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The biological functions and molecular mechanisms of miR-223 action in liver cells and liver diseases remain
unclear. We therefore determined the effect and mechanism of action of miR-233 in Fas-induced hepatocyte
apoptosis and liver injury. Wild-type (WT) and miR-223 knockout (KO) mice were treated i.p. with 0.5 mg/g
body weight anti-Fas antibody Jo2, and the animals were monitored for survival and the extent of liver injury.
Although WT mice died 4 to 6 hours after Jo2 injection (nZ 6), all of the miR-223 KO mice (nZ 6) survived.
In comparison to WTmice, the miR-223 KOmice showed resistance to Fas-induced liver injury, as indicated by
less tissue damage under histopathological examination, fewer apoptotic hepatocytes under caspase-3
immunostaining, and less elevation of serum transaminases. miR-223 KO livers showed less caspase-3,
caspase-8, and caspase-9 activation and less poly (ADP-ribose) polymerase cleavage compared with WT
livers (P < 0.05). Furthermore, tail vein injection of miR-223 lentiviral vector to miR-223 KO mice restored
Jo2-induced liver injury. Transfection of miR-223 KO hepatocytes with miR-223 mimic enhanced Jo2-induced
activation of caspase-3, caspase-8, and caspase-9, whereas transfection of WT hepatocytes with the miR-223
inhibitor attenuated Jo2-induced apoptosis. These findings demonstrate that miR-223 deficiency protects
against Fas-induced hepatocyte apoptosis and liver injury. Further in vitro and in vivo data indicate that miR-
223 regulates Fas-induced hepatocyte apoptosis and liver injury by targeting the insulin-like growth factor 1
receptor. (Am J Pathol 2015, 185: 3141e3151; http://dx.doi.org/10.1016/j.ajpath.2015.08.020)
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miRNAs are short noncoding RNAmolecules that negatively
regulate gene expression predominantly by binding to
30-untranslated regions (UTRs) of the target genes. miR-223
was first implicated in the development and homeostasis of
the immune system.1e3 Subsequently, it has been recognized
that miR-223 also plays important roles in various physio-
logical and pathological processes, including inflammation,
carcinogenesis, autoimmune diseases, and several other dis-
eases.4,5 A recent study reports that miR-223 also coordinates
cholesterol homeostasis.6 In the liver, the expression of miR-
223 is increased during ischemic and reperfusion injury.7

miR-223 in hepatic macrophages (Kupffer cells) has been
shown to inhibit IL-1b production and thus suppress proin-
flammatory response during concanavalin Aeinduced acute
liver injury.8 A separate study shows that miR-223 in hepa-
tocytes down-regulates the expression of cytochrome b5,
thereby modulating cytochrome P450 activities in the liver.9

Although miR-223 is commonly repressed in hepatocellular
stigative Pathology.

.

carcinoma,10 miR-223 transfer from human macrophages
was found to inhibit hepatocellular cancer cell prolifera-
tion.11 In addition, elevated serum levels of miR-223 are
found in patients with hepatocellular carcinoma or chronic
hepatitis B virus and have the potential to serve as a
biomarker for liver injury.12 These findings suggest a
potential role of miR-223 in liver pathobiology, although
detailed biological functions and molecular mechanisms of
miR-223 action in liver cells and liver diseases remain to be
further defined.

Fas-induced hepatocyte apoptosis and liver injury are
implicated in a wide range of liver diseases, such as viral
hepatitis, alcoholic and nonalcoholic steatohepatitis,
ischemia/reperfusion injury, and fulminant hepatic liver
failure.13e20 The current study was designed to investigate

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:twu@tulane.edu
http://dx.doi.org/10.1016/j.ajpath.2015.08.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2015.08.020&domain=pdf
http://dx.doi.org/10.1016/j.ajpath.2015.08.020
http://ajp.amjpathol.org
http://dx.doi.org/10.1016/j.ajpath.2015.08.020


Qadir et al
the effect and mechanisms of miR-223 in Fas-induced
hepatocyte apoptosis and liver injury by using mice and
hepatocytes with or without miR-223 deletion. Our findings
provide novel evidence that miR-223 regulates Fas-induced
hepatocyte apoptosis and liver injury by targeting the
insulin-like growth factor receptor 1 (IGF1R) signaling
pathway.

Materials and Methods

Animal Experiments

C57BL/6 wild-type (WT) mice and miR-223 knockout (KO)
mice, obtained from the Jackson Laboratory (Bar Harbor, ME),
were maintained and propagated at the Tulane University (New
Orleans, LA) Health Sciences Center Animal Facility. Eight-
week-oldmale C57BL/6WTmice andmiR-223KOmice were
used for experiments in this study. All experimental animals
used in this study were treated according to the protocol
approved by the Institutional Animal Care and Use Committee
of Tulane University.

Liver injury induction was performed by i.p. injection
with 0.5 mg/g body weight of the anti-Fas antibody Jo2
[dissolved in sterile phosphate-buffered saline (PBS);
obtained from BD Bioscience, Franklin Lakes, NJ]. After
Jo2 injection, the mice were sacrificed at indicated time
points to assess the extent of liver injury. The liver tissues
were excised, and the specimens were fixed in 10%
formalin fixation for histological evaluation, as we previ-
ously described.21,22 Portions of the liver samples were
frozen in �80�C for protein extractions. On sacrifice,
blood samples were collected from the orbital sinus cavity
of the mice, as previously described.23 The blood samples
were centrifuged at 450 � g for 15 minutes to separate
serum from red blood cells. The sera were kept in �80�C
until alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels were measured using an
automatic analyzer at the Department of Clinical Chem-
istry, Tulane University Hospital.

For experiments using IGF1R inhibitor treatment, the mice
were injected i.p. with either dimethyl sulfoxide (Calbiochem,
EMD Millipore, Billerica, MA) or NVP-AEW541 hydrochlo-
ride (25 mg/kg body weight; Cayman Chemical, Ann Arbor,
MI) 30 minutes before Jo2 administration (0.5 mg/g of body
weight), and the animals were sacrificed 4 hours after Jo2
injection.

In selected experiments, we used preemiR-223 lentiviral
vector to restore miR-223 expression in miR-223 KO mice.
Specifically, 8-week-old miR-223 KO mice received a tail
vein injection of 200 mL of lentiviral particle solution con-
taining either scrambled control miRNA (L/control) or
preemiR-223 (L/miR-223) (purchased from Genecopoeia,
Rockville, MD). Seven days after lentiviral injections, the
mice were i.p. injected with Jo2 (0.5 mg/g of body weight).
Four hours after Jo2 injection, the animals were sacrificed
and the livers were harvested for further analysis.
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In separate experiments, pBabe-bleo-Igf1r expression
plasmid (Addgene, Cambridge, MA) was injected into
8-week-old WT mice via hydrodynamic tail vein injection.
For this purpose, a total volume of 2 mL of 20 mg/mL sterile
saline plasmid solution was administered into the tail vein of
each animal. After 72 hours, the mice were i.p. injected with
0.5 mg/g of body weight Jo2; 4 hours after Jo2 injection, the
animals were sacrificed and the livers were harvested for
further analysis.

H&E Staining

Liver samples were harvested and fixed in 10% buffered
formalin for paraffin embedding. Tissue sections (4 mm
thick) were processed for hematoxylin and eosin (H&E)
staining. Light microscopy was performed to evaluate the
extent of liver tissue damage.

Caspase Activity Assays

Cytosolic extracts from liver tissues were prepared as pre-
viously studied.24 Caspase-3/7, caspase-8, and caspase-9
activities were analyzed using the Caspase-Glo Assay Kit
(Promega Corp., Madison, WI).

Hepatocyte Isolation and Culture

Hepatocytes were isolated from WT and miR-223 KO mice
by an adaptation of the two-step collagenase perfusion
technique, as previously described.25 Cells were plated onto
6-well collagen-coated plates (BD Biosciences, San Jose,
CA) and plated at 1 � 106 cells per well. Hepatocytes were
cultured in Williams’ medium E (Invitrogen, Grand Island,
NY) that was supplemented with Hepatocyte Maintenance
Supplement Pack (Invitrogen, Carlsbad, CA) with 10% fetal
calf serum (Sigma, St. Louis, MO), 2 mmol/L L-glutamine
(Invitrogen), and antibiotic-antimycotic (Invitrogen). The
cells were allowed to adhere to the surface of the collagen-
coated plates for at least 2 hours before proceeding forward
with transfection or Jo2 treatment procedures. Cell lysates
were obtained for Western blot analysis and caspase activity
measurement.

Hepatocyte Transfection

Hepatocytes were harvested from both WT and miR-223
KO mice and plated onto collagen-coated 6-well plates
(BD Biosciences, San Jose, CA) at 1� 106 per well. After 2
hours of cell attachment, WT hepatocytes were transfected
with control miRNA (Qiagen, Valencia, CA) or miR-223
inhibitor (Qiagen). miR-223 KO mice were transfected
with control miRNA (Qiagen) or miR-223 mimic (Qiagen).
These transfection processes were used with Targefect F2
plus Virofect enhancer (Targeting Systems, El Cajon, CA).
In separate experiments, WT and miR-223 KO hepatocytes
were transfected with IGF1Ra/b siRNA (Santa Cruz
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Deletion of miR-223 prevents Fas-
induced liver injury. A: Wild-type (WT) and miR-
223 knockout (KO) mice were i.p. injected with
0.5 mg/g Jo2 per 1 g body weight, and the animal
survival was recorded at hourly intervals. B: Gross
images of livers from WT and miR-223 KO mice 4
and 6 hours after Jo2 injection. C: Serum trans-
aminase levels [alanine aminotransferase (ALT)
and aspartate aminotransferase (AST)] fromWT and
miR-223 KO mice (4 and 6 hours after Jo2 treat-
ment). Jo2-treated miR-223 KO mice show lower
serum ALT and AST levels compared with Jo2-
treated WT mice. D: Hematoxylin and eosin stain-
ing of liver tissues from WT and miR-223 KO mice
(0, 4, and 6 hours after Jo2 injection). E: Caspase-3
immunostaining of liver tissues from WT and miR-
223 KO mice (0, 4, and 6 hours after Jo2 injec-
tion) and the percentages of caspase-3epositive
cells. F: Relative fold expression of miR-223 in WT
and miR-223 KO livers, as determined by quanti-
tative real-time PCR. Data represent means� SD of
fold changes (C). N Z 6 per group (A). *P < 0.05,
**P < 0.01, and ***P < 0.001. Original magnifi-
cation, �100 (D and E).

miR-223 Protects against Liver Injury
Biotechnology, Santa Cruz, CA) using Targefect F2 plus
Virofect enhancer. The cells were then incubated with
0.2 mg/mL Jo2 for 4 hours. Cell lysates were obtained for
Western blot analysis.

Luciferase Reporter Assay

The 30-UTR of mouse IGF1R was cloned downstream of the
firefly luciferase reporter gene in pMIR-REP-dCMV vector
(Flemington Lab, Tulane Medical Center, New Orleans, LA).
Mutated IGF1R plasmid was constructed using the Quick
Change II XL Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, CA). The primers for the cloning
were as follows: forward, 50-TATACGCGTAGAGACAGC-
CTTACGCTCAC-30 (MluI); reverse, 50-GTGAAGCTTCA-
ATTCTCGAGTGTCCTGTTGC-30 (HindIII). The mutagenic
The American Journal of Pathology - ajp.amjpathol.org
primers were as follows: forward, 50-CTTTACCCGAACCC-
TTGACCGACATGGGCCTCTGC-30; reverse, 50-GCAGAG-
GCCCATGTCGGTCAAGGGTTCGGGTAAAG-30. Hep-
atocytes were isolated from WT mice and plated onto
collagen-coated 6-well plates at a density of 1 � 106 cells
per well. After 2 hours of cell attachment, primary hepato-
cytes were transfected with miR-223 mimic (Qiagen) or
control miRNA (Qiagen) using Targefect F2 plus Virofect
enhancer (Targeting Systems). Twelve hours later, the he-
patocytes were transfected with the 30-UTR-IGF1R and
mutants using Targefect-Hepatocyte reagent (Targeting
Systems). Hepatocytes were harvested 24 hours after plasmid
transfection. Luciferase activity was measured by centro xs3
lb 960 microplate luminometer (Berthold Technologies, Bad
Wildbad, Germany) using a dual-luciferase reporter assay
system (Promega, Madison, WI).
3143
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Figure 2 Deletion of miR-223 protects against
Fas-induced caspase activation and poly (ADP-
ribose) polymerase (PARP) cleavage. A: Wild-type
(WT) and miR-223 KO mice were i.p. injected with
0.5 mg/g body weight Jo2. The liver tissues were
harvested 0, 4, and 6 hours after Jo2 injection and
processed for caspase (Casp) activity assays. The
levels of caspase-3, caspase-8, and caspase-9 in
miR-223 knockout (KO) livers are significantly
lower compared with WT livers. B: Western blot
analysis of liver tissue samples for caspase-3,
caspase-8, and caspase-9 and PARP. Jo2 induces
less cleavage of caspase-3, caspase-8, caspase-9,
and PARP in miR-223 mice compared with WT
mice. The result represents three individual ex-
periments. The results represent means � SD of
fold changes (A). NZ 6 per group (A). *P < 0.05,
**P < 0.01.
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Quantitative Real-Time RT-PCR

Total RNA was extracted from the liver tissues with TRIzol
(Invitrogen) and RNA reverse transcribed using Qiagen
miScript RT kit (Qiagen). Qiagen miScript SYBR Green
PCR kit and miR-223 miScript Primer Assay were used on
the Bio-Rad (Hercules, CA) C1000 Thermal Cycler to
determine the expression level of miR-223.

Western Blot Analysis

Proteins were isolated from liver tissue by lysing with NP-
40 lysis buffer with one tablet of protease inhibitor cocktail
(Roche Life Science, Indianapolis, IN) and one tablet of
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phosphatase inhibitor cocktail (Roche Life Science) in 10
mL lysis buffer. The homogenates were spun at 12,000� g
for 15 to 20 minutes at 4�C, where the supernatants were
collected to measure protein concentration. After boiling
for 10 minutes in the presence of 10% b-mercaptoethanol,
the samples were separated by SDS-PAGE, transferred
onto a nitrocellulose membrane (Bio-Rad), and then
blocked in 10% dry nonfat milk/PBS with Tween 20 (PBS
with 0.1% Tween 20) for 1 hour at room temperature. The
blots were incubated with primary antibody in PBS with
Tween 20 (1:1000 dilution) overnight at 4�C. After three
washes, membranes were then incubated with secondary
antibody (IRDye 680LT/IRDye 800CW secondary anti-
bodies; LI-COR, Lincoln, NE) in PBS with Tween 20
o2
F-1R (95 kDa) 

-Akt308  (60 kDa) 

kt (60 kDa)

-ac�n

-IGF-1R (95 kDa) 

 Jo2

Figure 3 Deletion of miR-223 enhances
insulin-like growth factor 1 receptor (IGF1R)
signaling during Fas-induced liver injury. Wild-
type (WT) and miR-223 knockout (KO) mice were
i.p. injected with 0.5 mg/g body weight Jo2. In
silico analysis for target gene prediction using
TargetScan led to identification of Igf1r as a
candidate gene of miR-223 target. Western blot
analysis was performed to measure the levels of
IGF1R and p-IGF1R as well as its downstream
target Akt. The miR-223 KO livers show higher
levels of IGF1R, p-IGF1R, and p-Akt compared with
WT livers after Jo2 treatment. Representative
Western blots and the average densitometry data
are shown. Data indicate means � SD. N Z 6 per
group. *P < 0.05.
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Figure 4 The effect of insulin-like growth
factor 1 receptor (IGF1R) inhibitor on Fas-induced
liver injury. Wild-type (WT) and miR-223 knockout
(KO) mice were injected with 25 mg/kg of body
weight IGF1R inhibitor (NVP-AEW541) or vehicle
[dimethyl sulfoxide (DMSO)] 30 minutes before
injection with 0.5 mg/g body weight Jo2 (the
animals were sacrificed 4 hours after Jo2 injec-
tion. A: The levels of serum transaminases
[alanine aminotransferase (ALT) and aspartate
aminotransferase (AST)]. B: Representative he-
matoxylin and eosin staining of the liver tissues.
C: Caspase-3 immunostaining of the liver tissues.
The percentages of caspase-3epositive cells are
shown. D: Caspase-3, caspase-8, and caspase-9
activities in the liver tissues. The data are
expressed as means � SD (A) or means � SD of
fold changes (D). NZ 6 per group (A); NZ 3 (D).
*P < 0.05, **P < 0.01. Original magnification,
�100 (B and C).

miR-223 Protects against Liver Injury
(1:10,000 dilution) for 60 minutes at room temperature or
4�C overnight. Signals were visualized by ODYSSEY
infrared imaging system (LI-COR Biosciences, Lincoln,
NE). The primary antibodies used include IGF1R,
phospho-IGF1R, phospho-Akt, poly (ADP-ribose) poly-
merase, caspase-3, cleaved caspase-8, and caspase-9 (Cell
Signaling Technology, Beverly, MA); goat anti-rabbit or
goat anti-mouse secondary antibodies were purchased
from LI-COR Biosciences.
Statistical Analysis

Statistical analyses were performed using SPSS version 13.0
(SPSS Inc, Chicago, IL) and Microsoft Excel (Redmond,
WA). Comparison between two groups was analyzed using
paired t-test. To measure mortality rates, Kaplein-Meier
analysis (log-rank) was used. P value of 0.05 or less was
considered statistically significant.
The American Journal of Pathology - ajp.amjpathol.org
Results

miR-223DeletionProtects against Fas-Induced Liver Injury

To investigate the potential role of miR-223 in Fas-induced
liver injury, miR-223 KOmice and age-/sex-matched C57BL/6
WT mice were injected i.p. with a single dose of 0.5 mg/g of
body weight anti-Fas antibody Jo2, and the animals were
observed hourly to assess mortality. Although all of the WT
mice died within 8 hours after Jo2 injection, all of the miR-223
KO mice survived beyond the 72-hour time point (P < 0.01,
Kaplan-Meier analysis and log-rank test) (Figure 1A).

On gross examination, the livers of miR-223 KO mice
showed less injury compared with the livers of WT mice
(Figure 1B). At the 4-hour time point after Jo injection, the
WT livers became red and dark because of parenchymal
hemorrhage/congestion; in contrast, the miR-223 KO
livers displayed a normal pink/pale appearance. At 6 hours
after Jo2 injection, the WT livers developed massive
3145
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Figure 5 Insulin-like growth factor 1 receptor (IGF1R) is a direct
target of miR-223. A: Putative miR-223 binding site in IGF1Re30-un-
translated region (UTR). The IGF1Re30-UTR sequence that contains seven
base nucleotides interacting with miR-223 and the sequence of IGF1Re30-
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decreases the IGF1R 30-UTR luciferase activity when the cells were trans-
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when the miR-223 binding site at the IGF1R 30-UTR is mutated.
**P < 0.01.
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hepatic hemorrhaging and became extremely dark,
whereas the miR-223 KO livers continued to show near
normal appearance. The miR-223 KO mice showed
significantly lower levels of transaminases (ALT and AST)
compared with the WT mice (Figure 1C).

Histological examination of the harvest liver tissues (H&E
stain) revealed massive parenchymal hemorrhage and paren-
chymal damage in WT livers, but no damage in miR-223 KO
livers (Figure 1D). Caspase-3 immunostaining of the harvested
liver tissues confirmed a significantly lower percentage of
apoptotic hepatocytes in miR-223 KO livers compared with
WT livers (Figure 1E). Deletion ofmiR-223 in themiR-223KO
livers was confirmed by quantitative real-time PCR analysis
(Figure 1F). Taken together, our findings indicate that miR-223
deletion protects against Fas-induced liver injury.

miR-223 Deletion Protects against Fas-Induced
Hepatocyte Apoptosis

Caspase-8 activation is essential for death receptoremediated
apoptosis, and this process leads to subsequent activation of
caspase-3/7 and caspase-9. Because these three caspases are
known to be implicated in Fas-induced apoptosis, we docu-
mented the activation of caspase-3, caspase-8, and caspase-9 in
the liver tissue samples fromWTandmiR-223KOmicewith or
without Jo2 treatment. Caspase activity assays revealed lower
levels of caspase-3, caspase-8, and caspase-9 activities in miR-
223 KO livers compared with WT livers after 4 and 6 hours of
Jo2 treatment (Figure 2A). Accordingly, Western blot analysis
showed reduced cleavage of caspase-3, caspase-8, and caspase-
9 as well as decreased cleavage of poly (ADP-ribose) poly-
merase in miR-223 KO livers (Figure 2B).

Deletion of miR-223 Enhances IGF1R Signaling during
Fas-Induced Liver Injury

We performed in silico analyses for target gene prediction by
using algorithms from TargetScan and MirnaTarget (http://
www.targetscan.org and http://www.microrna.org/microrna/
getMirnaForm.do, respectively; last accessed June 6, 2013),
which led to the identification of IGF1R as a target of miR-223.
Western blot analysis showed elevated IGF1R in miR-223 KO
livers compared with WT livers after Jo2 treatment (Figure 3).
Enhanced phosphorylation of IGF1R and its downstream
molecule, Akt, was also observed in miR-223 KO livers
compared with WT livers after Jo2 treatment. The levels of
IGF1R, p-IGF1R, and p-Akt did not significantly differ be-
tween WT and miR-223 KO livers when the mice were not
treated with Jo2.

Inhibition of IGF1R Partially Reverses miR-223
Deletion-Mediated Protection against Fas-Induced
Liver Injury

To determine the role of IGF1R in mediating miR-223
effect in the liver, we treated WT and miR-223 KO mice
3146
with IGF1R inhibitor (NVP-AEW541) 30 minutes before
0.5 mg/g of body weight Jo2 injection; the animals were
sacrificed 4 hours after Jo2 injection. Treatment with the
IGF1R inhibitor NVP-AEW541 partially sensitized miR-
223 KO mice to Jo2-induced liver injury, as demonstrated
by analyses for serum ALT/AST levels (Figure 4A), his-
tological examination of the liver tissues (H&E staining)
(Figure 4B), caspase-3 immunostaining of the liver tissues
(Figure 4C), and assessment for hepatic caspase-3,
caspase-8, and caspase-9 activities (Figure 4D). These
findings suggest the involvement of IGF1R in miR-223
deletion-mediated protection against Fas-induced liver
injury. In our system, we observed that pretreatment with
the vehicle dimethyl sulfoxide attenuated Jo2-induced
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 A: The effect of hepatocyte miR-223
on Jo2-induced apoptosis. Left panels: Primary
hepatocytes isolated from wild type (WT) were
transfected with miR-223 inhibitor or control
miRNA inhibitor for 24 hours; the cells were then
treated with 0.5 mg/mL Jo2 for 4 hours, and
the cell lysates were analyzed for caspase-3,
caspase-8, and caspase-9 activities. Right
panels: miR-223 isolated from miR-223 knockout
(KO) mice were transfected with miR-223 mimic
(syn-mmu-miR-223-3p) or control miRNA mimic
for 24 hours. The cells were then treated with 0.5
mg/mL Jo2 for 4 hours, and the cell lysates were
analyzed for caspase-3, caspase-8, and caspase-9
activities. B: The effect of siRNA knockdown of
insulin-like growth factor 1 receptor (IGF1R).
Hepatocytes isolated from WT or miR-223 KO mice
were transfected with IGF1R siRNA or control
siRNA for 24 hours, followed by cells treated with
0.5 mg/mL Jo2 for 4 hours. The cell lysates were
then obtained to determine caspase-3, caspase-8,
and caspase-9 activities. The efficiency of IGF1R
depletion by siRNA is shown verified by Western
blot analysis. The data are expressed as
means � SD of fold changes (A and B). N Z 3 (A
and B). *P < 0.05.

miR-223 Protects against Liver Injury
transaminase increase and caspase activation (compared
with the data in Figures 1 and 2).

miR-223 Directly Targets IGF1R in Hepatocytes

We identified a putative miR-223 binding site in the 30-UTR of
IGF1R (Figure 5A). To determine whether this predictive site is
involved in miR-223 targeting of IGF1R in hepatocytes, we
constructed a mouse IGF1R 30-UTR luciferase reporter plasmid
(containing the putative miR-223 binding site); the reporter
construct was transfected into mouse primary hepatocytes, and
the cells were then treated with miR-223 mimic or scramble
control miRNA. miR-223 mimic treatment significantly
reduced the IGF1R 30-UTR luciferase reporter activity; this
effect was abolished when the miR-223 binding site in the
IGF1R 30-UTR was mutated (Figure 5B). These findings
establish that miR-223 directly targets IGF1R in hepatocytes.

miR-223 Plays an Important Role in Fas-Induced
Primary Hepatocyte Apoptosis

To assess the impact of miR-223 on Fas-induced hepatocyte
apoptosis, we isolated hepatocytes from WT mice; the cells
The American Journal of Pathology - ajp.amjpathol.org
were then transfected with miR-223 inhibitor or control
miRNA before Jo2 treatment. We observed that miR-223
inhibitor treatment attenuated Jo2-induced activation of
caspase-3, caspase-8, and caspase-9 (Figure 6A). As a par-
allel approach, we further isolated hepatocytes frommiR-223
KO mice; the cells were then transfected with miR-223
mimic or control miRNA before Jo2 treatment. In the latter
system, we observed that miR-223 mimic potentiated Jo2-
induced activation of caspase-3, caspase-8, and caspase-9
(Figure 6A). These findings demonstrate that miR-223 in
hepatocytes enhances Fas-induced apoptosis.
IGF1R Is Implicated in Fas-Induced,
miR-223eModulated Hepatocyte Apoptosis

To further investigate the role of IGF1R in Fas-induced
hepatocyte apoptosis, we used siRNA to knock down
IGF1R in WT and miR-223 KO hepatocytes. Although
siRNA knockdown of IGF1R in WT hepatocytes variably
influenced Jo2-induced activation of caspases, siRNA knock-
down of IGF1R in miR-223 KO hepatocytes consistently
enhanced Jo2-induced activation of caspase-3, caspase-8, and
3147
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Figure 7 Restoration of miR-223 in miR-223
knockout (KO) mice enhances Fas-induced liver
injury. miR-223 KO mice at 8 weeks of age were
injected with lentiviral particles expressing preemiR-
223 (L/miR-223) or with lentiviral particles express-
ing control miRNA (L/control) via tail vein injections.
Seven days after tail vein injections, the mice were
treated with 0.5 mg/g body weight Jo2 for 4 hours;
the animals were sacrificed and the livers were har-
vested for further analyses [hematoxylin and eosin
(H&E) stain, caspase-3 immunostain, caspase activity
assay, and Western blot analysis]. A: Gross images
depicting greater Jo2-induced liver injury in L/miR-
223einjected mice compared with L/control-
injected animals. B: The levels of miR-223 in the
livers of miR-223 KO mice receiving L/control or
L/miR-223, as determined by quantitative real-time
PCR analysis. C: The levels of serum transaminases
[alanine aminotransferase (ALT) and aspartate
aminotransferase (AST)] in the L/control and L/miR-
223einjected mice (with or without Jo2 treatment).
D: H&E staining of the liver tissues showing more
prominent liver injury in L/miR-223einjected
compared with L/control-injected mice after Jo2
treatment. E: Caspase-3 immunostaining of the liver
tissues showing more prominent hepatocyte
apoptosis in L/miR-223einjected compared with
L/control-injected mice after Jo2 treatment. The
percentages of caspase-3epositive cells are depicted
in the bar graph. F: Caspase Glo assay shows
increased caspase-3, caspase-8, and caspase-9
activities in L/miR-223einjected compared with
L/control-injected mice after Jo2 treatment. The
results are presented as means � SD (C) or
means � SD of fold changes (F). N Z 3 for each
group (A and CeE). *P< 0.05, **P< 0.01. Original
magnification, �100 (E).
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caspase-9 (Figure 6B). These findings further support the role
of IGF1R in Fas-induced, miR-223emodulated hepatocyte
apoptosis.

Restoring miR-223 Expression in miR-223 KO Mice
Enhances Fas-Induced Liver Injury

miR-223 KO mice at 8 weeks of age were administered
lentiviral particles containing preemiR-223 (L/miR-223;
NZ 6) or scrambled control miRNA (L/control; NZ 6) in
200 mL of sterile saline via tail vein injections. After 7
days, the mice were treated via i.p. injection with 0.5 mg/g
of body weight Jo2 for 4 hours. Overexpression of miR-
223 increased Jo2-induced liver injury, as indicated by
examination of gross images (Figure 7A), serum transaminase
levels (Figure 7C), liver tissue histological evaluation
3148
(Figure 7D), caspase-3 immunostaining (Figure 7E), and cas-
pase activity assays (Figure 7F). The efficiency of miR-223
overexpression was confirmed by quantitative real-time PCR
analysis (Figure 7B). These findings demonstrate that
restoration of miR-223 enhances Fas-induced liver injury
in vivo. For mice receiving control lentiviral particles, we
observed that Jo2 treatment increased caspase-3 activity,
with a slight increase in caspase-9 and caspase-8 activities
and ALT/AST levels; this variation likely relates to the use
of control lentiviral particles.

IGF1R Overexpression Prevents Fas-Induced Liver
Injury

To further determine the role of IGF1R in Fas-induced
liver injury, we performed hydrodynamic tail vein
ajp.amjpathol.org - The American Journal of Pathology
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injection of the IGF1R expression plasmid (pBabe-bleo-
Igf1r) or the control plasmid in WT mice; 72 hours after
the tail vein injection, the mice were i.p. treated with
0.5 mg/mg Jo2 for 4 hours. We observed that forced
overexpression of IGF1R prevented a Jo2-induced increase
of serum transaminases (Figure 8A). Overexpression of
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IGF1R also attenuated Jo2-induced increase of caspase-3
and caspase-8 activities (Figure 8B). Successful over-
expression of IGF1R protein in the liver tissues injected
with the IGF1R expression plasmid was confirmed by
Western blot analysis (Figure 8C). These results support
the importance of IGF1R for protection against Fas-
induced liver injury. We observed that Jo2 treatment
induced a relatively low level of caspase 3/7 activation or
transaminases increase in mice receiving hydrodynamic
tail vein injection of control plasmid; this was likely
because of the hydrodynamic tail vein injection procedure
or the use of control plasmid.

The Effect of miR-223 on Fas-Induced Apoptosis in
HepG2 Cells

Given the effect of miR-223 on Fas-induced mouse he-
patocyte apoptosis in vitro and liver injury in vivo, as
documented in the above sections, we sought to further
examine whether miR-223 might influence Fas-induced
apoptosis in transformed human hepatocytes (HepG2
cells). To this end, the HepG2 cells were transfected with
synthetic human miR-223 mimic or control miRNA
mimic, followed by treatment with 200 ng/mL FasL or
vehicle for 24 hours. We observed that transfection of
HepG2 cells with miR-223 mimic did not significantly
alter FasL-induced apoptosis. The caspase-3/7 and
caspase-8 activities were similar between HepG2 cells
transfected with miR-223 mimic and control miRNA
mimic (Supplemental Figure S1). Therefore, although
miR-223 is able to enhance Jo2-induced mouse hepato-
cyte apoptosis in vitro and in vivo, it does not significantly
alter the sensitivity of HepG2 cells to FasL-induced
apoptosis in vitro.

Discussion

miRNAs have been implicated in several liver diseases,
including acute liver injury, nonalcoholic fatty liver dis-
ease, and nonalcoholic steatohepatitis, in hepatitis B
virus/hepatocellular carcinoma infections, and in hep-
atocarcinogenesis.26e29 In the present study, we describe
a novel role of miR-223 in Fas-induced liver injury in
Figure 8 Insulin-like growth factor 1 receptor (IGF1R) overexpression
protects wild-type (WT) mice against Fas-induced liver injury. WT mice
received 20 mg/mL of IGF1R expression plasmid (pBabe-bleo-IGF1R) or
control plasmid via hydrodynamic tail vein injection. Forty-eight hours
after tail vein injection, the mice were treated with 0.5 mg/g body weight
of Jo2 via i.p. injection. A: Serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels. IGF1R overexpression attenuates
Jo2-induced transaminase increase. B: Caspase-3 and caspase-8 activities
in the liver tissues. IGF1R overexpression attenuates Jo2-induced acti-
vation of caspase-3 and caspase-8. C: Immunostaining for activated
caspase-3 in the liver tissues. The bar graph shows percentages of caspase-
3epositive cells. *P < 0.05, **P < 0.01. Original magnification, �100 (C).
Vc, vector control plasmid.
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mice. Our data indicate that miR-223 deletion protects
against Fas-induced mouse hepatocyte apoptosis and liver
injury. After Jo2 treatment, the miR-223 KO mice sur-
vived longer with less hepatocyte apoptosis/liver injury
compared with the WT mice; such protection was
reversed by lentiviral delivery of miR-223. The role of
miR-223 in Fas-induced mouse hepatocyte apoptosis was
further documented in primary hepatocytes isolated from
WT and miR-223 KO mice (miR-223 inhibition attenu-
ated Jo2-induced activation of caspase-3, caspase-8, and
caspase-9 in WT hepatocytes; miR-223 mimic enhanced
Jo2-induced activation of caspase-3, caspase-8, and
caspase-9 in miR-223 KO hepatocytes). Collectively, our
findings demonstrate an important role of hepatocyte
miR-223 for regulation of Fas-induced mouse hepatocyte
apoptosis.

IGF1R is a transmembrane tyrosine kinase receptor
implicated in liver injury and hepatic cell growth.30,31 In
our study, we observed that up-regulation of the IGF1R
signaling pathway protected miR-223edeficient mice
against Fas-induced liver injury. Our data suggest that
miR-223 regulates Fas-induced hepatocyte apoptosis and
liver injury by directly targeting IGF1R. This assertion is
on the basis of the following observations: i) IGF1R pro-
tein expression levels were significantly increased in miR-
223 KO livers and hepatocytes; ii) luciferase reporter
activity assays using IGF1Re30-UTR reporter constructs,
with or without miR-223 binding site mutation, confirmed
IGF1R as a direct target of miR-223 in hepatocytes; iii)
transfection of hepatocytes with IGF1R siRNA enhanced
Fas-induced apoptosis in vitro; iv) IGF1R inhibition restored
Fas-induced hepatocyte apoptosis and live injury in vivo; and v)
IGF1R overexpression in WT mice prevented Jo2-induced
hepatocyte apoptosis and liver injury in vivo.

Fas is a cell surface protein that belongs to the tumor
necrosis factor receptors superfamily32; stimulation of Fas
by its ligand (FasL) causes rapid assembly of the death-
inducing signaling complex leading to apoptosis.33e35 It
is noticeable that Fas-induced hepatocyte apoptosis is
implicated in various liver diseases, including viral hepa-
titis, alcoholic and nonalcoholic steatohepatitis, ischemia/
reperfusion injury, and acute hepatic liver failure.13e20 In
this context, data presented in the current study establish an
important role of hepatocyte miR-223 for regulation of
Fas-induced apoptosis. Our results are further underlined
by the increasingly recognized contribution of miR-223 to
liver pathobiology and the involvement of Fas-induced
apoptosis in liver injury and liver diseases.

In summary, this study describes a novel role of
miR-223 for regulation of Fas-induced mouse hepato-
cyte apoptosis and liver injury by targeting the IGFR1.
Further studies are needed to evaluate the implication of
the miR-223/IGFR1 signaling pathway in human hepa-
tocytes and to determine whether this signaling cascade
can be targeted for the treatment of human liver injury
and liver diseases.
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