development of new therapeutic
strategies, prognosis remains poor, and life expectancy after diagnosis
of advanced cancer is approximately 6 months.2 Conventional treat-
ments such as chemotherapy and radiation therapy have limitations,
including resistance to treatments and significant toxicity.3–5 The
multi-tyrosine kinase inhibitor sorafenib is the only systemic drug
effective in first-line treatments in advanced-stage HCC patients.6

Very recently, new molecules (regorafenib, lenvatinib, nivolumab,
and tremelimumab) have entered or are close to entering clinical
use,7–9 after many failures of clinical trials in the past decade.10,11
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MicroRNAs (miRNAs) have emerged as experimental therapeutic
molecules against cancer.12 miRNAs are small non-coding RNA
molecules involved in the post-transcriptional modulation of gene
expression, and their aberrant expression is associated with human
cancer, including HCC.13–15

miR-199a-3p, the third most highly expressed miRNA in normal
liver, is downregulated in virtually all HCCs, and its decrement cor-
relates with poor prognosis.16,17 miRNAs downregulation in liver
cancer was associated to phosphorylation of exportin-5 by extracel-
lular signal-related kinase (ERK), a mechanism that decreases export
of pre-miRNAs from nucleus.18 The role of miR-199a-3p in tumori-
genesis is still under investigation, but several studies have reported
some of its mechanisms of action. It can inhibit cell growth through
the downregulation of hypoxia inducible factor 1 alpha subunit
(HIFA)19 and p21 activated kinase 4 (PAK4),17 and can promote
apoptosis through Yes-associated protein 1 (YAP1) inhibition.20

Restoration of miR-199a-3p in HCC cell lines leads to reduced inva-
siveness and enhanced doxorubicin sensitivity by controlling the
expression of the mechanistic target of rapamycin (MTOR), CD44,
and MET proto-oncogene.21,22 Recently, the ability of miR-199a-3p
to suppress tumor growth, migration, invasion, and angiogenesis in
HCC by targeting vascular endothelial growth factor A (VEGFA)
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Figure 1. miR-199a-3p Mimics Controlled Liver

Tumor Growth

(A) Mice were treated i.p. with the carcinogen N-dieth-

ylnitrosamine (DEN) at 10 days of age. miR-199a-3p

mimics (5 mg/kg) were intraperitoneally injected three

times a week for 3 weeks in 3-month-old mice. Identical

schedule and amounts of scrambled oligonucleotides

were used as negative controls (CTRL). Sorafenib treat-

ment (5 mg/kg, daily oral administration) was used as a

positive control for a reference drug in use against liver

cancer. (B and C) At 5 months of age, mice were sacri-

ficed, and liver lesions quantified. Number and size of

nodules were significantly smaller in mice treated with

miR-199a-3p and sorafenib than in the controls. (D) A

similar experiment with a larger group of miR-199a-3p-

treated mice and a slightly different timing of therapeutic

interventions. Treatments began at 5 months of age, and

mice were sacrificed immediately after the end of treat-

ment. (E and F) In agreement with the results of the

previous experiment, number and size of nodules were

significantly smaller in mice treated with miR-199a-3p and

sorafenib compared to the controls. In the figure,

miR-199a-3p is indicated as miR-199.
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and its receptors, hepatocyte growth factor (HGF) and matrix metal-
lopeptidase 2 (MMP2), has been shown.23

Here, we investigated the potential therapeutic activity of miR-199a-3p
in the TG221 transgenic mouse,24 a model highly predisposed to the
development of liver cancer. Our study shows that miR-199a-3p can
produce an anti-tumor effect similar to sorafenib or the MTOR inhib-
itor WYE-354, by acting on MTOR and PAK4 molecular pathways.

RESULTS
Anti-tumor Activity of miR-199a-3p Was Similar to that of

Sorafenib in the TG221 Transgenic Mouse Model

The TG221 transgenic mouse model was employed to assess the ther-
apeutic efficacy of miR-199a-3p. In all experiments, mice were treated
486 Molecular Therapy: Nucleic Acids Vol. 11 June 2018
intraperitoneally (i.p.) with the carcinogen
N-diethylnitrosamine (DEN) at 10 days of age
to accelerate the appearance of liver tumors.
All experiments were performed in male mice.

In the first experiment (Figure 1A), 4 mice
(3 months old) received miR-199a-3p mimics
(5 mg/Kg) by i.p. injection 3 times a week. Ten
mice received scrambled oligonucleotides, and
5mice received a daily oral administration of sor-
afenib (5 mg/kg). The i.p. administration was
preferred to the intravenous (i.v.) route because
the efficiency of miRNA delivery to liver was
comparable (Figure S1) and, in case of multiple
injections, more feasible and reproducible. All
treatments were performed for 3 consecutive
weeks. At 5 months old, 1 month after the end
of treatments, mice were sacrificed, and number and size of liver
lesions were assessed. Multifocal liver lesions were detected, and tumor
lesions were either HCCs or dysplastic adenomas as previously
described.24 Detectable tumor nodules were significantly fewer and
smaller in miR-199a-3p-treated mice than in control animals (Figures
1B and 1C). Interestingly, the results obtained with miR-199a-3p were
comparable to those obtained in mice treated with sorafenib.

In a second independent experiment (Figure 1D), the treatment
schedule was slightly modified as it began when the mice were
5 months old and were sacrificed after 3 weeks, 24 hr after the end
of the last treatments. Experimental groups were as follows:
miR-199a-3p (seven mice), scrambled (nine mice), and sorafenib
(seven mice). Measurements of anti-tumor efficacy confirmed the



Figure 2. Increased miR-199a-3p Expression Correlated to MTOR

Downregulation In Vivo

(A) To quantify microRNA (miRNA)molecules at 24 hr from the end of treatments, we

performed a droplet digital PCR (ddPCR) on RNA isolated from tumors. A significant

increase in miR-199a-3p levels was detected in liver tumors of mice treated with

miRNA mimics compared to the other conditions, normal livers (NL), and liver tu-

mors treated with scrambled oligonucleotides (p = 0.006). Data are represented as

mean + SD. (B) Immunoblotting analysis of hepatocellular carcinoma (HCC) tissues

treated with miR-199a-3p revealed downregulation of MTOR and p21 activated

kinase 4 (PAK4) proteins compared to the controls. Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) was used as an internal normalizer.
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results of the first experiment. The number and size of nodules were
significantly smaller than controls after treatment with miR-199a-3p
and comparable with those obtained with sorafenib (Figures 1D–1F).
A fourth group of animals (seven mice) was included to assay a
possible additive or synergistic anti-tumor effect of the combination
miR-199a-3p with sorafenib. The effect was not significantly higher
than the single agents (Figure S2A).

Multiple Pathways Were Affected by miR-199a-3p Treatments

To clarify the mechanisms underlying the anti-tumor activity elicited
by miR-199a-3p, we collected and analyzed livers immediately after
mice sacrifice. We confirmed that liver was the organ most efficiently
targeted by miR-199a-3p delivery (Figure S3). miR-199a-3p levels
were considerably increased in liver tumors from mice that were
injected with miRNA mimics (p = 0.006) (Figure 2A). The high level
of miR-199a-3p led to a decrease of the target proteins MTOR and
PAK4 (Figure 2B). Additionally, proteins of the downstream
pathways, including phospho-AKT, phospho-forkhead box O3
(FOXO3), and FOXM1, were also affected (Figure 3). The reduced
activity of FOXM1 was also confirmed by the analysis of differentially
expressed genes in HCC and normal liver: several genes whose
transcription was induced by Foxm1 were downregulated in miR-
199a-3p-treated HCCs to a level that was intermediate between
control HCC and normal liver (Figure 3; Table S1). Interestingly,
the level of the tumor suppressor phosphatase and tensin homolog
(PTEN) protein and mRNA, which was strongly downregulated in
tumors (Figure S4), was restored through an indirect mechanism after
treatment with miR-199a-3p (Figure 3).

The MTOR Inhibitor WYE-354 Exhibited an Anti-tumor Activity

Comparable to that of miR-199a-3p

The importance of MTOR pathway in liver tumors of the TG221
mouse was investigated by evaluating the anti-tumor efficacy of the
MTOR inhibitorWYE-354, a specificMTORC1 andMTORC2 inhib-
itor. Five mice received a daily oral administration of WYE-354
(10 mg/kg) for 3 weeks, five mice received miR-199a-3p mimics as
described above, and six mice received scrambled oligonucleotides.
At the end of treatments, all mice (6 months old) were sacrificed,
and number and size of liver lesions were assessed (Figure 4). Number
and size of nodules were reduced in all the groups of treated mice
compared to control animals, indicating a similar in vivo anti-tumor
activity of miR-199a-3p or MTOR inhibitor compound. A fourth
group of mice (five animals) received the combinatorial administra-
tion of miR-199a-3p and WYE-354. No significant differences were
observed between single agents and their combination (Figure S2B).
The drug activity was confirmed by the inhibition of phosphorylation
at AKT (S-473) and MTOR (S-2481) in mice treated with WYE-354
compared to control animals (Figure S5).

Enforced Expression of miR-199a-3p Induced Apoptosis and

Deregulation of the MTOR and PAK4 Signaling Pathways in

Human HCC Cells In Vitro

To confirm the biological and molecular effects of miR-199a-3p in
human cells, we infected the HCC Hep3B and HepG2 cells with an
adeno-associated viral vector (AAVV) expressing miR-199a-3p
(AAVV-199). The level of miR-199a-3p and its biological effects
were evaluated 120 hr post-infection, time needed to allow gene
expression from an AAVV. The upregulation of miR-199a-3p caused
an increase in cell apoptosis. Weak effects were observed for the
control AAVV-GFP (Figure 5). Molecular analyses confirmed the
downregulation of MTOR and its phosphorylated form, PAK4, as
well as the downregulation of phospho-FOXO3A and FOXM1
proteins (Figure 5). The association between FOXO3A and FOXM1
was confirmed by the enforced overexpression of FOXO3A in
Hep3B cells, which induced a decrease in FOXM1 levels compared
to the control (Figure S6). The same apoptotic effect was observed
in HepG2 cells after miR-199a-3p upregulation (Figure S7).
DISCUSSION
miRNA-based therapies have become of great interest. Restoration of
tumor suppressor miRNAs or inhibition of oncogenic miRNAs are
approaches that have been used in several pre-clinical models,
including liver cancer.25 The anti-tumor activity of miR-199a-3p
has been previously tested in subcutaneous and orthotopic HCC
mouse models,17,19,23,26 confirming the tumor-suppressing activity
Molecular Therapy: Nucleic Acids Vol. 11 June 2018 487
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Figure 3. miR-199a-3p Affected MTOR-Associated

Pathway In Vivo

(A) Immunoblotting analyses of hepatocellular carcinoma

(HCC) tissues treated or untreated with miR-199a-3p

were performed to investigate the molecular effects of

miR-199a-3p on its target genes. We found that proteins

involved in the MTOR pathway (phospho-AKT, phospho-

forkhead box O3 [pFOXO3], and FOXM1) were

downregulated in tumors treated with miR-199a-3p.

Phosphatase and tensin homolog (PTEN) protein levels

were higher in treated tumors than controls. Glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) was used as

an internal normalizer. (B) A hierarchical cluster analysis of

differentially expressed genes in HCC and normal liver

samples (NL) (experiment described in Figure 1D) was

performed. Specifically, HCC of scrambled-treated mice,

HCC of miR-199a-3p mice, and NL of untreated mice

were compared. The analysis showed that several genes

controlled by FOXM1 (Ccnb1, Cdc25b, Cdc20, cyclin-

dependent kinase 1 [Cdk1], transforming growth

factor-beta 2 [Tgfb2], survivin, and Foxm1 itself) were

downregulated in miR-199a-3p-treated samples. The

colors of the genes represent the expression values

normalized using the mean expression across all samples

(green, downregulated; red, upregulated). (B) miR-

199a-3p is indicated as miR-199.
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of miR-199a-3p. In the present work, we expanded the evaluation of
the anti-tumor activity of miR-199a-3p using the TG221 transgenic
mouse.24 Liver of these mice are characterized by the presence of
steatohepatitis, which resembles the human condition named non-
alcoholic steatohepatitis (NASH) and develops spontaneous cancers
at 9–12 months of age. In this mouse, the treatment with the carcin-
ogen DEN accelerates the appearance of tumors that become visible at
3–4 months of age in all male mice.

We performed various independent experiments to assess the in vivo
anti-cancer activity of miR-199a-3p in liver tumors of the TG221
mice. Irrespectively of their design, all experiments indicated that
miR-199a-3p induced a significant reduction of number and size of
tumor nodules, proving the potential usefulness of this miRNAmimic
as a therapeutic agent.

As mechanism of action, we have shown that both MTOR and PAK4
oncoproteins are downregulated following miR-199a-3p-enforced
expression by in vivo mimics delivery into mouse tumors or
in vitroAAVV infection of humanHCC cell lines. Because the impor-
tance of these proteins in cancer is well established,27,28 these data
indicate that their downregulation is important for the induction of
miR-199a-3p anti-tumor activity.

MTOR is an essential factor of the PI3K-AKT-PTEN molecular
pathway, important for cell survival, proliferation, and switch to a
glycolytic metabolism. Albeit MTOR gene is mutated at lower
frequency than other elements of the pathway in human cancer, it
is a target of small molecules that are employed as anti-tumor agents
in certain cancers of the kidney and breast.
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PAK4, which is an effector for small GTPases activated by the HGF
receptor MET29,30 such as RAC or cell division control protein 42
(CDC42), is at the node of various oncogenic pathways.28,31 PAK4
can activate ERK, AKT, and WNT pathways involved in cell survival
and proliferation.32 PAK4 can also activate signal transducer and
activator of transcription 3 (STAT3) and maintain the stem cell
phenotype.33 Finally, PAK4 interacts and phosphorylates several pro-
teins that mediate migration, invasion, angiogenesis, and vascular
permeability.28,29,31 PAK4 mutations and amplification have been re-
ported in human malignancies.28 Various PAK4 inhibitors have been
developed, but none have yet been validated for clinical use.28

In the absence of useful PAK4-specific small-molecule inhibitors, we
tested the anti-tumor effect of MTOR inhibition by using the drug
WYE-354, a second generation inhibitor able to block both MTORC1
andMTORC234 in comparison with miR-199a-3p. It has been shown
that WYE-354 has anti-tumor activity in vitro and in vivo in mouse
xenografts of human colon, gallbladder, and prostate cancer,35,36

and is being tested in early-phase trials.37 In our model, miR-199a-
3p and the MTOR inhibitor compound exhibited a comparable
anti-tumor activity. These results confirm first the importance of
this pathway for tumor development and second the importance of
its control for the anti-tumor activity mediated by miR-199a-3p.
Interestingly, a strong anti-tumor activity of the WYE-354 inhibitor
was previously observed in PTEN null prostatic and glioma cell xeno-
graft models.35 It is notable that liver tumors of the TG221 model
presented a significant PTEN downregulation.

By reducing MTOR and PAK4 functions, miR-199a-3p led to a
reduced phosphorylation and degradation of the tumor suppressor



Figure 4. MTOR Inhibitor WYE-354 Had Anti-tumor

Activity Comparable to that of miR-199a-3p

(A) The anti-tumor activity of the MTOR inhibitor WYE-354

was tested in TG221 mice. A group of 5-month-old mice,

previously treated i.p. with the carcinogen N-diethylni-

trosamine (DEN) at 10 days of age, received a daily oral

administration of WYE-354 (10 mg/kg) for 3 weeks, while

a group of mice received miR-199a-3p mimics and

scrambled oligonucleotides (CTRL) as scheduled in pre-

vious experiments. At the end of treatments, all mice were

sacrificed. (B and C) The histological evaluation of liver

lesions showed a similar reduction in number and size of

tumor nodules in mice treated with bothmiR-199a-3p and

theMTOR inhibitor. In the figure, miR-199a-3p is indicated

as miR-199.
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protein FOXO3,38 ultimately leading to the inhibition of the oncogenic
FOXM1 transcription factor. An association between FOXO3 and
FOXM1 has been previously reported39,40 and was also confirmed in
the present study. The indirect modulation of FOXM1 by miR-199a-
3p was confirmed by the analysis of genes whose transcription is
controlled by FOXM1: several genes involved in cell-cycle progression,
such as Ccnb1, Cdc25b, Cdc20, and cyclin-dependent kinase 1
(Cdk1),41,42 as well as transforming growth factor-beta 2 (Tgfb2) and
survivin (Birc5), were all downregulated in miR-199a-3p-treated sam-
ples. The essential role of FOXM1 in hepatic tumor progression has
been previously demonstrated in vivo by showing its upregulation in
DEN-induced liver tumors.43 Additionally, it has been shown that
FOXM1 depletion led to a reduction in the number of tumors in
HRas transgenic mice.44 In humans, FOXM1 is overexpressed in
several solid tumors, including liver,45 and correlates with poor prog-
nosis of liver cancer patients.46 Our results indicate that FOXM1 may
represent a critical downstream effector of liver tumorigenesis discov-
ered in the TG221 mouse model, and miR-199a-3p exhibits an anti-
tumor action through its inhibition via indirect mechanisms that result
from the MTOR and PAK4 controlled pathways.

This study also revealed that miR-199a-3p mimics had an antitumor
effect comparable to sorafenib, the only systemic drug currently
approved as first line for advanced HCC. Although the therapeutic
use of miR-199-3p in place of sorafenib cannot be suggested, it should
be noted that miRNA mimics do not show the serious toxicity
frequently associated with sorafenib,47,48 possibly suggesting a testing
of miR-199a-3p mimics for patients intolerant to sorafenib. Further-
more, miR-199a-3p was shown to increase susceptibility to doxoru-
Molecular T
bicin-induced apoptosis,21 suggesting a possible
use in combination with other chemothera-
peutic agents.

In conclusion, having shown that miR-199a-3p
administration led to a reduction of in vivo tu-
mor growth comparable to that obtained with
sorafenib, and induced growth inhibition and
pro-apoptotic activity in human HCC cells, the
present study suggests that miR-199a-3p mimics can represent ther-
apeutic molecules potentially useful for the treatment of HCC. In
addition, the study highlighted the role of miR-199a-3p in the regu-
lation of MTOR and PAK4 pathways, ultimately leading to inhibition
of FOXM1, indicating these oncoproteins as critical effectors of liver
cancer and potential direct targets of anti-HCC therapies.

MATERIALS AND METHODS
In Vivo Mouse Studies

The TG221 transgenic mouse was used in all experiments.24 Mice
were maintained in vented cabinets at 25�C with 12-hr light-dark cy-
cle, with food and water ad libitum. To facilitate tumor development,
10-day newbornmale mice received one i.p. injection of DEN (Sigma-
Aldrich, St. Louis, MO, USA) (7.5 mg/kg body weight). The study was
performed according with the Guidelines for the Care andUse of Lab-
oratory Animals of the Italian Ministry of Health. To comply with the
2010/63/EU directive of the European Parliament and Council, en-
forced by the Italian law requiring a minimized number of experi-
mental animals, G*Power (http://www.gpower.hhu.de/) was used to
define the sample size for long-term experiments. For short-term ex-
periments, the smallest number of mice sufficient to perform statisti-
cal analyses was used. All animals were randomly assigned to different
treatment groups at the start of the studies. The protocol for animal
experimentation was approved by the Italian Ministry of Health
(approval no. 55/2015-PR released on January 29, 2015).

RNA Oligonucleotides for In Vivo Therapies

miR-199a-3p and scrambled unmodified single-stranded RNA
oligonucleotides were obtained from Axolabs (Kulmbach, Germany).
herapy: Nucleic Acids Vol. 11 June 2018 489
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Figure 5. Overexpression of miR-199a-3p Increased Apoptosis Levels in

Hep3B Cells by Affecting MTOR and PAK4 Pathways

miR-199a-3p expression increased in Hep3B cells by an adeno-associated viral

vector (AAVV) expressing miR-199a-3p (AAVV-199). As experimental controls, the

cells were infected with a control virus AAVV- GFP or uninfected. Cells were

collected and analyzed 120 hr after infection. (A) The expression levels of miR-

199a-3p in the infected cells were determined by qPCR, and proteins were

analyzed using immunoblot. miR-199a-3p levels were significantly higher in cells

infected with AAVV-199 compared to the controls (p < 0.0001). All the data re-

ported are an average of the experiment performed in triplicate (mean + SD). (B)

The increased expression of miR-199a-3p-related genes involved in the MTOR

and PAK4 pathways. In samples infected with AAVV-199, immunoblotting ana-

lyses revealed a downregulation of MTOR and its phosphorylated form p-2481,

PAK4, the phosphorylated form of forkhead box O3 (FOXO3a), and FOXM1

compared to the controls (AAVV-GFP, NI). (C) Cells treated with miR-199a-3p

showed a considerable increase in the percentage of total apoptosis compared to

control cells. Notably, the control virus AAVV-GFP did not induce appreciable

changes in cell viability (live cells in the plot) compared to the uninfected control,

indicating the non-toxicity of the virus itself and the specificity of the effect

mediated by AAVV-199.
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In vivo delivery was facilitated by the use of lipid nanoparticles
as vehicle. The injections were performed i.p. three times a week
for a period of 3 weeks, and oligonucleotides were administered
to a final concentration of 5 mg/kg. Mice were randomly enrolled
for treatments.
490 Molecular Therapy: Nucleic Acids Vol. 11 June 2018
Lipid Nanoparticles

The lipid components of the nanoparticles were 1,2-dioleoyl-sn-glyc-
ero-3-phosphoethanolamine (DOPE), 1,2-dimyristoyl-sn-glycerol,
methoxypolyethylene glycol (DMG-PEG; Mw 2,000; Avanti Polar
Lipids, Alabaster, AL, USA), and linoleic acid (Sigma-Aldrich). The
molar ratio of DOPE:linoleic acid:DMG-PEG was 50:48:2. The
preparation of empty nanoparticles was performed as previously
described.49

Anti-tumor Drugs

Sorafenib tosylate (Cat No. S1040; Selleckchem, Houston, TX, USA)
was dissolved in a 50:50 Cremophor EL and ethanol solution for
in vivo experiments. WYE-354 (Cat No. S1266; Selleckchem) was dis-
solved in dimethyl sulfoxide (DMSO) for in vitro experiments and in
4% DMSO, 30% PEG 300, and 5% Tween 80 for in vivo experiments
as indicated by manufacturer’s instructions. The mice received a daily
oral administration of sorafenib or WYE-354 at the final concentra-
tion of 5 and 10 mg/kg, respectively.

Recombinant AAVV-199

To obtain an AAVV expressing miR-199a-3p, all the plasmids
required for AAVV generation (pAAV-IRES-GFP, pAAV-DJ, and
pHelper) were purchased from Cell Biolabs (San Diego, CA, USA).
The cassette expressing the miR-199a-3p sequence was obtained
from the pIRES-miR-199a plasmid50 and cloned upstream of the
IRES-GFP sequence into pAAV-IRES-GFP using XbaI sites. The
infectious recombinant AAVV-199 was generated by a 1:1:1 (molar
ratio) triple transfection of pAAV-199 with helper plasmids
(pAAV-DJ and pHelper) into 293FT cells. Viral production and titra-
tion were performed as previously reported.51

Cell Culture

The HCC cell lines Hep3B (HB-8064) and HepG2 (HB-8065) were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The human embryonic kidney cells 293FT
were obtained from Invitrogen (Carlsbad, CA, USA). Cell lines
were propagated and maintained in Dulbecco’s modified Iscove’s me-
dium (IMDM) supplemented with 10% fetal bovine serum (FBS),
0.1% gentamycin, and 1% L-glutamine (Sigma-Aldrich). In vitro
cell transfections were performed using Lipofectamine 2000 (Invitro-
gen). A FOXO3 (untagged)-human plasmid (Cat No. SC119227;
OriGene Technologies, Rockville, MD, USA) was used for transfec-
tion in Hep3B cells.

Apoptosis Assay

TheMuse Annexin V and Dead Cell Assay kit (Cat. No. MCH100105;
Merck Millipore, Burlington, MA, USA) was used to measure viable,
apoptotic, and dead cells in aMuse Cell Analyzer instrument (Cat No.
0500-3115; Merck Millipore). All assays were performed in triplicate.

Western Blot Analyses

Cell cultures were washed with PBS and collected at the defined time
point. Tissue samples were collected, immediately frozen in liquid
nitrogen, and stored at �80�C until protein extraction. Samples
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were dissolved by repeated syringing in radioimmune precipitation
(RIPA) buffer (R0278; Sigma-Aldrich) containing phosphatase and
protease inhibitors (P2850 and P8340; Sigma-Aldrich). Lysates were
centrifuged at 8,000 � g for 10 min at 4�C to pellet the debris, and
supernatants were collected and analyzed by western blot. Rabbit
polyclonal antibodies against PTEN (#9552; Cell Signaling, Danvers,
MA, USA), AKT (C6E7, #4691; Cell Signaling), phospho-AKT
(Ser473, D9E, #4060; Cell Signaling), MTOR (7C10, #2983; Cell
Signaling), phospho-MTOR (Ser2481, #2974; Cell Signaling),
FOXO3A (D19A7, #12829; Cell Signaling), phospho-FOXO3A
(#2599; Cell Signaling), FOXM1 (TA327372; OriGene Technologies),
and PAK4 (#3242; Cell Signaling) were diluted following the manu-
facturer’s instructions and incubated at 4�C for 16 hr. Anti-glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) monoclonal antibody
(Clone 2D9, TA802519; OriGene Technologies) or anti-b-actin
monoclonal antibody (13E5, #4979; Cell Signaling) were used as
housekeeping genes. A horseradish-peroxidase-conjugated secondary
antibody (#7074; Cell Signaling) was used for chemiluminescent
detection. For signal detection, Clarity Western ECL Substrate (Cat
No. 170-5060; Bio-Rad, Laboratories, Hercules, CA, USA) was used
according to the manufacturer’s instructions. Digital images were
acquired with Chemidoc (Bio-Rad Laboratories). Signals were quan-
tified by ImageJ software (https://imagej.nih.gov/ij/), and protein
expression levels were normalized according to housekeeping protein
expression.

Reverse Transcriptase Droplet Digital PCR

Total RNA was extracted from cells and from frozen liver tissues
using TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. ddPCR was used to measure the expression level of miR-
NAs. For qPCR analysis, 5 ng of purified RNA was retro-transcribed
using TaqMan MicroRNA Reverse Transcription kit (Applied Bio-
systems, Foster City, CA, USA). cDNA was used for amplification
in a 20-mL reaction volume containing ddPCR Supermix for Probes
(Bio-Rad Laboratories) and the TaqMan miRNA PCR probe set
specific for miR-199a-3p (assay ID002304; Applied Biosystems).
Droplets generation, cycling conditions for TaqMan assays, and
count of positive droplets were performed as previously described.52

The relative abundance of miRNAs was normalized using the
TaqMan Assays for RNAs U6 (assay ID001973; Applied Biosystems).

Gene Expression

RNAs were hybridized on Agilent Whole Mouse Gene Expression
Microarray (G4852A, 8x60K; Agilent Technologies, Palo Alto, CA,
USA), and one-color gene expression was performed according to
the manufacturer’s protocol. Labeled cRNA was synthesized from
100 ng of total RNA using the Low RNA Input Linear Amplification
kit (Agilent Technologies) in the presence of cyanine 3-cytosine
triphosphate (CTP) (Perkin-Elmer Life Sciences, Boston, MA,
USA). Images generated by Agilent scanner and Feature Extraction
10.5 software (Agilent Technologies) were used to obtain the micro-
array raw data. Qlucore Omics Explorer software (QOE) (https://
www.qlucore.com/) (Qlucore AB, Lund, Sweden) was used to analyze
microarray data.
Histological Procedures

Tissue samples from at least two representative fragments of each lobe
of the liver were taken at autopsy and fixed in 10% phosphate-buff-
ered formalin for 12–24 h and embedded in paraffin. Serial sections
were stained with H&E for the histological determination of nodules
number and dimension. ImageJ software was used for assessment of
nodule sizes.

Statistical Analysis

Statistical significance of group similarity was resolved using a
2-tailed Student’s t test. A p value threshold <0.05 was considered sig-
nificant. When appropriate, group value was expressed in terms of
mean ± SD. GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA,
USA) was used for data analysis. No samples or animals were
excluded from the analyses. None of the investigators were blinded
to group allocations.
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Figure S1. Comparison between intraperitoneal and 

intravenous systemic administration approaches for in vivo 

miRNA delivery.  To find the most efficient and functional 

route for miRNA administration, intraperitoneal (I.P.) and 

intravenous (I.V.) injection approaches were compared. Mice 

received a single dose (2,5mg/kg) of miR-199a-3p by I.P. 

(n=3) or by I.V. (n=3). Three untreated mice were used as 

control (CTRL). After 24h, the animals were sacrificed and the 

levels of miR-199a-3p in livers measured by droplet digital 

polymerase chain reaction (ddPCR). Results (represented as 

mean + SD) show that efficacy of the two systemic approaches 

was comparable.  

 

 

 

 

 

 

 
 

Figure S2.  The combination of miR-199a-3p with sorafenib or WYY-354 does not elicit an additive effect. To 

verify a possible additive anti-tumor effect due to the combination of miR-199a-3p and the tested compounds, 

additional groups of mice were established. (A) In the context of the experiment described in Figure 1D, 7 mice 

received a combination of miR-199a-3p and sorafenib. No significant effect on the number and size of nodules was 

detected. (B) In the context of the experiment described in Figure 4, 5 mice  received a combination of miR-199a-3p 

and WYE-354. No significant differences were observed between single agents and their combination. 

 

  



 

 

 
 

Figure S3. Distribution of miR-199a-3p in various mouse organs following its i.p. administration. To show the 

delivery of miR-199a-3p molecules in vivo, a droplet digital polymerase chain reaction (ddPCR) analysis was 

performed on several mouse organs.  Mice injected with the miRNA (+) were compared with untreated animals (-). All 

the data represent an average from three animals of each condition (mean + SD) 

 

 

 

 

 

 

Figure S4. Differential expression of phospho-FOXO3, 

FOXM1 and PTEN in normal liver and cancer tissues 

in TG221 mice. Western blot analysis of liver proteins 

from normal liver of B6D2F2 wild type (wt), TG221 

transgenic mice, and liver hepatocellular carcinoma 

(HCC) from TG221. The analyses showed that HCCs 

exhibited a higher phosphorylation of FOXO3, 

upregulation of FOXM1, and downregulation of PTEN 

compared to normal livers. A slight upregulation of 

FOXM1 and downregulation of PTEN were observed in 

normal liver from TG221 mice compared to wt mice. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

was used as an internal normalizer. 

 

 

 

 

  



 

 

 

Figure S5. WYE-354 inhibited in vivo phosphorylation of 

AKT and MTOR. Western blot analysis of liver protein 

extracts from mice treated with WYE-354 and controls. The 

inhibition of phosphorylation of Akt (S-473) and MTOR (S-

2481) was detected in mice treated with WYE-354 compared 

to control animals. GAPDH was used as an internal 

normalizer. 

 

 

 

 

 

 

Figure S6. FOXO3A over-expression inhibited FOXM1 

expression. Hep3B cells were transfected with a mammalian 

plasmid vector over-expressing FOXO3a. Cells were collected 

24 and 48 h after transfection, and proteins were analyzed by 

western blot. The over-expression of FOXO3a induced a 

decrease in FOXM1 levels. Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as an internal normalizer. 

 

 

 

  



 

 

 

 
 

Figure S7. Increased expression of miR-199a-3p enhanced apoptosis levels in HepG2 cells. (A) HepG2 cells were 

infected with an Adeno Associated Virus (AAVV) expressing miR-199a-3p (AAVV-199). The increase in miR-199a-

3p expression levels was detected in the infected cells by quantitative polymerase chain reaction (qPCR). All the data 

reported are an average of the experiment performed in triplicate. (B). The increased expression of miR-199a-3p caused 

a statistically significant increase in the percentage of total apoptotic cells compared to the controls (p <0.0001), while 

AAVV-green fluorescent protein (GFP) effect on cells viability was comparable to the uninfected control (NI). Data are 

represented as mean + SD. 

 

 

 

 



Genotype TG221 TG221 TG221 TG221 TG221 TG221 TG221 TG221 TG221 TG221 TG221 TG221 TG221 TG221 TG221 TG221

Tumor HCC HCC HCC HCC HCC HCC HCC HCC HCC HCC HCC NL NL NL NL NL

miR-199a-3p no no no no no no no yes yes yes yes no no no no no

Gene Symbol
Agilent 

ProbeName

Foxm1 

induced
GeneName Organism

EntrezGe

ne ID

Genbank 

Accession

Average 

HCC

Average 

HCC + miR-

199

Average 

Normal 

Liver

p-value q-value

Acta2 A_52_P420504 no actin, alpha 2, smooth muscle, aorta Mus musculus 11475 NM_007392 4.33 0.95 1.00 4.97E-04 9.29E-04 1.95 1.87 3.10 5.07 5.01 10.13 3.20 1.03 1.34 0.76 0.67 1.09 1.49 1.10 0.90 0.39

Afp A_51_P510891 no alpha fetoprotein Mus musculus 11576 NM_007423 245.05 355.63 1.03 8.74E-10 1.25E-08 216.47 182.68 170.58 191.27 259.32 307.34 387.67 780.58 186.88 223.34 231.71 3.29 0.58 0.47 0.35 0.44

Angpt2 A_51_P201982 no angiopoietin 2 Mus musculus 11601 NM_007426 0.61 0.39 0.17 1.03E-03 1.70E-03 0.88 0.66 1.07 0.48 0.34 0.45 0.39 0.42 0.38 0.48 0.28 0.23 0.06 0.22 0.23 0.13

Birc5 A_55_P1983773 yes baculoviral IAP repeat-containing 5 Mus musculus 11799 NM_001012273 19.32 7.55 1.37 4.91E-07 4.23E-06 15.67 12.09 13.45 28.30 18.65 34.21 12.86 5.70 8.50 6.00 10.00 0.90 0.62 3.00 1.36 0.99

Birc5 A_55_P1983768 yes baculoviral IAP repeat-containing 5 Mus musculus 11799 NM_009689 1.66 0.51 0.10 1.15E-06 6.19E-06 1.36 1.00 1.18 2.56 1.55 3.00 0.95 0.55 0.61 0.39 0.50 0.07 0.03 0.26 0.08 0.07

Birc5 A_55_P1983769 yes baculoviral IAP repeat-containing 5 Mus musculus 11799 NM_001012273 0.51 0.20 0.04 1.33E-05 4.08E-05 0.43 0.27 0.17 0.61 0.65 1.16 0.29 0.17 0.20 0.17 0.26 0.04 0.04 0.08 0.05 0.02

Ccnb1 A_55_P1952256 yes cyclin B1 Mus musculus 268697 NM_172301 0.41 0.10 0.03 1.08E-06 6.19E-06 0.21 0.34 0.28 0.54 0.43 0.83 0.24 0.10 0.13 0.08 0.10 0.03 0.03 0.07 0.02 0.02

Ccnb1 A_55_P2128668 yes cyclin B1 Mus musculus 268697 NM_172301 0.43 0.24 0.05 6.24E-06 2.98E-05 0.21 0.23 0.28 0.32 0.45 1.01 0.49 0.19 0.26 0.17 0.35 0.04 0.04 0.08 0.03 0.04

Ccnb1 A_55_P2065671 yes cyclin B1 Mus musculus 268697 NM_172301 4.13 1.68 0.22 1.59E-07 1.71E-06 2.25 2.60 3.88 3.24 3.91 8.93 4.08 1.51 1.59 1.47 2.15 0.16 0.26 0.42 0.09 0.16

Ccnb2 A_51_P457528 yes cyclin B2 Mus musculus 12442 NM_007630 9.33 3.14 0.74 1.05E-06 6.19E-06 6.05 6.61 4.52 13.94 8.08 17.88 8.27 3.00 3.99 2.22 3.33 0.53 0.47 1.50 0.45 0.77

Cdc20 A_55_P1996946 yes cell division cycle 20 homolog (S. cerevisiae) Mus musculus 107995 NM_023223 8.99 4.42 0.70 1.34E-05 4.08E-05 3.75 7.21 4.08 9.94 10.21 20.43 7.34 3.30 5.53 3.55 5.29 0.38 0.22 1.93 0.47 0.49

Cdc25b A_52_P612382 yes cell division cycle 25 homolog B (S. pombe) Mus musculus 12531 NM_023117 0.83 0.24 0.14 3.79E-05 9.59E-05 0.37 0.79 0.59 0.69 0.76 2.00 0.61 0.27 0.32 0.17 0.18 0.12 0.08 0.19 0.15 0.17

Cdk1 A_55_P2048588 yes cyclin-dependent kinase 1 Mus musculus 12534 NM_007659 0.68 0.27 0.06 1.42E-05 4.08E-05 0.73 0.44 0.69 0.49 0.86 1.25 0.31 0.25 0.23 0.29 0.31 0.03 0.03 0.19 0.04 0.02

Fgf1 A_55_P2047188 no fibroblast growth factor 1 Mus musculus 14164 NM_010197 12.64 12.35 32.85 1.03E-05 3.68E-05 15.78 12.66 16.03 10.01 11.39 8.60 13.98 12.25 12.68 13.35 11.11 23.57 35.39 34.19 45.89 25.21

Fgf1 A_52_P538673 no fibroblast growth factor 1 Mus musculus 14164 NM_010197 0.38 0.39 1.19 8.82E-06 3.61E-05 0.40 0.34 0.46 0.24 0.32 0.54 0.38 0.30 0.43 0.44 0.40 0.88 1.18 1.33 1.73 0.85

Foxm1 A_52_P28806 forkhead box M1 Mus musculus 14235 NM_008021 1.29 0.59 0.21 6.30E-05 1.50E-04 0.62 1.04 0.80 1.36 1.65 2.72 0.85 0.63 0.70 0.36 0.67 0.20 0.17 0.42 0.14 0.12

Gpc3 A_52_P23225 no glypican 3 Mus musculus 14734 NM_016697 25.44 45.63 0.10 2.75E-10 5.92E-09 22.08 18.49 28.39 23.74 21.82 19.82 43.72 46.36 21.00 34.88 80.28 0.04 0.04 0.28 0.08 0.05

Hgf A_51_P484998 no hepatocyte growth factor Mus musculus 15234 NM_010427 0.28 0.50 0.80 1.75E-02 2.15E-02 0.34 0.35 0.52 0.23 0.08 0.26 0.17 0.26 0.27 0.97 0.52 1.42 0.49 0.84 0.73 0.50

Hhip A_55_P1969276 no Hedgehog-interacting protein Mus musculus 15245 NM_020259 0.08 0.12 0.80 3.64E-04 7.11E-04 0.34 0.06 0.02 0.02 0.01 0.05 0.07 0.12 0.03 0.04 0.28 0.79 0.68 0.80 0.99 0.77

Igf1 A_55_P2085979 no insulin-like growth factor 1 Mus musculus 16000 NM_184052 2.56 3.70 10.38 2.80E-03 4.01E-03 2.76 1.86 2.45 2.08 2.23 3.92 2.59 2.84 6.99 2.47 2.52 13.50 4.47 14.14 16.30 3.50

Igf1 A_55_P2085974 no insulin-like growth factor 1 Mus musculus 16000 NM_010512 4.05 4.94 24.32 3.31E-04 6.78E-04 10.85 2.69 3.10 1.08 4.12 4.35 2.15 2.62 9.78 5.50 1.87 23.50 13.90 30.35 32.16 21.71

Igf1 A_55_P2031636 no insulin-like growth factor 1 Mus musculus 16000 NM_010512 0.80 1.48 6.22 7.67E-05 1.74E-04 1.58 0.40 0.57 0.18 0.87 1.34 0.68 0.87 2.77 1.45 0.83 7.09 4.68 6.36 7.70 5.25

Igf1 A_55_P2085984 no insulin-like growth factor 1 Mus musculus 16000 NM_010512 29.40 28.88 121.85 3.10E-03 4.31E-03 74.28 14.06 22.65 4.36 27.08 43.27 20.10 21.91 62.90 21.88 8.84 152.64 130.41 103.22 99.98 122.99

Igf1 A_55_P2031631 no insulin-like growth factor 1 Mus musculus 16000 NM_010512 38.71 40.60 164.58 3.21E-03 4.32E-03 95.71 18.11 28.94 5.74 34.78 59.49 28.21 30.03 88.05 31.40 12.92 214.55 183.57 132.87 126.17 165.72

Lpl A_52_P257812 no lipoprotein lipase Mus musculus 16956 NM_008509 9.52 10.96 1.70 8.67E-05 1.86E-04 13.40 8.97 12.45 5.18 14.34 7.30 4.99 14.14 11.46 10.07 8.17 3.32 1.61 0.66 0.46 2.44

Lpl A_51_P259296 no lipoprotein lipase Mus musculus 16956 NM_008509 67.82 69.95 7.67 9.23E-06 3.61E-05 117.19 78.17 96.15 48.12 66.73 36.53 31.82 71.07 70.00 91.13 47.62 14.34 6.04 3.46 2.82 11.71

Mst1 A_55_P1984098 no macrophage stimulating 1 (hepatocyte growth factor-like) Mus musculus 15235 NM_008243 108.66 100.01 79.97 4.43E-02 5.14E-02 125.37 100.99 85.13 84.00 113.43 132.32 119.40 131.02 104.71 80.82 83.48 87.63 90.70 66.89 68.60 86.03

Mst1 A_55_P2115392 no macrophage stimulating 1 (hepatocyte growth factor-like) Mus musculus 15235 NM_008243 99.08 91.21 71.96 3.65E-02 4.35E-02 109.24 90.69 77.19 77.47 105.64 121.65 111.69 117.58 96.26 75.00 75.99 82.33 81.17 58.72 59.84 77.73

Pdgfb A_55_P2047310 yes platelet derived growth factor, B polypeptide Mus musculus 18591 NM_011057 1.58 1.22 0.58 7.56E-04 1.35E-03 0.76 1.75 2.41 1.74 1.53 1.23 1.60 0.93 1.65 1.36 0.96 0.54 0.40 0.99 0.53 0.45

Pdk1 A_51_P406429 no pyruvate dehydrogenase kinase, isoenzyme 1 Mus musculus 228026 NM_172665 1.61 1.51 6.44 2.57E-03 3.82E-03 2.54 1.57 1.88 1.05 1.10 2.27 0.84 1.29 1.93 1.31 1.50 3.57 1.67 10.69 10.24 6.03

Pld1 A_55_P2104487 no phospholipase D1 Mus musculus 18805 NM_001164056 5.06 5.63 1.45 1.70E-05 4.58E-05 4.91 4.62 5.69 6.61 4.25 4.70 4.64 5.33 4.04 7.40 5.74 1.75 1.98 0.91 0.60 1.99

Pten A_52_P24843 no phosphatase and tensin homolog Mus musculus 19211 NM_008960 1.83 2.23 2.70 1.29E-02 1.64E-02 2.45 1.64 1.82 1.52 1.76 1.62 1.97 1.76 1.92 2.95 2.30 2.62 2.39 2.09 2.91 3.48

Pten A_51_P275350 no phosphatase and tensin homolog Mus musculus 19211 NM_008960 19.58 24.09 27.57 8.68E-04 1.49E-03 20.10 16.96 20.50 20.68 18.37 18.43 22.05 22.98 21.45 28.38 23.56 28.72 28.50 22.39 25.33 32.94

Scd2 A_51_P129464 no stearoyl-Coenzyme A desaturase 2 Mus musculus 20250 NM_009128 120.54 102.19 1.08 4.08E-12 1.76E-10 104.39 97.13 82.64 166.15 150.83 118.63 124.03 118.50 80.01 112.39 97.88 0.81 0.48 1.65 1.30 1.14

Tff3 A_51_P456208 no trefoil factor 3, intestinal Mus musculus 21786 NM_011575 609.00 1010.38 124.46 9.13E-03 1.19E-02 898.70 451.82 795.32 133.85 681.09 272.54 1029.69 1284.51 1287.18 697.91 771.92 226.44 329.86 0.97 0.51 64.50

Tgfb2 A_65_P10913 yes transforming growth factor, beta 2 Mus musculus 21808 NM_009367 1.07 0.68 0.18 1.07E-03 1.70E-03 0.20 0.96 1.61 0.65 0.56 1.73 1.77 0.51 0.67 0.73 0.83 0.11 0.16 0.33 0.18 0.12

Tgfb2 A_51_P317640 yes transforming growth factor, beta 2 Mus musculus 21808 NM_009367 0.35 0.23 0.07 2.12E-03 3.25E-03 0.10 0.39 0.58 0.22 0.22 0.43 0.52 0.14 0.22 0.33 0.25 0.03 0.06 0.15 0.11 0.03

Table S1.   Expression data of genes from Figure 3
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