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Significance of this study

What is already known about this subject?
 ► FOXO3a regulates various cellular 
and biological functions including cell 
proliferation and death.

 ► FOXO3a can be post- translational modified 
by phosphorylation, ubiquitination and 
acetylation.

 ► Post- translational modification regulates 
FOXO3a’s stability and activity.

What are the new findings?
 ► FOXO3a can be ISGylated.
 ► ISGylation of FOXO3a determines FOXO3a 
half- life.

 ► USP18 negatively regulates FOXO3a 
ISGylation.

 ► FOXO3a overexpression attenuates 
transforming growth factor (TGF)-β1 
signaling.

How might these results change the focus 
of research or clinical practice?

 ► This is first report to reveal a new 
modification of FOXO3a.

 ► This study will open a new window to 
understand molecular regulation of 
FOXO3a.

 ► Understanding the mechanism lead to 
develop new therapeutic strategies to treat 
TGF-β1- mediated fibrotic diseases.

AbSTrACT
FOXO3a belongs to a family of transcription factors 
characterized by a conserved forkhead box DNA- 
binding domain. It has been known to regulate 
various cellular processes including cell proliferation, 
apoptosis and differentiation. Post- translational 
modifications of FOXO3a and their roles in the 
regulation of FOXO3a activity have been well- 
documented. FOXO3a can be phosphorylated, 
acetylated and ubiquitinated, however, the 
ISGylation of FOXO3a has not been reported. 
Protein overexpression, ISGylation and half- life 
were measured to determine the post- translational 
modification of FOXO3a. Human fibroblast cells were 
treated with transforming growth factor (TGF)-β1 to 
determine the role of FOXO3a ISGylation in TGF-β1 
signaling. FOXO3a’s half- life is around 3.7 hours. 
Inhibition of the proteasome, not lysosome, extends 
its half- life. ISGylation, but not ubiquitination 
of FOXO3a, is increased in the presence of the 
proteasome inhibitor. Overexpression of ISG15 
increases FOXO3a degradation, while overexpression 
of USP18 stabilizes FOXO3a through de- ISGylation. 
These results suggest that FOXO3a is degraded in 
the ISGylation and proteasome system, which can be 
reversed by USP18, an ISG15- specific deubiquitinase. 
This study reveals a new molecular mechanism by 
which ISGylation regulates FOXO3a degradation. 
Furthermore, we show that the overexpression of 
FOXO3a attenuated TGF-β1- induced fibronectin 
expression in human lung fibroblast cells without 
altering Smad2/3 expression and activation. FOXO3a 
can be ISGylated, which can regulate FOXO3a 
stability. USP18/FOXO3a pathway is a potential 
target for treating TGF-β1- mediated fibrotic diseases 
such as idiopathic pulmonary fibrosis.

InTrOduCTIOn
Forkhead box (FOX) proteins contain a DNA- 
binding domain and function as transcription 
factors. In mammals, the FOX protein family 
consists of A to S subgroups based on their 
structural similarity. FOXO3a belongs to the 
class O subgroup and plays important roles in 
regulating various gene expressions and diverse 
cellular and biological processes. FOXO3a 
is known to suppress cell proliferation and 
promote cell death and function as a tumor 

suppressor.1–3 FOXO3a transcriptional activity 
upregulates the gene expression of cell cycle 
inhibitors (such as p27 and p21) and apoptosis- 
related proteins (such as Bim, FasL, TRAIL and 
PUMA).4–6 FOXO3a also plays an important 
role in autophagy.7 8 Recently, the role of 
FOXO3a in transforming growth factor (TGF)-
β1- mediated signaling has been demonstrated. 
TGF-β1 treatment induced nuclear exclusion 
of FOXO3a and inhibited its transcriptional 
activity in mesangial cells,9 while TGF-β1 treat-
ment increased FOXO3a nuclear transloca-
tion in leukemia- initiating cells.10 An increase 
in FOXO3 mRNA by a PKC inhibitor (UCN-
01) significantly inhibited TGF-β1- induced 
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myofibroblast differentiation markers (Col1A1 and smooth 
muscle actin).11

Post- translational modifications of FOXO3a has been 
shown to determine FOXO3a activity and biological 
functions. Phosphorylation of FOXO3a is primarily regu-
lated by the PI3K/Akt signaling pathway.12–14 Activation 
of Akt triggers FOXO3a serine/threonine phosphoryla-
tion, thereby leading to its nuclear exclusion.12–14 Other 
kinases such as JNK and MST1 have been identified 
to phosphorylate FOXO3a, while the kinase- induced 
phosphorylation promotes its nuclear translocation.15 16 
Acetylation of FOXO3a is mediated by CBP/p300, which 
attenuates FOXO3a transcriptional activity,17 18 while the 
effect can be reversed by the deacetylation of FOXO3a 
by SIRT1.19 Both phosphorylation and acetylation of 
FOXO3a trigger FOXO3a degradation.20 Ubiquitination 
of FOXO3a is believed to increase its degradation in the 
proteasome.21 22

Similar to ubiquitination, ISGylation is important for 
protein localization and turn over. Interferon- stimulated 
gene 15 (ISG15) is an ubiquitin- like protein and it can cova-
lently conjugate to target proteins to induce ISGylation.23 24 
Even several ubiquitin E3 ligases have been identified to 
catalyze ISGylation, USP18 is the major enzyme known for 
de- ISGylation.25 The role of ISGylation in protein stability 
has been studied, while the effect of ISGylation on protein 
degradation in the proteasome is controversial. Huang and 
Bulavin reported that ISGylation increased p53 protea-
somal degradation,26 while others believed that ISGylation 
negatively regulates the ubiquitin- proteasome system.24 
Here, we found that FOXO3a can be ISGylated and ISG15 
facilitates FOXO3a degradation, the effects are reversed by 
the overexpression of USP18. Furthermore, we show that 
the stabilization of FOXO3a attenuates TGF-β1- induced 
fibronectin expression in human lung fibroblast cells. This 
study indicates that the ISGylation of FOXO3a may play 
an important role in TGF-β1- mediated extracellular matrix 
accumulation in fibroblast cells.

MATerIAlS And MeTHOdS
Cell culture and reagents
Human bronchial epithelial cell line (HBE2) was cultured 
with HITES medium containing 10% fetal bovine serum 
(FBS). HEK293 cells were cultured with Dulbecco’s 
Modified Eagle Medium containing 10% FBS. Human 
lung fibroblast cells (Mrc5) were cultured with Eagle’s 
Minimum Essential Medium containing 10% FBS. V5 
antibody, pcDNA3.1/His V5 TOPO plasmid and Esche-
richia coli top 10 competent cells were from Invitrogen 
(Carlsbad, California, USA). MG-132 was from Calbio-
chem (La Jolla, California, USA). Leupeptin, cyclohexi-
mide and β-actin antibody were from Sigma- Aldrich (St. 
Louis, Missouri, USA). Immobilized protein A/G beads, 
ubiquitin antibody and ISG15 antibody were from Santa 
Cruz Biotechnology (Santa Cruz, California, USA). 
Smad2/3, p- Smad2/3, fibronectin, smooth muscle actin 
and FOXO3a antibodies were from Cell Signaling Tech-
nology (Danvers, Massachusetts, USA). All materials used 
in the experiments were in the highest grades commer-
cially available.

In vivo ubiquitination and ISGylation assay
This is a modified IP protocol under denaturing conditions. 
Cells were washed and collected with cold phosphate- 
buffered saline (PBS). After centrifuging at 1000 rpm for 
5 min, 50–80 µL of 2% sodium dodecyl sulfate (SDS) lysis 
buffer containing 1 µg/mL ubiquitin aldehyde and 5 mM 
N- ethylmaleimide (NEM) were added to cell pellets and 
then sonicated on ice for 12 s followed by boiling at 100°C 
for 10 min. The denatured samples were diluted with PBS. 
Equal amounts of cell lysates (1 mg) were incubated with 
a FOXO3a antibody overnight at 4°C, followed by the 
addition of 40 µL of protein A/G agarose and incubation 
for an additional 2 hours at 4°C. The immunoprecipi-
tated complex was washed three times with cold PBS and 
analyzed by immunoblotting with antibodies against ubiq-
uitin and ISG15.

Immunoblotting
Cells were washed with cold PBS and collected in the cell 
lysis buffer containing 20 mM Tris·HCl (pH 7.4), 150 mM 
NaCl, 2 mM EGTA (ethylene glycol- bis(β-aminoethyl 
ether)- N,N,N′,N′-tetraacetic acid), 5 mM β-glycerophos-
phate, 1 mM MgCl2, 1% Triton X-100, 1 mM sodium ortho-
vanadate, 10 µg/mL protease inhibitors, 1 µg/mL aprotinin, 
1 µg/mL leupeptin and 1 µg/mL pepstatin. An equal amount 
of cell lysates (20 µg) was subjected to SDS- PAGE without 
boiling, electrotransferred to membranes and immuno-
blotted following standard protocol.

Transfection of plasmids
Human FOXO3a and USPs cDNA were inserted into 
pcDNA3.1/V5- His TOPO expression vectors (Invit-
rogen). Human ISG15 cDNA with HA tag was inserted 
into pcDNA3.1 TOPO expression vector. HBE2 or Mrc5 
cells were grown on 6- well plates or D100 dishes to 
60%–70% confluence. The cells were then transfected with 
varying amounts of plasmid using the Polyjet In vitro DNA 
Transfection Reagent (SignaGen Laboratories) system based 
on the manufacturer’s protocol.

Statistical analysis
All results were subjected to statistical analysis using 
one- way analysis of variance. The data are presented as 
mean±SD. Data were collected from at least three indepen-
dent experiments, and p<0.05 was considered to be statis-
tically significant (*p<0.05; **p<0.01).

reSulTS
determination of FOXO3a half-life
FOXO3a plays an important role in various cellular 
processes by regulating gene expression related to cell 
death and proliferation. Several studies have focused on 
investigating FOXO3a stability, while the half- life of endog-
enous FOXO3a has not been well- studied. We examined 
FOXO3a’s half- life in HBE2 and HEK293 cells in the pres-
ence of cycloheximide (CHX), a protein synthesis inhibitor. 
As shown in figure 1A and B, the half- life of endogenous 
FOXO3a is around 3.6–3.8 hours in both cell types, indi-
cating that FOXO3a is a not stable protein and its protein 
level may be regulated by protein turnover.
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Figure 1 FOXO3a is degraded in the presence of cycloheximide (CHX). HBE2 cells (A) and HEK293 cells (B) were treated with CHX (20 µg/
mL) for the indicated incubation times. Cell lysates were analyzed by immunoblotting with FOXO3a and β-actin antibodies. FOXO3a levels 
from three independent experiments were quantified with ImageJ software. **P<0.01 compared with 0 hour.

Figure 2 ISGylation of FOXO3a increases its degradation in the proteasome system. (A) HBE2 cells were treated with or without MG-
132 or leupeptin (1 hour) prior to cycloheximide (CHX) incubation. Cell lysates were analyzed by immunoblotting with FOXO3a and 
β-actin antibodies. (B) HBE2 cells were treated with or without MG-132 for 4 hours, and then the denatured cell lysates were subjected 
to immunoprecipitation with a FOXO3a antibody, followed by immunoblotting with ISG15 and ubiquitin (Ubi) antibodies. (C) HBE2 cells 
were transfected with or without ISG15- HA plasmid for 24 hours prior to CHX incubation. Cell lysates were analyzed by immunoblotting 
with FOXO3a, HA tag and β-actin antibodies. FOXO3a levels from three independent experiments were quantified with ImageJ software. 
**P<0.01 compared with vector- transfected cells at the same incubation time points.

Foxo3A degradation is mediated by ISGylation and the 
proteasome system
Intracellular protein degradation is mostly mediated by 
the proteasome or the lysosome system. To investigate the 
pathways that control FOXO3a degradation, HBE2 cells 
were treated with a proteasome inhibitor (MG-132) or a 

lysosome inhibitor (leupeptin) for 1 hour prior to incubation 
with CHX. As shown in figure 2A, MG-132, dramatically 
extended FOXO3a half- life, compared with CHX alone 
and CHX+leupeptin treatments, indicating that FOXO3a 
is degraded in the proteasome. This is consistent with the 
conclusion by others.6 27 First, we attempted to determine if 
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Figure 3 USP18 de- ISGylates and increases FOXO3a stability. (A) HEK293 cells were transfected with plasmids encoding different 
deubiquitinases as indicated for 48 hours, and then cells were treated with cycloheximide (CHX) for 4 hours. Cell lysates were analyzed 
by immunoblotting with FOXO3a and β-actin antibodies. (B) HBE2 cells were transfected with or without a plasmid encoding V5- tagged 
USP18 (USP18- V5) for 48 hours, and then cells were treated with CHX for 0, 2, 4 and 6 hours. Cell lysates were analyzed by immunoblotting 
with FOXO3a, V5 and β-actin antibodies. (C) HBE2 cells were transfected with a plasmid encoding USP18- V5, and then denatured cell 
lysates were subjected to immunoprecipitation with a FOXO3a antibody, followed by immunoblotting with ISG15 and ubiquitin (Ubi) 
antibodies.

FOXO3a is ubiquitinated in HBE2 cells. FOXO3a is immu-
noprecipitated in a denatured condition after MG-132 
treatment, and then the ubiquitination of FOXO3a was 
examined by the immunoblotting analysis of the immu-
noprecipitated complex with an antibody against ubiq-
uitin. Surprisingly, ubiquitination of FOXO3a levels was 
low in either control or MG-132- treated cells. However, 
the immunoblotting analysis of the immunoprecipitated 
complex with an antibody for ISG15 revealed that MG-132 
increased ISGylation of FOXO3a, indicating that FOXO3a 
can be ISGylated in HBE2 cells. To further investigate if the 
ISGylation triggers FOXO3a degradation, we examined the 
half- life of FOXO3a in ISG15- HA- overexpressed cells. As 
shown in figure 2C, overexpression of ISG15- HA signifi-
cantly shortened the half- life of FOXO3a. This is the first 
report to show that FOXO3a is ISGylated and that ISGyla-
tion increases its degradation.

uSP18 de-ISGylates FOXO3a and increases its half-life
USP18 is an ISG15- specific isopeptidase. To investigate if 
USP18 reverses FOXO3a ISGylation, first, we compared 
the effects of USP18 on FOXO3a stability with other 
deubiquitinases. HEK293 cells were transfected with plas-
mids encoding USP3, USP4, USP11, USP18, USP13 and 
USP19 individually, and then cells were treated with CHX. 
After 4 hours, FOXO3a levels were reduced in all cells 
except USP18- overexpressed and USP11- overexpressed 
cells (figure 3A). Since USP18 is a specific DUB for ISGyla-
tion, next, we examined USP18’s effect on FOXO3a’s half- 
life. HBE2 cells were transfected with an empty vector and 
USP18- V5, and then cells were treated with CHX. USP18 
overexpression significantly increased the half- life of 
FOXO3a (figure 3B). Furthermore, the ubiquitination and 
ISGylation assay were performed and the data show that 
USP18 diminished the ISGylation of FOXO3a. The ubiq-
uitination in either condition is in the low levels (figure 3C).

Overexpression of FOXO3a attenuates TGF-β1-induced 
fibronectin expression
FOXO3a is implicated in fibrotic diseases such as pulmo-
nary fibrosis. Its levels are decreased in the lungs of patients 

with idiopathic pulmonary fibrosis (IPF).11 Al- Tamari et 
al demonstrated that increases in FOXO3a expression by 
UCN-01 inhibited TGF-β1- induced collagen 1a and smooth 
muscle actin expression in human lung fibroblast cells.11 
However, they did not directly test the effect of FOXO3a on 
TGF-β1- mediated signaling. We overexpressed FOXO3a in 
human lung fibroblast cells (Mrc5), and then examined the 
effect of the overexpression of FOXO3a in TGF-β1- induced 
fibronectin expression. As shown in figure 4, TGF-β1 treat-
ment significantly increased fibronectin expression, while 
the effect was attenuated in FOXO3a- overexpressed cells. 
The FOXO3a levels were not altered by TGF-β1 treatment.

Overexpression of FOXO3a has no effect on Smad2/3 
expression and activation
Our current study indicates that FOXO3a regulates TGF-β1- 
induced signaling. FOXO3a is a transcriptional factor, 
however, its role in Smad2/3 expression and activation has 
not been revealed. Smad2/3 are key players in TGF-β1- 
induced fibroblast differentiation and extracellular matrix 
accumulation.28 To investigate if FOXO3a impacts Smad2/3 
expression and activation, Mrc5 cells were transfected with 
FOXO3a plasmids for 2 days, followed by TGF-β1 treat-
ment for 30 min. TGF-β1 dramatically increased phos-
phorylation of Smad2/3, while overexpression of FOXO3a 
had no effect on Smad2/3 expression and phosphoryla-
tion, suggesting that the effect of FOXO3a on fibronectin 
expression is not through regulation of Smad2/3 expression 
and activation. These data indicate that FOXO3a regulates 
non- canonical TGF-β1 signaling pathways.

dISCuSSIOn
FOXO3a is an important player in cellular and biolog-
ical processes. It has been implicated in human disor-
ders including cancers and lung diseases.3 6–8 FOXO3a 
is decreased in the lungs of patients with IPF.11 TGF-β1 
is a driving factor in the progress of IPF. The PI3K/Akt/
FOXO3a pathway plays an important role in the regula-
tion of TGF-β1- mediated fibrotic responses, indicating a 
beneficial role of FOXO3a in treating IPF. The regulation 
of FOXO3a post- translational modification has been a 
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Figure 4 FOXO3a attenuates transforming growth factor (TGF)-β1- induced fibronectin expression without altering phosphorylation 
of Smad2/3. (A) Mrc5 cells were transfected with a plasmid encoding FOXO3a- V5 for 24 hours, and then cells were treated with TGF-β1 
(10 ng/mL) for 48 hours. Cell lysates were analyzed by immunoblotting with fibronectin, FOXO3a and β-actin antibodies. (B) Mrc5 cells were 
transfected with a plasmid encoding FOXO3a- V5 for 24 hours, and then cells were treated with TGF-β1 (10 ng/mL) for 30 min. Cell lysates 
were analyzed by immunoblotting with p- Smad2/3, SMAD2/3, FOXO3a and β-actin antibodies. Shown are representative blots from three 
independent experiments.

research focus to better understand its role in human disor-
ders. Phosphorylation, acetylation and ubiquitination of 
FOXO3a regulate FOXO3a nuclear trafficking, transcrip-
tional activity and stability.14 15 18 22 Here, we report that 
FOXO3a can be ISGylated, which is reversed by USP18. 
Overexpression of FOXO3a negatively regulates TGF-β1- 
mediated fibrotic responses through regulating non- 
canonical TGF-β1 signaling.

ISGylation is catalyzed by three- step cascade enzymes: E1 
activating enzyme, E2 conjugating enzyme and E3 ligases. 
ISG15, a 17 kDa protein, covalently links to target proteins 
to induce ISGylation. ISGylation is a reversible process, and 
de- ISGylation is mediated by USP18.24 25 More than 100 
deubiquitinases have been identified to remove ubiquitin 
or ubiquitin chains from the target proteins, while a few 
have been found to target ISG15.24 Among them, USP18 is 
the major de- ISGylation enzyme. Both ISG15 and USP18 
are inducible and their expressions are increased in inflam-
matory challenges such as interferon29 and lipopolysaccha-
ride (LPS).30 31 We have shown that both ISG15 and USP18 
genes are upregulated by LPS treatment in human alveolar 
macrophages.30 In this study, we demonstrate that USP18 
de- ISGylates and stabilizes FOXO3a.

FOXO3a has been known to be phosphorylated and 
acetylated.13 14 18 Phosphorylation and acetylation regu-
late FOXO3a stability, while their effects on ISGylation of 
FOXO3a have not been revealed. In future studies, we will 
focus on investigating if phosphorylation and acetylation of 
FOXO3a are necessary for its ISGylation and de- ISGylation. 
Ubiquitination of FOXO3a has been shown to regulate its 
stability,22 while in this study, we show that the ubiquitina-
tion of FOXO3a is not detectable in untreated conditions in 
HBE2 cells. It is possible that phosphorylation and acetyla-
tion trigger FOXO3a ubiquitination and de- ubiquitination 
in the stimulated conditions, while ISGylation is responsible 
for FOXO3a turn over in the non- stimulated conditions. 
This study reveals a new molecular mechanism of FOXO3a 
degradation. Upregulation of USP18/FOXO3a may be a 
potential therapeutic strategy to treat fibrotic diseases such 
as IPF.
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