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Abstract.
BACKGROUND: Interferon-α (IFN-α) is an adjuvant to chemotherapy and radiotherapy for hepatocellular carcinoma (HCC),
but some HCC patients do not respond to treatment with IFN-α.
METHODS: We performed loss-of-function and gain-of-function experiments to examine the role of ISG15 in the IFN-α sensitivity of LH86, HLCZ01, SMMC7721, and Huh7 cell lines and tumor samples.
RESULTS: The overexpression of ISG15 reduced apoptosis in Huh7 and LH86 cells in the presence of IFN-α, whereas the
shRNA-mediated knock down of ISG15 expression increased apoptosis in both Huh7 and LH86 cells. We identified a putative
miR-370 target site in the 3’-UTR in the ISG15 mRNA, and the level of miR-370 expression in HCC cell lines reflected the level
of IFN-α-induced apoptosis exhibited by each. Both HCC cell lines and tumor samples had significantly lower levels of miR-370
than the control cells and tissues (P < 0.05). The overexpression of miR-370 in IFN-α-treated LH86 and Huh7 cells increased
apoptosis and reduced the volume of LH86- and Huh7-derived xenograft tumors in mice treated with IFN-α compared with the
control tumors.
CONCLUSIONS: Our findings suggest that miR-370 functions as an HCC tumor suppressor and regulator of IFN-α sensitivity
and that miR-370 might be a useful prognostic marker for HCC patients.
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Hepatocellular carcinoma (HCC) ranks as the second and sixth leading world-wide cause of cancerrelated death in men and women, respectively [1].
About 80% to 90% of HCC patients have advanced disease at the time of diagnosis, and are thus ineligible for
surgical intervention [2]. Therefore, the development
of effective chemotherapy strategies for HCC is a critical research objective. Studies of melanoma and can-
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cer of the breast, stomach, pancreas and bladder have
reported the beneficial effects of using IFN-α as an adjuvant to chemotherapy and radiation treatments following tumor resection [3–6], and multiple cell culture, animal and clinical studies have shown that the
progression and recurrence of HCC were inhibited by
treatment with IFN-α [7,8].
The majority of HCC cases are chronically infected with the hepatitis B virus (HBV) or hepatitis C
virus (HCV) [9]. Although the induction of microRNA
(miRNA) expression by type I IFNs contributes to
the regulation of cellular antiviral defenses [10], altered miRNA expression has also been reported in
various types of cancer in humans [11]. One such
miRNA is miR-370, which has been shown to suppress
HBV replication [12]. Aberrant miR-370 expression
has been reported in esophageal squamous cell carcinoma [13], laryngeal squamous cell carcinoma [14],
gastric carcinoma [15], and prostate cancer [16], as
well as in cholangiocarcinoma cell lines [17,18]. Although miR-370 serves as a tumor suppressor in malignant cholangiocytes [19] and laryngeal carcinoma
cells [14], the overexpression of miR-370 contributes
to the progression of gastric carcinoma [15], prostate
cancer [16], and acute myeloid leukemia [20]. The biological mechanisms through which miR-370 is involved in tumorigenesis in this wide range of tissue
types remains unclear.
The expression of IFN-stimulated gene 15 (ISG15)
and ISG15-mediated conjugation have been implicated
in malignancies of the breast [21], prostate [22], bladder cancer [23], oral cavity [24], esophagus [25], stomach [26], pancreas [27], colon [28], and liver [29], but
how ISG15 influences tumorigenesis is unclear. Although ISG15, a ubiquitin-like protein, forms conjugates with various cellular proteins via a pathway similar to that used by ubiquitin, conjugation by ISG15
does not induce proteasome-dependent degradation of
the conjugated protein [30,31], and the biological consequences of ISG15 conjugation are unknown. The
expression of ISG15 is induced by IFN-α in HCVinfected hepatoma cells [32]. Appropriately regulated
ISG15 expression is associated with apoptosis in various cell systems, whereas the perturbation of ISG15
regulation is correlated by cell proliferation and migration [33].
In our previous study, we found that ISG15 is a novel
prognostic biomarker for HCC in patients with chronic
HBV infection [34]. In our current study, we performed ISG15 loss-of-function and gain-of-function
experiments to examine its role in the sensitivity of

various HCC cell lines to treatment with IFN-α. We
also investigated whether miRNA might target the 3’
untranslated region (UTR) of ISG15, and examined
whether the function of ISG15 in IFN-induced apoptosis in HCC cells was influenced by the candidate
miRNA. Our results suggested that miR-370 mediates
the role of ISG15 in the antitumor effects of IFN-α in
HCC cells.

2. Materials and methods
2.1. Tissues, cell lines and antibodies
The Hunan Provincial Cancer Hospital Review
Board approved the protocol for the analysis of HCC
tumor and noncancerous liver tissue specimens. The
HCC tumor tissues and adjacent noncancerous tissue
samples were collected at the Hunan Provincial Tumor
Hospital (Changsha, China). Informed written consent
was obtained from all patients prior to collection. The
human HCC cell lines, HLCZ01, LH86, LO2, Huh7
and SMMC7721 were obtained from the Translational
Medicine Research Center at Hunan University, and
were grown in Dulbecco Modified Eagle Medium
(DMEM, Life Technologies, Carlsbad, CA, USA) with
10% fetal bovine serum at a temperature of 37◦ C
in an atmosphere of 5% CO2 . Recombinant human
IFN-α was obtained from Kexing Biotech (Beijing,
China) and rabbit anti-poly (ADP-ribose) polymerase
(PARP) polyclonal antibodies were purchased from
Cell Signaling Technologies (Danvers, MA, USA).
The rabbit anti-ISG12a polyclonal antibodies, rabbit
anti-ISG15 polyclonal antibodies, and mouse anti-βactin monoclonal antibody were purchased from Abcam (ab171919; Cambridge, UK), Santa Cruz Biotechnology (sc-166755; Dallas, TX, USA), and SigmaAldrich (AC-74; St. Louis, MO, USA), respectively.
2.2. Plasmids, oligonucleotides and reagents
Transfections for the knock down of ISG15 were
performed using the siPORT NeoFx reagent (ThermoFisher, Waltham, MA, USA). The anti-ISG15
siRNA and randomized negative control RNA oligonucleotide were purchased from Santa Cruz Biotechnology. The pre-miR miRNA precursor molecule and
anti-miR miRNA inhibitor for miRNA-370 (henceforth referred to as miR-370 and anti-miR-370, respectively) and the corresponding negative control
RNAs were purchased from Ambion (ThermoFisher).
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The pFLAG-ISG15 plasmid was constructed by inserting the ISG15 cDNA into the multiple cloning
site of the pFLAG-CMV-2 plasmid (Sigma-Aldrich),
which allowed the expression of FLAG-tagged ISG15
protein in transfected cells. For siRNA knock down
of ISG15 expression, the pSilencer-shISG15 plasmid
was constructed based on the pSilencer system (ThermoFisher), which expressed a 21-nt short hairpin RNA
with a 9-nt loop. The ISG15 shRNA-coding sequences
used to construct pSilencer-ISG15 were as follows: 5’GATCCCCGCACCTACGAGGTACGGCTTTCAAGA
GAAGCCGTACCTCGTAGGTGCTTTTTA-3’ (sense);
5’-AGCTTAAAAAGCACCTACGAGGTACGGCTT
CTCTTGAAAGCCGTACCTCGTAGGTGCGGG-3’
(antisense).
2.3. Cell viability assay
We examined the IFN-α sensitivity of LH86,
HLCZ01, SMMC7721 and Huh7 cells. Ninety-six
well plates were seeded with approximately 8 × 103
cells/per well in 100 µL of medium for 24 h at 37◦ C.
After aspirating the medium, 100 µL of fresh medium
containing 125, 250, 500, 1,000, 2,000 or 4,000 IU/mL
IFN-α was added. After incubating the cells for an additional 24, 48 or 72 h, 20 mL of 5 mg/mL 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was added to each well. After a 4-h incubation,
the medium with MTT was aspirated, and 100 µL of
DMSO was added to each well to dissolve insoluble
formazan, which was measured at 570 nm in a plate
reader.
2.4. Western blotting
Cells were washed twice with phosphate-buffered
saline (PBS), and lysed in buffer containing 137 mM
NaCl, 2 mM EDTA, 20 mM Tris-HCl (pH 7.4), 10%
glycerin, 1% Triton X-100 and a protein inhibitor
cocktail (Roche Diagnostics) for 30 min on ice. The
lysate was centrifuged at 14,000 × g for 20 min at
4◦ C, and the supernatants were collected. Samples
were subjected to SDS-PAGE in a 10% acrylamide gel
and the resolved protein bands were transferred electrophoretically onto a nitrocellulose membrane. The
membranes were blocked for 1.5 h at room temperature in Tris-buffered saline (TBS) containing 5% nonfat dry milk and 0.1% Tween-20, after which the
membranes were probed with primary antibodies at
4◦ C overnight. After washing in TBS, the membranes
were incubated in TBS containing horseradish peroxi-
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dase (HRP)-conjugated anti-rabbit secondary antibody
(Sigma-Aldrich). Bound primary antibody was visualized using an enhanced chemiluminescence (ECL) detection kit (GE Healthcare, Chicago, IL, USA), and the
membranes were scanned using an LAS-4000 luminescence imager (Fujifilm, Tokyo, Japan). After stripping
the membranes in 20 mM glycine-HCl (pH 2.3), protein loading normalization was performed by probing
with anti-β-actin antibody, incubation with HRP-antimouse antibody and visualized using ECL.
2.5. Flow cytometry
Apoptosis in the LH86 and Huh7 cell lines was assessed using flow cytometry after transfection. Vehicle controls were added to maintain equivalent transfectant volumes, and 2,000 IU/mL IFN-α was used
for all of the IFN-α treatments. After transfection
for 48 h, apoptosis was also evaluated based on annexin V (AV) binding of extracellular phosphatidylserine, a marker of early-stage apoptosis, and intracellular staining with propidium iodide (PI), an indicator of late-stage apoptosis, using the Dead Cell Apoptosis kit (ThermoFisher), according to the manufacturer’s instructions. The cells were analyzed and the
levels of FITC and PI fluorescence were calculated using a FACS-Canto flow cytometer (BD Biosciences,
San Jose, CA, USA) and Cell Quest software (BD Biosciences).
2.6. miRNA target prediction
To investigate the mechanisms involved in the repression of ISG15 in IFN-α resistant cells, we performed an in silico analysis of the human ISG15
mRNA (Genbank accession no. NM_005101.3) using
PicTar (http://pictar.mdc-berlin.de) to identify potential miRNA binding sites. The PicTar computational
utility provides alignments of 3’ UTR sequences and
predicted miRNA target sites with links to various public databases.
2.7. Relative quantification of miRNA
Relative quantification of the level of miR-370
in human tumor tissues; the LH86, HLCZ01, L02,
SMMC-7721, and Huh7 cell lines; and LH86- and
Huh7-derived xenograft tumors was performed using
qRT-PCR. Total RNA was isolated from tissues using the MagMAX mirVana Total RNA Isolation Kit
(ThermoFisher), and miRNA was isolated from cul-
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tured cells using the TaqMan MicroRNA Cells-to-CT
Kit (ThermoFisher). The miR-370 level was measured
using the Taqman Advanced miRNA Assay for human
miR-370 (cat. no. A25576; ThermoFisher, Waltham,
MA, USA), according to the manufacturer’s instructions. Real-time PCR was performed using the TaqMan
Fast Advanced Master Mix.
2.8. Fluorescence microscopy
Apoptosis in the LH86 and Huh7 cell lines was assessed using fluorescence microscopy after transfection with the following: IFN-α only; miR-370 with
or without IFN-α; anti-miR-370 siRNA with or without IFN-α; ISG15 with IFN-α; and ISG15 with IFNα and miR-370. Vehicle controls were added to maintain equivalent transfectant volumes and 2,000 IU/mL
IFN-α was used for all of the IFN-α treatments. After
transfection for 48 h, the cells were fixed for 5 min at
room temperature in 4% paraformaldehyde dissolved
in PBS, and stained for 30 min using 0.5 µg/mL 4,6
diamidino-2 phenylindole (DAPI; Sigma-Aldrich) in
PBS. After washing with PBS, the cells were mounted
in 90% glycerol in PBS. The cells were viewed using a
Nikon Eclipse TE2000-U inverted fluorescence microscope (Nikon, Tokyo, Japan). Apoptotic nuclei were
identified based on the presence of condensed chromatin and nuclear fragmentation and the percentage
apoptosis was calculated relative to the control cells.
2.9. Tumor xenografting
Our animal protocols were approved by the Hunan Provincial Cancer Hospital Review Board (Changsha, China) and the Hunan Province Animal Care and
Use Committee, and all of the animal experiments
were performed in accordance with the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health, USA). All animals were housed under
standard conditions in a pathogen-free, temperature
and light-controlled facility. The LH86 and Huh7 cell
lines were infected with adenovirus expressing miR370 (Ad-miR-370; Vector Biolabs, Malvern, PA, USA)
or control adenovirus expressing green fluorescent protein (Ad-GFP; Vector Biolabs). After antibiotic selection for 10 days, 5 × 106 cells in 200 µL PBS were
injected subcutaneously into the lower right flank of 6week old male NOD/SCID mice to induce xenograft
tumor formation. Three days after the LH86 and Huh7
cells were implanted, IFN-α treatment was initiated by
intraperitoneal injection of 5 × 106 U/kg every 3 days.
Tumor volume (TV) was calculated using the following formula: TV = 0.5 × width2 × length. The mice
were sacrificed 42 days after HCC cell implantation.

2.10. Statistical analysis
All statistical analyses were performed using SPSS
software, version 17.0 (IBM, Armonk, NY, USA). Student t-tests, log-rank sum, Wilcoxon’s matched-pairs
analysis, Mann-Whitney U tests, and chi-squared analysis were used to determine statistically significant differences between data sets with the level of statistical
significance set at P < 0.05.

3. Results
3.1. IFN-α induced apoptosis and ISG15 expression
in human HCC cell lines
The expression of ISG15 is associated with the
tumor grade, metastasis and survival in HCC patients [29]. Therefore, we evaluated ISG15 expression
and apoptosis in LH86, HLCZ01, SMMC-7721 and
Huh7 cells after treatment with various concentrations
of IFN-α. The MTT assays showed that among the
cell lines tested, LH86 cells were most sensitive to
IFN-α at all concentrations and time points, whereas
Huh7 cells were least sensitive to IFN-α. The threshold of maximum sensitivity for all of the cell lines
tested occurred at approximately 2,000 IU/mL IFN-α
for the 48- and 72-h treatments (Fig. 1A–C). Western
blot analysis showed that treatment with 2,000 IU/mL
IFN-α for 48 h induced expression of ISG15 protein in
all of the HCC cell lines (Fig. 1D). These results confirmed that IFN-α induces ISG15 expression in HCC
cells, and that the sensitivity to IFN-α-induced apoptosis varies between different HCC cell lines.
3.2. ISG15 regulates the sensitivity of HCC cells to
IFN-α treatment
To investigate the role of ISG15 expression in IFNα-induced apoptosis, we examined whether changes
in ISG15 expression influenced PARP cleavage and/or
apoptosis in IFN-α-treated LH86 and Huh7 cells.
Western blot analysis showed that in the absence of
IFN-α overexpression of ISG15 did not significantly
affect PARP cleavage (Fig. 2A and B) or apoptosis
(Fig. 2C and D) in either cell line, compared to the
vector control, nor did the shRNA-mediated knock
down of ISG15 mRNA expression (Fig. 2A–D). In
the absence of ISG15 overexpression, treatment with
2,000 IU/mL IFN-α increased both PARP cleavage
and apoptosis in LH86 cells, compared to the LH86
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Fig. 1. Effects of IFN-α on human HCC cell lines. (A) Huh7, HLCZ01, SMMC7721, and LH86 cells were treated with 125, 250, 500, 1,000,
2,000 or 4,000 IU/mL IFN-α for (A) 24 h, (B) 48 h, (C) and 72 h, and cell viability was assessed by MTT assay. (D) Expression of the ISG15
and ISG12a proteins was detected by western blotting using β-actin as a loading control. The data presented are representative of 3 independent
experiments.

control without IFN-α and no ISG15 overexpression
(Fig. 2A and C). The overexpression of ISG15 in
IFN-α-treated LH86 cells reduced apoptosis (Fig. 2C)
while reducing PARP cleavage (Fig. 2A), relative to
the IFN-α-treated vector control. In the Huh7 cells
treated with IFN-α alone (pSilencer control), the level
of cleaved PARP was not noticeably different from
Huh7 cells without IFN-α (Fig. 2B). The overexpression of ISG15 in Huh7 cells treated with IFN-α did not
affect PARP cleavage (Fig. 2B), but ISG15 overexpression did reduce apoptosis (Fig. 2D), relative to the IFNα-treated Huh7 vector control. The shRNA-mediated
knock down of ISG15 mRNA expression increased
both PARP cleavage and apoptosis in both LH86 and
Huh7 cells treated with IFN-α (Fig. 2A–D), compared
with pSilencer control cells treated with IFN-α. These
results suggested that the mechanism underlying sensitivity to IFN-α-induced apoptosis in HCC cells involves the regulation of ISG15 expression. In addition,
the magnitude of the changes in apoptosis in response
to ISG15 overexpression and shRNA-mediated ISG15
knock down was consistently greater in LH86 cells
than in Huh7 cells, which showed that factors other
than ISG15 expression contributed to the differences in
IFN-α sensitivity observed between the different HCC
cell lines.

3.3. ISG15 expression is regulated by interaction
between miR-370 and ISG15 mRNA
To investigate the factors involved in the regulation
of ISG15 expression in HCC cells, we analyzed the
ISG15 mRNA sequence to identify possible miRNA
target sites. Our sequence analysis revealed a high level
of complementarity between human miR-370 and a 7bp sequence in the 3’-UTR of human ISG15 mRNA
(Fig. 3A). Our analysis of miR-370 expression showed
that the level of miR-370 was significantly lower in
4 of the 5 HCC tumor samples tested, compared to
those in adjacent noncancerous tissues (Fig. 3B). The
levels of miR-370 expression in the HCC cell lines,
HLCZ01, LH86, Huh7, and SMMC7721, were also reduced, compared with the level of miR-370 in the irradiation immortalized, normal human liver cell line,
LO2 (Fig. 3C). These results suggested that reduced
miR-370 expression contributes to HCC progression.
Western blot analysis showed that transfection with
miR-370 reduced ISG15 protein expression in Huh7
and LH86 cells without IFN-α treatment (Fig. 4A and
B) and in IFN-α treated Huh7 cells (Fig. 4C), whereas
tranfection of LH86 cells with anti-miR-370 increased
ISG15 expression in LH86 cells with or without IFNα treatment (Fig. 4A and D). In the absence of IFN-α,
transfection with miR-370 also increased PARP cleavage in both LH86 and Huh7 cells, and the overexpression of exogenous FLAG-ISG15 reversed the effect of
miR-370 on PARP cleavage.
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Fig. 2. ISG15 mediates IFN-α sensitivity in HCC cells. Western blotting was used to detect PARP cleavage and ISG15 protein expression in (A)
LH86 and (B) Huh7 cells after treatment with 2,000 IU/mL IFN-α for 48 h. Apoptosis in (C) LH86 and (D) Huh7 cells was assessed using flow
cytometry after treatment with 2,000 IU/mL IFN-α for 48 h. The data presented are representative of 3 independent experiments.
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Fig. 3. Identification of miR-370 target sequence in ISG15 mRNA, and analysis of miR-370 expression in HCC tumor tissues and cell lines.
(A) The 30 -UTR of ISG15 mRNA contains one predicted miR-370 binding site, as indicated in the alignment of the seed region of miR-370
with ISG15 30 -UTR sequence. Relative quantification of the level of miR-370 in (B) HCC tumor samples (**P < 0.01 compared to adjacent
noncancerous tissues) and (C) HCC cell lines (**P < 0.05 and *P < 0.05 compared with LO2 and LH86 cells, respectively) was performed
using qRT-PCR, and the results were normalized based on U6 expression. The data presented are representative of 3 independent experiments.

The combined results of our bioinformatic (Table S1) and western blot analyses suggested that miR370 downregulates ISG15 expression by targeting the
3’-UTR of the ISG15 mRNA.
3.4. Targeting of ISG15 by miR-370 modulates the
IFN-α sensitivity in HCC cells
The role of miR-370-mediated regulation of ISG15
expression in its sensitivity to IFN-α-induced apoptosis in HCC cells was investigated using DAPI staining
and fluorescence microscopy. Transfection with miR370 increased the sensitivity to IFN-α-induced apoptosis in both LH86 and Huh7 cells (Fig. 5A and B).
The overexpression of exogenous FLAG-ISG15 reduced the sensitivity to IFN-α, compared to the IFNα-treated controls, as evidenced by reduced apoptosis in both LH86 and Huh7 cells, with the Huh7 cells
exhibiting lower sensitivity to IFN-α-induced apoptosis than the LH86 cells. The overexpression of exogenous FLAG-ISG15 in LH86 and Huh7 cells transfected with miR-370 reversed the enhancing effect of
miR-370 on IFN-α-induced apoptosis. Knock down of
endogenous miR-370 expression by transfection with
anti-miR-370 reduced the sensitivity of LH86 cells

to IFN-α-induced apoptosis compared to LH86 cells
treated with IFN-α alone, mimicking the resistance
of Huh7 cells to IFN-α-induced apoptosis (Fig. 5C
and F). These results suggested that miR-370 modulates IFN-α-induced apoptosis in HCC cells through
the suppression of ISG15 expression.
3.5. miR-370 modulates IFN-α-mediated tumor
immunity in HCC in vivo
We performed HCC xenograft experiments in immunodeficient NOD/SCID mice to determine whether
the effects of miR-370 on ISG15-mediated IFN-α sensitivity in LH86 and Huh7 cells could be confirmed in
vivo using an animal model of HCC. The LH86 and
Huh7 cells were transduced with Ad-miR-370 before
implantation into the right flank of mice (Fig. 6A), and
the recipient mice were treated with IFN-α. On day
17 post-implantation, the tumors overexpressing miR370 were approximately one-half the size of the tumors
with the control virus (Fig. 6B and D). These results
suggested that miR-370 is an important factor for IFNα-mediated HCC tumor immunity in vivo.
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Fig. 4. Effects of miR-370 on ISG15 expression and PARP cleavage. (A) Huh7 and LH86 cells were transfected with 25, 50 or 100 nmol
miR-370 or anti-miR-370 siRNA for 24 h before assessing the levels of ISG15 and actin (loading control) proteins by western blotting. (B) After
transfection with 100 nmol miR-370 and/or pFLAG-ISG15 for 24 h, LH86 and Huh7 cells were subjected to western blotting to assess the levels
of cleaved PARP, ISG15, and actin proteins. (C and D) After treatment with or without 2,000 IU/mL IFN-α for 48 h, Huh7 and LH86 cells were
transfected with 100 nmol miR-370 or anti-miR-370 siRNA for 24 h, and the levels of cleaved PARP, ISG15, and actin proteins were assessed
by western blotting. The data presented are representative of 3 independent experiments.

4. Discussion
The pleiotropic cytokine IFN-α induces the expression of multiple proapoptotic genes, and IFN-α has
been shown to exhibit direct effects on the growth and
proliferation of malignant HCC tumor cells [35,36].
IFN-α also inhibits angiogenesis in HCC, which contributes further to the suppression of tumor progression [37]. Treatment with IFN-α improves the antitumor response and prognosis in HCC patients receiving chemotherapeutic agents including 5-fluorouracil,
cisplatin, methotrexate and doxorubicin [38–40], and
combination therapy using antiviral drugs and IFN-α
are the first-line treatments for HBV and HCV infections, which contribute to the majority of HCC cases.
However, a significant portion of HCC patients do
not respond well to IFN-α adjuvant therapy. There-

fore, elucidating the biological mechanism(s) underlying hepatocyte sensitivity to IFN-α is an important research objective.
We found that IFN-α increased ISG15 expression
in various HCC cell lines, including LH86, HLCZ01,
SMMC7721 and Huh7 cells (Fig. 1). These findings
are consistent with those of Zhu et al. based on their
analysis of ISG15 expression in Huh7 and FCA1 cells
treated with IFN-α [32]. Our results also showed that
ISG15 overexpression reduced apoptosis in Huh7 and
LH86 cells in the presence of IFN-α, but not in the absence of IFN-α, whereas the shRNA mediated knock
down of ISG15 expression increased apoptosis in both
Huh7 and LH86 cells (Fig. 2). These results differ
somewhat from those of Wan et al., who found that,
although IFN-α induced ISG15 expression in HepG2
cells, treatment with IFN-α alone did not induce apop-
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Fig. 5. The sensitivity of cancer cells to IFN-α induced apoptosis is modulated through the miR-370 mediated regulation of ISG15 expression.
After treatment with IFN-α for 48 h, (A) LH86 and (B) Huh7 cells were transfected with miR-370 and/or pFLAG-ISG15 for 24 h, (C) LH86
cells and (D) Huh7 cells treated with IFN-α for 48 h and/or transfected with anti-miR-370 for 24 h, and (E) LH86 cells and (F) Huh7 cells treated
with IFN for 48 h or/and transfected with miR-370 for 24 h. Apoptosis was assessed based on the presence of condensed chromatin and nuclear
fragmentation using DAPI staining and fluorescence microscopy. The data presented are representative of 3 independent experiments.
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Fig. 6. MiR-370 modulates the sensitivity of cancer cells to IFN-α induced apoptosis in vivo. (A) Xenograft tumors were induced in NOD/SCID
mice by implantation of Huh7 or LH86 cells infected with an adenovirus expressing miR-370, and the mice were treated with IFN-α every 3
days thereafter. (B) The mice were sacrificed 42 days after HCC cell implantation and the tumor volume was calculated. The volumes of the
(C) LH86 derived and (D) Huh7 derived tumors were compared with the control virus. The data presented are representative of 3 independent
experiments.

tosis, which suggests that HepG2 cells are less sensitive to IFN-α than Huh7 cells, and exhibit the lowest sensitivity to IFN-α among the cell lines tested in
our study [41]. Wan et al. also reported that ISG15
overexpression increased apoptosis in HepG2 cells in
the absence of IFN-α [41]. In our experiments, overexpressing ISG15 did not increase apoptosis in Huh7
and LH86 cells in the absence of IFN-α (Fig. 2C and
D), compared to the rate of apoptosis in cells without
ISG15 overexpression and no IFN-α treatment, which
suggests that the mechanism linking ISG15 expression
to apoptotic pathways in HepG2 cells is not dependent
on the expression of other IFN-α stimulated genes.
Our bioinformatic analysis suggested that miR-370
downregulated ISG15 expression in Huh7 and LH86
cells (Fig. 4) through a putative interaction between
miR-370 and the 3’-UTR of ISG15 mRNA (Fig. 3).
Xu et al. showed that miR-370 expression gradually
decreased over the course of HCC tumorigenesis in
rats, and they also showed that reduced expression
of miR-370 in tumor tissue samples was associated

with tumor progression, angiogenesis, microsatellite
tumors, capsular invasion, and poor prognosis in HCC
patients [41]. We observed significantly lower levels of miR-370 in all the HCC cell lines examined
and in most of the HCC tumor samples, compared
with LO2 cells (normal hepatocytes) and noncancerous adjacent tissues, respectively (Fig. 3). We also
showed that miR-370 expression reduced the expression of ISG15 and increased apoptosis in Huh7 and
LH86 cells treated with IFN-α (Fig. 5). In mice treated
with IFN-α, xenograft tumors derived from Huh7 or
LH86 cells overexpressing miR-370 were smaller than
those derived from Huh7 or LH86 cells without miR370 overexpression (Fig. 6). In animal experiments,
Li et al. showed that the knock down of ISG15 expression inhibited the progression of xenograft tumors
derived from HepG2 and 97L cells without IFN-α
treatment [29], which suggested that ISG15-induced
apoptosis might also involve factors other than IFN-αinduced genes.
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of LH86 and Huh7 derived xenograft tumors in mice
treated with IFN-α, compared to control tumors.
Our findings suggest that the miR-370 functions as a
tumor suppressor in HCC cells, and might be a useful
prognostic marker for HCC, especially in patients with
IFN-α resistant tumors. Therefore, large-scale studies
of miR-370 expression particularly in HCC tumor samples from patients are required to confirm our findings.
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Fig. 7. Scheme of the study findings. INF-α induced apoptosis and
concomitantly upregulated ISG15, which is a negative regulator of
its apoptotic activity. miRNA-370 leads to silencing of ISG15 via a
7-bp sequence in the 3’-UTR and interrupts apoptosis downregulation.

Li et al. have also shown that increased ISG15
expression was associated with tumor progression,
metastasis and poor survival in HCC patients without
IFN-α treatment [29]. We did not examine the effects
of miR-370 on xenograft tumors without IFN-α treatment. However, in our cell culture experiments, we
found that the level of miR-370 expression in HCC cell
lines reflected the level of IFN-α induced apoptosis
(Fig. 3). We also observed that the overexpression of
miR-370 reduced ISG15 expression both in the presence and absence of IFN-α (Fig. 4). Combined with
our results, the findings of Li et al. suggest that other
factors contribute to the miR-370 mediated regulation
of ISG15 expression in HCC cells, and our findings
are consistent with those of previous studies regarding a potential role for the reduced expression of miR370 in the tumorigenesis of HCC. In addition, our data
showed that HCC cells exhibiting reduced miR-370
expression produced larger xenograft tumors (Figs 3
and 6), suggesting that miR-370 expression might correlate with reduced sensitivity to IFN-α.
In conclusion, our results showed that miR-370
downregulates IFN-α activity, reducing ISG15 expression in Huh7 and LH86 cells through a putative miR370 target sequence in the 3’-UTR of ISG15 mRNA,
which in turn leads to recovered IFN-α activation and
enhanced apoptosis (Fig. 7). All of the HCC cell lines
and most of the HCC tumor samples that we tested had
significantly lower levels of miR-370 than the control
cells and tissues. Both the knock down of ISG15 expression and the overexpression of miR-370 increased
apoptosis in the HCC cell lines treated with IFN-α
and the overexpression of miR-370 reduced the volume
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