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Emphysema is one of the characteristic features of chronic
obstructive pulmonary disease, which is caused mainly by ciga-
rette smoking. Recent data have suggested that apoptosis and
cell cycle arrest may contribute to the development of emphy-
sema. In this study, we addressed the question of whether and
how cigarette smoke affected Akt, which plays a critical role in
cell survival and proliferation. In normal human lung fibro-
blasts, cigarette smoke extract (CSE) caused cell death, accom-
panying degradation of total and phosphorylated Akt (p-Akt),
which was inhibited by MG132. CSE exposure resulted in pref-
erential ubiquitination of the active Akt (myristoylated), rather
than the inactive (T308A/S473A double mutant) Akt. Consis-
tent with cytotoxicity, CSE induced a progressive decrease of
phosphorylated human homolog of mouse double minute homo-
log 2 (p-HDM2) and phosphorylated apoptosis signal regulating
kinase 1 (p-ASK1) with concomitant elevation of p53, p21, and
phosphorylated p38MAPK. Forced expression of the active Akt
reduced both CSE-induced cytotoxicity and alteration in
HDM2/p53/p21 and ASK1/p38 MAPK, compared with the
inactive Akt. Of note, CSE induced expression of the tetratrico-
peptide repeat domain 3 (TTC3), known as a ubiquitin ligase for
active Akt. TTC3 siRNAs suppressed not only CSE-induced Akt
degradation but alsoCSE-induced cytotoxicity. Accordingly, rat
lungs exposed to cigarette smoke for 3 months showed elevated
TTC3 expression and reduced Akt and p-Akt. Taken together,
these data suggest that cigarette smoke induces cytotoxicity,
partly through Akt degradation via the ubiquitin-proteasome
system, in which TTC3 acts as a ubiquitin ligase for active Akt.

Chronic obstructive pulmonary disease (COPD),2 caused
mainly by cigarette smoking, is characterized by emphysema,

small airway remodeling, chronic bronchitis, and vascular
remodeling (1). Although overwhelming protease activity due
to persistent inflammation has long been suggested to play a
pivotal role in the development of emphysema (1), recent data
suggest that apoptosis, cell cycle arrest, and cellular senescence
may contribute to the development of emphysema. Cigarette
smoke causes apoptotic death in human lung fibroblasts and
mouse lungs (2), inhibits cell proliferation, and induces cellular
senescence in human lung fibroblasts, with elevation of p53 and
p21 (3). Patients with emphysema have a higher percentage of
type II alveolar epithelial cells and endothelial cells positive for
p16 and p21, along with shortened telomeres, compared with
asymptomatic smokers and nonsmokers (4). In a recent report,
reduction in Werner syndrome protein by cigarette smoke
extract (CSE) was suggested to be responsible for cigarette
smoke-induced senescence and functional impairment in
human lung fibroblasts (5). Of note, CSE-inducedWerner syn-
drome protein decrease was prevented by lactacystin, a protea-
some inhibitor.
The ubiquitin-proteasome system (UPS) is regarded as an

important regulatory mechanism in cell cycle and growth (6).
Sequential action of ubiquitin-activating enzymes (E1), ubiqui-
tin-conjugating enzymes (E2), and ubiquitin ligases (E3) leads
to Lys-48-linked conjugation of ubiquitin to the lysine residue
of proteins destined to degradation by the 26 S proteasome (7).
Even with a long history of studies of the UPS, only a few recent
studies have addressed the pathogenic importance of the UPS
in COPD. In addition to Werner syndrome protein (5), ciga-
rette smoke causes degradation of histone deacetylase 2
(HDAC2) through the UPS after nitration at tyrosine residues
(8) or phosphorylation at serine/threonine residues (9), proba-
bly resulting in glucocorticoid resistance in patients with
COPD (10).
Akt, a serine/threonine kinase, suppresses apoptosis and reg-

ulates the cell cycle (reviewed in Refs. 11, 12). By growth factors
or stresses, Akt is recruited to the plasma membrane and acti-
vated by phosphorylation in a PI3K-dependent manner. Acti-
vated Akt suppresses apoptosis through inactivation of pro-
apoptotic factors, stabilization of anti-apoptotic factors, and
maintenance of mitochondrial integrity. In addition, Akt phos-
phorylates and inhibits interaction of p21with proliferating cell
nuclear antigen and promotes assembly of cyclin D1�cyclin-de-
pendent kinase 4 complex (13). Moreover, Akt phosphorylates
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the ubiquitin ligase mouse double minute homolog 2 (Mdm2),
leading to ubiquitination and subsequent degradation of p53
(14). Furthermore, Akt phosphorylates apoptosis signal-regu-
lating kinase (ASK1) (15), thus suppressing JNK and p38MAPK
activation and preventing apoptosis (16). As Akt enhances cell
survival, decreased levels of p-Akt in cigarette smoke-exposed
rat lungs (17) raise the question of the pathogenic role of Akt in
development of emphysema.
By virtue of its critical role as a signaling hub, Akt is tightly

regulated in various ways. One such mechanism is Akt degra-
dation (18). VEGF deprivation (19) or TNF-� treatment (20)
caused Akt degradation through the UPS and caspases, leading
to endothelial cell death or insulin signaling impairment,
respectively. In addition, Akt degradation through the UPS
plays a physiological role in formation of neuronal polarity (21).
Therefore, Akt degradation is recognized as one of the Akt reg-
ulatory mechanisms; however, only limited information on E3
ligases for Akt is available. The breast cancer susceptibility gene
1 (BRCA1) (22) and tetratrico-peptide repeat domain 3 (TTC3)
(23) are known to cause p-Akt ubiquitination and proteasomal
degradation.Opposite to the negative regulatory role of BRCA1
and TTC3, TNF receptor-associated factor 6 (TRAF6) causes
Akt ubiquitination in a differentmanner, enhancingmembrane
localization and subsequent activation of Akt (24).
In this study, we demonstrate for the first time that cigarette

smoke induces Akt degradation through the UPS, resulting in
cell death associated with activation of death-signaling path-
ways in normal human lung fibroblasts (NHLFs). In addition,
we show that TTC3 is a ubiquitin E3 ligase responsible for CSE-
induced Akt ubiquitination and cytotoxicity and that cigarette
smoke induces TTC3 expression in NHLFs and rat lungs.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Chemicals were purchased from
Sigma and Calbiochem. Anti-total Akt, Akt1, Akt2, Akt3, anti-
p-Akt (Ser-473), anti-p-Mdm2 (Ser-166), anti-Myc, HRP-con-
jugated anti-mouse IgG, and HRP-conjugated anti-rabbit IgG
antibodies were purchased from Cell Signaling (Beverly, MA);
anti-hemagglutinin (HA), anti-p53, anti-p21, and anti-ASK1,
anti-p-ASK1 (Ser-83) antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA); anti-p38 MAPK and
anti-p-p38 MAPK antibodies were purchased from BD Biosci-
ences; and anti-GAPDHantibodywas purchased fromAbFron-
tier (Korea).
Cell Culture—NHLFs (Lonza, Rockland, ME) were grown in

DMEM containing 10% heat-inactivated FBS (Invitrogen) and
penicillin/streptomycin (Invitrogen). Passage 6–8NHLFswere
used in this study.
CSE Preparation—CSEwas prepared as described previously

(3), with slight modifications. Briefly, through one opening of a
three-way stopcock, 10 ml of serum-free DMEM was drawn
into a 50-ml plastic syringe. Subsequently, 40 ml of one puff-
cigarette smoke (filtered cigarettes; Eighty Eight Light contain-
ing 8.5 mg of tar and 0.9 mg of nicotine per cigarette, KT & G,
Korea) was drawn into the syringe andmixed with the medium
by vigorous shaking, until cigarette smoke grossly disappeared
in the syringe. One cigarette was used for each 10 ml of
medium, and 13–15 puffs were taken from one cigarette. CSE

was prepared no more than 30 min before use by one person
(S. Y. Kim) in whole experiments. CSE solution filtered through
an aseptic 0.22-�m filter was considered as 100%. Typically,
optical absorbance of 100% CSE solution at 320 nm was about
5.0.
Plasmids—Akt plasmids were made as described previously

(25), with modifications. In brief, the entire coding region of
Akt1, generated by PCR from cDNA synthesized from total
RNAs of HeLa cells, was cloned into a pcDNA3.1/Myc-His vec-
tor (Invitrogen) (wild-type Akt/Myc-His). Constitutively active
Akt (MyrAkt/Myc-His) wasmade by addition of themyristoyl-
ation site to the N terminus of Akt1 through PCR using a
forward (5�-GGAATTCCACCATGGGGAGCAGCAAGA-
GCAAGCCCAAGATGAGCGACGTGGCTATTG-3�) and a
reverse (5�-CCGCTCGAGCGGGCCGTGCCGCTGGCC-
GAG-3�) primer. Inactive (T308A/S473A double mutant) Akt
plasmid was created fromWT Akt/Myc-His plasmid using the
QuikChange XL site-directed mutagenesis kit (Stratagene, La
Jolla, CA), according to the manufacturer’s instructions. Hem-
agglutinin-tagged ubiquitin (Ubi-HA) plasmid was kindly pro-
vided by Dr. Dirk Bohmann (University of Rochester, Roches-
ter, NY). To observe Lys-48-linked Akt ubiquitination, we used
wild-type and lysine mutant Ubi-HA plasmids of the same
backbone that were kindly provided by Dr. Zhijian Chen (Uni-
versity of Texas Southwestern Medical Center, Dallas); WT
Ubi-HA, K48RUbi-HA, K48Ubi-HA (all lysine residues except
Lys-48 were replaced with arginine), and KOUbi-HA (all lysine
residues were replaced with arginine).
Transfection—Transient transfection was performed using

HilyMax reagents (Dojindo, Japan), according to the manufac-
turer’s instructions. Briefly, at 70% confluence in a 10-cmdiam-
eter culture dish, culture medium was replaced with fresh
serum-free DMEM, and Akt/Myc-His plasmid (1 �g) was co-
transfected with or without Ubi-HA plasmid (1 �g). Six hour
later, the culturemediumwas replacedwithDMEMcontaining
10%FBS and incubated for 24 h. Thereafter, transfectedNHLFs
were exposed to CSE for evaluation of Akt ubiquitination or
seeded into 96-well plates for determination of cell viability.
SeededNHLFs were incubated overnight in DMEMcontaining
10% FBS prior to CSE exposure.
Cell Viability Assay—NHLFs were seeded at a density of

2,000 cells perwell in a 96-well plate. The next day,NHLFswere
washed with PBS and exposed to CSE in serum-free DMEM.
Cell viability was checked with a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay kit (Roche
Applied Science), according to themanufacturer’s instructions.
Western Blot Analysis—NHLFs were lysed with a lysis buffer

(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 1% Triton X-100, 0.1% SDS, 1% Nonidet P-40, 2.5
mM sodium pyrophosphate, 1 mM �-glycerophosphate, 1 mM

Na3VO4, 2 mM p-nitrophenyl phosphate, and a protease inhib-
itor mixture) on ice for 30 min. Following centrifugation at
14,000 � g for 20 min at 4 °C, proteins in supernatants were
separated in a 10% SDS-polyacrylamide gel and transferred to a
nitrocellulose membrane. Membranes were blocked with 5%
skim milk for 1 h at room temperature and then incubated
overnight with primary antibody (1:1,000) at 4 °C. After wash-
ing with 0.5% Tween 20 in Tris-buffered saline (TBS-T), mem-
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branes were incubated with HRP-conjugated secondary anti-
body (1:5,000). Proteins were visualized using ECL reagents
(Amersham Biosciences) and detected with LAS-3000 (Fuji,
Japan). Image densities were quantified with software (TINA,
Germany).
Detection of Ubiquitinated Akt—Akt/Myc-His plasmid was

co-transfected with Ubi-HA plasmid into NHLFs, as described
above, and ubiquitinated Akt/Myc-His was detected by His tag
pulldown assay. In brief, NHLFswerewashedwith PBS, lysed in
200 �l of denaturing lysis buffer (50 mMTris-HCl, pH 7.4, 0.5%
SDS, and 70 mM �-mercaptoethanol) by vortexing, and boiled
for 15min at 95 °C. The lysates were then diluted with 800�l of
buffer A (50mMNaH2PO4, 300mMNaCl, 10mM imidazole, pH
8.0, protease inhibitor mixture, and 10 �M MG132) and incu-
bated overnight with 50 �l of nickel-nitrilotriacetic acid beads
(Qiagen) at 4 °C. Beadswerewashed five timeswith buffer B (50
mM NaH2PO4, 300 mM NaCl, and 20 mM imidazole, pH 8.0),
and bound proteins were eluted by boiling in a mixture of 5�
SDS-polyacrylamide gel loading buffer and buffer C (50 mM

NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0) (1:4).
Exogenously introduced and ubiquitinated Akt were identified
with anti-Myc and anti-HA antibodies, respectively, in West-
ern blot.
Exposure of Rats to Cigarette Smoke—Animal experimental

protocol in this study was reviewed and approved by the Insti-
tutional Animal Care and Use Committee of Asan Medical
Center. Eight-week-old inbred male Lewis rats (Orient, South
Korea) were exposed to the mainstream smoke of 20 filtered
commercial cigarettes per day (Eighty Eight Lights, South
Korea), 5 days per week for 3 months, as in our previous report
(26). Control rats inhaled clean room air. Each group consisted
of five rats.
RT-PCR—Expression ofTTC3,TRAF6,�-actin, andGAPDH

was estimated by RT-PCR. Total RNAs in NHLFs and rat lungs
were isolated by TRIzol reagent (Invitrogen), and cDNA was
synthesized with 1 �g of total RNAs andmurine leukemia virus
reverse transcriptase (Intron, Korea), according to the manufac-
turer’s instructions. PCR primer sequences were as follows:
human TRAF6, 5�-TTTATGGAGGAGATCCAGGG-3� and
5�-ATTTTTGGAAGGGACGCTGG-3�; human TTC3, 5�-CTT-
GGCAATGGAAGAAGCTC-3� and 5�-AATGACCCTTTG-
GCCAAGTG-3�; human�-actin, 5�-CTCATGACCACAGTC-
CATGC-3� and 5�-TTCAGCTCTGGGATGACCTT-3�; rat
ttc3, 5�-TTCAAAGGTGGCAGATGAGG-3� and 5�-GTA-
ACTCTGTAAAGGCCTGG-3�; rat gapdh, 5�-CTCATGAC-
CACAGTCGATGC-3� and 5�-TTCAGCTCTGGGATGAC-
CTT-3�. PCR products were separated by 1% agarose gel and
observed using a Gel-Doc system (Bio-Rad).
RNA Interference—Four types of siRNAs of TTC3 were syn-

thesized as described previously (23), and scrambled RNAs
were used as a negative control. A total of 100 pmol of scram-
bled RNAs or four types of TTC3 siRNAs (25 pmol each) was
transfected into NHLFs at 70% confluence in a 10-cm diameter
culture dish using HilyMax reagents in the same manner used
for transfection of Akt plasmids. To assess the effect of TTC3
siRNA on Akt ubiquitination, Myr Akt/Myc-His and Ubi-HA
plasmids were introduced to NHLFs 24 h after siRNA
transfection.

Detection of Ubiquitinated Akt in Rat Lungs—Akt ubiquiti-
nation in rat lungs was confirmed by two methods, ubiquiti-
nated protein pulldown and immunoprecipitation of Akt, fol-
lowed by Western blot with anti-Akt and anti-Ubi antibodies,
respectively. Proteins were extracted from rat lungs by homog-
enization in lysis buffer (50 mM HEPES, pH 7.5, 5 mM EDTA,
150mMNaCl, 1%TritonX-100, protease inhibitormixture, and
phosphatase inhibitormixture). For ubiquitinated protein pull-
down, ubiquitinated proteins were enriched using a kit (ubiq-
uitinated protein enrichment kit, Calbiochem), according to
the manufacturer’s instructions. Briefly, 500 �g of extracted
proteins were incubated overnight with 50 �l of polyubiquitin
affinity beads at 4 °C. The next day, the beads were washed
three times with lysis buffer and suspended with 40 �l of 5�
SDS-polyacrylamide gel loading buffer. After boiling and cen-
trifugation, the supernatants were applied to an 8% SDS-poly-
acrylamide gel, and ubiquitinated Akt was detected byWestern
blot using anti-Akt antibody. For Akt immunoprecipitation,
200 �g of extracted proteins in 500 �l of lysis buffer were incu-
bated overnight with 10 �l of anti-total Akt antibody at 4 °C.
The next day, 50 �l of protein A/G beads (Santa Cruz Biotech-
nology) were incubated with the mixture at 4 °C. One hour
later, the beads were washed three times with lysis buffer, fol-
lowed by addition of 40 �l of 5� SDS-PAGE sample buffer.
After boiling and centrifugation, ubiquitinated Akt was sepa-
rated in an 8% SDS-polyacrylamide gel and identified with anti-
Ubi antibody. Image densities were quantified with software
(TINA, Germany).
Statistical Analysis—Data are expressed as the means � S.D.

and analyzed using analysis of variance, followed by the Tukey-
Kramer method for multiple comparisons. p � 0.05 was con-
sidered statistically significant.

RESULTS

CSE Causes Cell Death and Akt Degradation through UPS—
First, we determined CSE-induced cytotoxicity in NHLFs.
NHLFs were exposed to CSE in the absence of serum, and cell
viability was determined by an MTT assay. CSE from 4 to 10%
significantly reduced cell viability in a concentration-depen-
dent manner after 24 h (Fig. 1A, left panel), and 8% CSE caused
rapid and progressive reduction in cell viability in a time-de-
pendent manner (Fig. 1A, right panel). Next, we determined
whether CSE might alter Akt and p-Akt levels. In parallel with
reduction in cell viability, levels of total Akt, Akt1, Akt2, and
p-Akt were also decreased by a 24-h CSE exposure in a concen-
tration-dependent manner, whereas Akt3 levels were not
changed (Fig. 1B). To evaluate involvement of caspases or the
UPS in Akt and p-Akt reduction, NHLFs were treated with 10
�MMG132 (a proteasome inhibitor) or 10 �M Z-VAD (a broad
spectrum caspase inhibitor) for the last 6 h during a 24-h period
of exposure to CSE (Fig. 1C). After a 24-h period of exposure to
8% CSE, levels of Akt and p-Akt showed a dramatic drop,
whereas Akt and p-Akt reduction was almost completely
blocked by MG132. In addition, Z-VAD inhibited the decrease
in Akt and p-Akt, but to a much lesser degree, compared with
MG132. As we were encouraged by the finding that MG132
almost completely blocked CSE-induced Akt degradation, we
attempted to determine whether CSE induced Akt degradation
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via Akt ubiquitination. To observe Akt ubiquitination, NHLFs
were transfectedwithMyc-His-taggedwild-typeAkt (WTAkt/
Myc-His) and ubiquitin-hemagglutinin (Ubi-HA) plasmids,
followed by exposure to CSE for 24 h with 1 �M MG132 to
prevent Akt degradation by the 26 S proteasome (Fig. 1D). In a
concentration-dependent manner, exposure to CSE resulted in
dramatically induced Akt ubiquitination. Taken together,

under the tested conditions, CSE caused Akt ubiquitination
and degradation through the UPS in NHLFs.
CSE Causes Early Akt Phosphorylation and Later Akt

Reduction—Phosphorylated (activated) Akt is known as a sub-
strate for Akt E3 ligases (22, 23), and 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone and nicotine, cigarette smoke compo-
nents, rapidly activate Akt through PI3K (27); thus, we

FIGURE 1. CSE causes cell death and Akt degradation through the UPS in NHLFs. A, CSE-induced cytotoxicity. To determine concentration- or time-depen-
dent cytotoxicity, NHLFs were exposed to the indicated concentrations of CSE for 24 h or to 8% CSE for the indicated times in the absence of serum. Cell viability
was evaluated by an MTT assay. Data represent the means � S.D. Asterisks denote a statistically significant difference (p � 0.05) compared with the CSE-
unexposed control. Number of each group is six. B, reduction in Akt and p-Akt by CSE exposure. After 24 h of CSE exposure, the reduction in total Akt, Akt1, Akt2,
Akt3, and p-Akt (Ser-473) was assessed by Western blot. C, involvement of caspases and the proteasome in CSE-induced Akt reduction. NHLFs were exposed
to CSE for 24 h. For the last 6 h, 10 �M Z-VAD or MG132 was added. D, Akt ubiquitination by CSE. NHLFs were transfected with the Myc-His-tagged wild-type Akt
(WT Akt/Myc-His) and hemagglutinin-tagged ubiquitin (Ubi-HA) plasmids. After 24 h, NHLFs were exposed to CSE for another 24 h in serum-free DMEM with
addition of 1 �M MG132 to prevent proteasomal degradation of ubiquitinated proteins. Ubiquitinated Akt was identified by His tag pulldown and Western blot
(WB).
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investigated the question of whether PI3K-mediated Akt phos-
phorylation might cause CSE-induced Akt degradation. In
serum-deprived NHLFs pretreated with 10 �M LY294002 (a
PI3K inhibitor), levels of Akt and p-Akt (Ser-473) were checked
with lapse of CSE exposure time (Fig. 2). p-Akt levels showed an
increase as early as 15 min and returned to the level before CSE
exposure at 60 min. Thereafter, p-Akt was barely detected at
180 and 360 min after CSE exposure. Concomitantly, total Akt
showed a continuous decrease, with noticeable reduction at 60,
180, and 360min after CSE exposure. In contrast to an early rise
in p-Akt, increase in total Akt was not observed at early time
points. In comparison, in NHLFs pretreated with LY294002,
CSE-induced total Akt reduction was significantly prevented.
As expected, LY294002 induced complete blockade of both
basal and CSE-induced Akt phosphorylation. In addition,
LY294002 suppressed CSE-induced reduction in total Akt.
CSE Induces Ubiquitination Preferentially in Active Akt—

Based on the finding that PI3K-mediated Akt phosphorylation
enhanced Akt degradation (Fig. 2), we hypothesized that phos-
phorylated and activated Akt might be preferential to inactive
Akt as a substrate for ubiquitination. To prove the preferential
ubiquitination of p-Akt, NHLFs were transfected with Myc-
His-tagged wild-type Akt (WT Akt/Myc-His), constitutively
active Akt (Myr Akt/Myc-His), or inactive Akt (double mutant
T308A/S473A, DM Akt/Myc-His) plasmid with the Ubi-HA
plasmid. Twenty four hours after transfection, NHLFs were
exposed to 8%CSE for 8 h in the presence of 10�MMG132, and
ubiquitinated Akt was detected by His tag pulldown assay (Fig.
3). In NHLFs expressing WT Akt/Myc-His, CSE exposure
resulted in a considerable increase of WT Akt ubiquitination.
CSE-induced ubiquitination became much more prominent in
Myr Akt than in WT Akt, whereas basal ubiquitination was
similar between WT and Myr Akt without CSE exposure. In
contrast to the prominent increase of ubiquitination in Myr

Akt, CSE-induced ubiquitination was remarkably attenuated in
DM Akt. Similarly, basal ubiquitination of DM Akt was lower
than that of WT or Myr Akt.
To determine whether CSE causes Lys-48-linked ubiquitina-

tion of Akt, Myr Akt/Myc-His plasmid was co-transfected into
NHLFs with wild-type (WT) or lysine mutant (KO, all lysine
residues were replaced with arginine; K48, all lysine residues
except Lys-48 were replaced with arginine; K48R, only Lys-48
was replaced with arginine) Ubi-HA plasmid. In Fig. 4, CSE
caused Akt ubiquitination in NHLFs expressing WT Ubi or K48
Ubi to a similar degree. In contrast, CSE exposure reduced Akt
ubiquitination in NHLFs expressing K48R Ubi. As expected, in
NHLFs expressing KO Ubi, no Akt ubiquitination was observed
both in the absence and presence of CSE exposure.
CSE Alters HDM2/p53/p21 and ASK1/p38 Signaling Path-

ways and Leads to Cell Death via Decreased Akt Activity—In
the above experiments, we showed that CSE caused cell death
and preferential ubiquitination and subsequent degradation of
active Akt by the UPS. Akt is known to suppress cell death by
regulating HDM2/p53/p21 and ASK1/p38 pathways, through
stimulatory phosphorylation of Mdm2 at Ser-166 and Ser-186
(14) and inhibitory phosphorylation of ASK1 at Ser-83 (15),
respectively. Therefore, we evaluated the question of whether
CSE might affect these signaling pathways through Akt reduc-
tion. In NHLFs exposed to 8% CSE for 8 h, CSE exposure led to
a progressive decrease of Akt, p-Akt, p-HDM2 (human homo-
log of Mdm2), and p-ASK1 in a time-dependent manner (Fig.
5A, Mock). Consistent with these changes, CSE exposure
resulted in a prominent increase of p53, p21, and p-p38. Next,
to assess the cause-result relationship between Akt reduction
and alteration of these signaling pathways, we compared the
alteration in these signaling molecules between NHLFs
expressing active and inactiveAkt.WhereasCSEcausedaprom-
inent reduction in p-HDM2 and p-ASK1 in NHLFs expressing

FIGURE 2. CSE causes early Akt phosphorylation and later Akt reduction. NHLFs were deprived of serum for 6 h and pretreated with 10 �M LY294002 1 h
prior to 8% CSE exposure. A, effect of LY294002 on CSE-induced reduction in Akt and p-Akt levels in NHLFs. B, quantitative results. Intensities of Akt and p-Akt
are normalized to intensities of GAPDH.
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inactive Akt (DM Akt/Myc-His), reduction in p-HDM2 and
p-ASK1 was considerably lessened in NHLFs expressing active
Akt (Myr Akt/Myc-His). Furthermore, induction of p53, p21, and
p-p38 was much more prominent in inactive Akt-expressing
NHLFs than in active Akt-expressing NHLFs throughout the
entire observation period. Consistent with suppression of death-
promoting signaling pathways by active Akt, CSE-induced cyto-
toxicity was significantly inhibited in active Akt-expressing
NHLFs, compared with inactive Akt-expressing NHLFs (Fig. 5B).
No difference in cytotoxicitywas observed betweenNHLFs trans-
fected with mock and inactive Akt (DM Akt/Myc-His) plasmids.
These data imply that CSE induces cell death, possibly through
reduction inAktactivityandsubsequentalterationofHDM2/p53/
p21 and ASK1/p38 pathways.
TTC3 Mediates CSE-induced Akt Ubiquitination and Cyto-

toxicity in NHLFs—As TTC3 and TRAF6 are known as Akt
ubiquitin E3 ligases for Akt degradation (23) and Akt activation
(24), respectively, we attempted to determine whether CSE
might regulate TTC3 and TRAF6 expression. CSE at 8% aug-
mented TTC3mRNA expression from 2 to 6 h after CSE expo-

sure, and its expression subsided at 8 h (Fig. 6A). In contrast,
TRAF6mRNAwas decreased from4 to 8h.To confirm involve-
ment of TTC3 in CSE-induced Akt ubiquitination, TTC3
expressionwas suppressed by four types ofTTC3 siRNAs. Con-
siderably inhibited TTC3mRNA expression by TTC3 siRNAs,
compared with scrambled RNAs, was observed at 48 h after
transfection (Fig. 6B). Knockdown of TTC3 expression by
TTC3 siRNAs resulted in noticeable prevention of CSE-induced
Aktandp-Akt reduction (Fig. 6C). Inanadditional experiment,we
evaluated TTC3-mediated degradation of active Akt, because
TTC3 is known to preferentially ubiquitinate active Akt (23). In
NHLFs expressing active Akt (Myr Akt/Myc-His), TTC3 siRNAs
prominently inhibited CSE-induced Akt ubiquitination, whereas
scrambled RNAs did not affect Akt ubiquitination (Fig. 6D). Even
without CSE exposure, basal ubiquitination of active Akt was
lower inTTC3 siRNA-transfected NHLFs than in nontransfected
or scrambled RNA-transfected NHLFs. Next, we attempted to
determine whether or not knockdown of TTC3 expressionmight
affect CSE-induced cell death. Compared with scrambled RNAs,
TTC3 siRNAs significantly attenuated CSE-induced cytotoxicity
at all time points from 2 to 24 h after CSE exposure (Fig. 6E).

FIGURE 3. CSE induces preferential ubiquitination of active Akt. A, to
determine preferential ubiquitination of active Akt, NHLFs were transfected
with the Myc-His-tagged wild-type Akt (WT Akt/Myc-His), constitutively active
myristoylated Akt (Myr Akt/Myc-His), or inactive Akt (T308A/S473A double
mutant, DM Akt/Myc-His) plasmid together with the hemagglutinin-tagged
ubiquitin (Ubi-HA) plasmid. Twenty four hours after transfection, NHLFs were
exposed to 8% CSE for 8 h in the presence of 10 �M MG132. Ubiquitinated Akt
was detected by His tag pulldown and Western blot (WB). Endo and Exo
denote phosphorylated forms of endogenous and exogenously introduced
Akt, respectively. GAPDH was used as an input control. B, quantitative results
(ubiquitinated Akt/GAPDH).

FIGURE 4. CSE induces Lys-48-linked ubiquitination of Akt. A, NHLFs were
transfected with the Myr Akt/Myc-His plasmid together with the wild-type or
lysine mutant HA-tagged Ubi plasmid (WT Ubi-HA, wild-type ubiquitin; KO
Ubi-HA, all lysine residues replaced with arginine; K48 Ubi-HA, all lysine resi-
dues except Lys-48 replaced with arginine; K48R Ubi-HA, Lys-48R replaced
with arginine). Twenty four hours after transfection, NHLFs were exposed to
8% CSE for 8 h in the presence of 10 �M MG132. Ubiquitinated Akt was
detected by His tag pulldown and Western blot. Myc denotes exogenously
introduced Myc-His-tagged Akt. GAPDH was used as an input control.
B, quantitative results (ubiquitinated Akt/Myc).
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Cigarette Smoke Induces TTC3 Expression and Akt Degrada-
tion in Rat Lungs—In the above experiments, we observed that
CSE induced TTC3 expression and reduced Akt and p-Akt
through TTC3-mediated ubiquitination of p-Akt and protea-

somal degradation inNHLFs. To confirm these changes in vivo,
we assessed Akt and TTC3 levels in rat lungs after exposure to
cigarette smoke for 3 months. TTC3mRNA levels were signif-
icantly elevated in cigarette smoke-exposed rats, compared

FIGURE 5. CSE alters HDM2/p53/p21 and ASK1/p38 signaling pathways and leads to cell death via decreased Akt activity. A, suppression of CSE-induced
alteration in the HDM2/p53/p21 and ASK1/p38 pathways by expression of active Akt. Twenty four hours after transfection of the mock, active Akt (Myr
Akt/Myc-His), or inactive Akt (DM Akt/Myc-His) plasmid, NHLFs were exposed to 8% CSE in serum-free DMEM for the indicated times. Each protein was quantified
after normalization to GAPDH. Endo and Exo denote phosphorylated forms of endogenous and exogenously introduced Akt, respectively. B, suppression of
CSE-induced cytotoxicity by expression of active Akt in NHLFs. After 24 h of transfection of the plasmids, NHLFs were seeded on 96-well plates. The next day,
NHLFs were exposed to 8% CSE for the indicated times. Cell viability was evaluated by the MTT assay. Data represent the means � S.D. Asterisks denote
statistically significant difference (p � 0.05, Meck versus Myr Akt/Myc-His). Number of each group is six.
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with room air-exposed rats (Fig. 7A). In cigarette smoke-ex-
posed rats (SM),Western blot showed that p-Akt andAkt levels
were significantly lower than in room air-exposed rats (CON)
(Fig. 7B, Input). According to the previous in vitro data, ubiq-
uitinated Akt prominently increased in cigarette smoke-ex-
posed rat lungs in both the ubiquitinated protein pulldown
assay (Fig. 7B, Ubi Pull-down) and the Akt immunoprecipita-
tion assay (Fig. 7B, IP: Akt).

DISCUSSION

In this study, we demonstrated the novel findings that ciga-
rette smoke induced Akt degradation, possibly by TTC3-medi-
ated Akt ubiquitination and proteasomal degradation, leading

to cell death in NHLFs. Although Akt is regulated primarily by
phosphorylation of Thr-308 in the activation loop and Ser-473
in the hydrophobic motif, mainly by 3-phosphoinositide-de-
pendent protein kinase-1 (PDK1) and mammalian target of
rapamycin complex 2 (mTORC2) (11, 18), Akt dephosphory-
lation and degradation are suggested to contribute to Akt inac-
tivation (18). Akt dephosphorylation by protein phosphatases
may not necessarily lead to Akt degradation, and Akt can be
degraded by the UPS-dependent pathway, caspase-dependent
cleavage, and caspase-dependent ubiquitination (18). 4-Hy-
droxynonenal led to Akt degradation by caspase-3 in Jurkat
cells (28), and TNF-� caused caspase-dependent Akt cleavage
and Akt ubiquitination, both of which were blocked by a

FIGURE 6. TTC3 mediates CSE-induced Akt ubiquitination and cytotoxicity in NHLFs. A, CSE-induced TTC3 expression. NHLFs were exposed to 8% of CSE
for the indicated times. Expression of TTC3, TRAF6, and �-actin mRNA was assessed by RT-PCR. B, knockdown of TTC3 expression by TTC3 siRNAs. Forty eight
hours after transfection with scrambled RNAs or four types of TTC3 siRNAs, TTC3 expression was evaluated by RT-PCR. C, prevention of CSE-induced Akt and
p-Akt reduction by TTC3 knockdown. Forty eight hours after RNA transfection, NHLFs were exposed to 8% CSE. D, inhibition of ubiquitination of the active Akt
(Myr Akt/Myc-His) by TTC3 knockdown. NHLFs were transfected with scrambled RNAs or TTC3 siRNAs and subsequently the Myr Akt/Myc-His and Ubi-HA
plasmids. Twenty four hours later, NHLFs were exposed to 8% CSE for 8 h in the presence of 10 �M MG132. Ubiquitinated Akt was identified by His tag pulldown
and Western blot (WB). E, suppression of CSE-induced cytotoxicity by TTC3 knockdown. Forty eight hours after siRNA transfection, NHLFs were seeded at a
density of 2,000 cells per well on a 96-well plate. The next day, NHLFs were exposed to 8% CSE for the indicated times. Cell viability was determined by an MTT
assay. Data represent the means � S.D. Asterisks denote a statistically significant difference (p � 0.05, scrambled versus TTC3 siRNAs). Number of each group is
six.
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caspase-6 inhibitor in 3T3-L1 cells (20). In contrast, in this
study, the broad spectrum caspase inhibitor, Z-VAD, partially
prevented Akt decrease, whereas MG132 almost completely
prevented Akt degradation. Therefore, degradation of Akt by
the UPS appears to be a major pathway for Akt degradation in
CSE-challenged NHLFs, and this discrepancy may originate
from multiple Akt degradation pathways under different
conditions.
Several E3 ligases for Akt ubiquitination, including TTC3

(23) and TRAF6, have been reported (24). TTC3 induces pref-
erential ubiquitination of phosphorylated Akt and facilitates
subsequent degradation (23). The TTC3 gene is located within
the trisomic locus responsible for Down syndromemanifesting
various developmental anomalies (29). Overexpressed TTC3
inhibits cell proliferation with suppression of the G2M-to-G1
transition, while TTC3 siRNAs oppositely induce cell prolifer-
ation (23). Furthermore, transfection of Myr Akt or TTC3
siRNAs results in recovery of p-Akt levels and cell cycle pro-

gression in Down syndrome cells exhibiting elevated TTC3
expression, reduced p-Akt, and accumulation in G2M phase.
Similar to this finding, in this study, transfection of TTC3
siRNAs to NHLFs resulted in inhibition of CSE-induced Akt
and p-Akt reduction andAkt ubiquitination, and prevented cell
death (Fig. 6). Furthermore, TTC3 mRNA and ubiquitinated
Akt were elevated, and Akt and p-Akt were decreased in rat
lungs exposed to cigarette smoke (Fig. 7). Thus, TTC3 appears
to play an important role in cigarette smoke-mediated lung
injury, possibly via Akt degradation, which may induce cell
death and prevent lung repair through inhibition of cell prolif-
eration. It is of note that patients with Down syndrome have
alveolar hypoplasia (30) and that impaired alveolar develop-
ment is associated with decreased Akt activation in a hyper-
oxia-induced bronchopulmonary dysplasia model (31).
TRAF6 is also reported as a ubiquitin E3 ligase forAkt (24). In

contrast to TTC3 that causes Lys-48-linked ubiquitination and
degradation of Akt (23), TRAF6-mediated Lys-63-linked ubiq-

FIGURE 7. Cigarette smoke reduces Akt and p-Akt and induces ttc3 expression and Akt ubiquitination in rat lungs. Lewis male rats were exposed to
cigarette smoke (SM) or clean room air (CON) for 3 months. A, induction of ttc3 expression. Expression of ttc3 and gapdh was assessed by RT-PCR. B, reduction
in Akt and p-Akt and induction of Akt ubiquitination in rat lungs. Akt ubiquitination in rat lungs was confirmed by two methods, ubiquitinated protein
pulldown (Ubi pull-down) and immunoprecipitation of Akt (IP: Akt), followed by Western blot (WB) with anti-Akt and anti-Ubi antibodies, respectively. Akt and
p-Akt levels were determined before pulldown or immunoprecipitation (IP) (Input). Asterisks denote a statistically significant difference (p � 0.05) between the
control and smoke groups. Number of each group is five.
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uitination of Akt does not induce proteasomal degradation of
Akt but activates Akt through translocation of ubiquitinated
Akt to plasma membrane (24). Therefore, TRAF6 reduction
that was caused by CSE exposure may enhance CSE-induced
cytotoxicity. Therefore, deficiency in TRAF6 sensitizes mouse
embryonic fibroblasts to serum deprivation and DNA-damag-
ing agents (24). In addition, the DNA-damaging agents reduce
Akt to a greater extent in Traf6�/� mouse embryonic fibro-
blasts than in Traf6�/� mouse embryonic fibroblasts (24). In
accordance, TRAF6-mediated Lys-63-linked Akt ubiquitina-
tion may inhibit Akt degradation. However, it still remains
unknown whether TRAF6-mediated Akt ubiquitination can
protect Akt from CSE-induced Lys-48-linked ubiquitination
and degradation. In Fig. 4, Akt ubiquitination was reduced by
CSE exposure in NHLFs expressing K48R Ubi, in contrast to
increased Akt ubiquitination in NHLFs expressing WT Ubi or
K48 Ubi. These data indicate that the nature of CSE-induced
Akt ubiquitination (Lys-48-linked ubiquitination) may be dif-
ferent from that of Akt ubiquitination in the absence of CSE
exposure (ubiquitination via lysine residues other than Lys-48).
Fate of Akt ubiquitinated at lysine residues other than Lys-48
after CSE exposure and its pathological meaning need to be
clarified in future investigations.
TTC3 has a nuclear localization signal and ubiquitinates

nuclear Akt (23). However, in our study, Akt degradation by
CSE does not appear to be confined to nuclei. In Myr Akt
expressing NHLFs, CSE-induced Akt ubiquitination was
observed in both the nuclear and cytosolic fractions (data not
shown). Therefore, although TTC3 is known to act predomi-
nantly in nuclei, Akt ubiquitination in the cytosolic fraction
may suggest the existence of other cytosolic E3 ligases for ubiq-
uitination of active Akt in CSE-exposedNHLFs. In addition, we
observed that cigarette smoke induced early Akt phosphoryla-
tion. Of particular interest, TTC3 is phosphorylated and acti-
vated by Akt in vitro (23). Thus, Akt degradation by TTC3 is
understood as a negative feedback mechanism for termination
of Akt activation; however, possible involvement of other
kinases for TTC3 phosphorylation and activation in vivo is not
excluded. Recently, the mammalian target of rapamycin com-
plex 2 (mTORC2) was shown not only to phosphorylate Akt at
Ser-473 but also to induce Akt degradation by the UPS, thus
acting as a negative feedback regulator for termination of Akt
activation (32). Hence, Akt degradation by the UPS appears to
be a negative feedbackmechanism for precise regulation ofAkt,
which is an important signaling hub for a variety of physiolog-
ical responses.However, it remains unknownwhether earlyAkt
activation by exposure to cigarette smoke may enhance TTC3
activity and accelerate Akt degradation, leading to acceleration
of cell death, rather than induction of cell survival and/or
proliferation.
Because apoptosis and senescence are induced by cigarette

smoke in vitro and in vivo (2–5), and Akt is a well known sig-
naling hub for cell survival (11–16), suppression ofAkt has been
proposed to be related to cell death and dysfunction. However,
only a few reports provide indirect evidence showing that Akt
may be related to development of emphysema. In the context of
emphysema development, the role of Akt is relatively well char-
acterized in pulmonary vascular endothelial cells. VEGF recep-

tor blockade caused Akt reduction in VEGFR-2 complex and
development of emphysema (33). Cigarette smoke induced a
reduction in protein levels and phosphorylation of VEGFR2
and endothelial nitric-oxide synthase (34), and cigarette smoke
induced a decrease of PI3K, p-Akt, and p-eNOS in rat lungs
(17). In emphysema development by VEGF blockade, a super-
oxide dismutase mimetic suppressed p-Akt reduction and
emphysema development, suggesting that oxidative stress
appears to mediate p-Akt reduction and cell death (35). Collec-
tively, suppression of the VEGFR2-PI3K-Akt pathway by ciga-
rette smoke, which directly and indirectly evokes oxidative
stress, appears not only to affect cell survival but also to induce
endothelial dysfunction.
Similarly, CSE causes suppression of proliferation (36), apo-

ptosis (37), senescence (3), and inhibition of collagen gel con-
traction (38) in lung fibroblasts in vitro, and it reduces prolifer-
ation (39), chemotaxis, and collagen gel contraction (40) in lung
fibroblasts from patients with COPD. Considering the struc-
tural support by lung fibroblasts, Akt may play an important
role in maintenance of lung integrity by lung fibroblasts,
because PI3K/Akt signaling is involved in the production of
extracellular matrix proteins. In human lung fibroblasts, colla-
gen 1A1mRNA is stabilized in a PI3K-dependent manner (41),
and TGF-� induces elastin expression, which is abolished by
LY294002 or Akt2 siRNA in human lung fibroblasts (42). Sim-
ilarly, fibronectin assembly is impaired in Akt1-null mouse
embryonic fibroblasts (43). Therefore, considering the physio-
logical role of lung fibroblasts and Akt involvement in cell sur-
vival/proliferation and synthesis of extracellular matrix pro-
teins, cigarette smoke-inducedAkt degradationmay contribute
to impairment of lung fibroblast-mediated repair and eventu-
ally culminate in emphysema development.
In this study, we observed that cigarette smoke reduced Akt

and p-HDM2, together with induction of p53 and p21. In addi-
tion, forced expression of active Akt (Myr Akt/Myc-His)
resulted in increased p-HDM2, reduced p53 and p21, and
increased cell survival, compared with inactive Akt (DM Akt/
Myc-His, Fig. 5). Akt is known to suppress cell death by activat-
ing phosphorylation of HDM2 and subsequent p-HDM2-me-
diated ubiquitination and degradation of p53 (14), which is
upstream to p21 (44). Therefore, cigarette smoke is supposed to
contribute to cell death, partly via Akt degradation and reduced
phosphorylation of HDM2, resulting in an increase of p53 and
p21. In human pulmonary artery endothelial cells, CSE induced
p53, and inhibition of p53 by a pharmacological inhibitor orp53
siRNA resulted in significant blockade of cigarette smoke-in-
duced apoptosis (45). In addition to p53 induction by decreased
p-HDM2, cigarette smoke may exert its cytotoxic action by
activation of p53 through the ASK1/p38 MAPK pathway. In
cerebral endothelial cells, amyloid-� induced dephosphory-
lation of ASK1. Dephosphorylated ASK1 is released from
14-3-3, and activates p38 MAPK, leading to p53 phosphoryla-
tion and activation (46). Therefore, Akt acts as a survival
signaling hub through negative control of multiple cytotoxic
pathways.
In our recent study,we observed that bonemarrowcell trans-

plantation resulted in repair of emphysematous lungs damaged
by chronic exposure to cigarette smoke (26). Of note, trans-
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planted bone morrow cells suppressed apoptosis of alveolar
septal cells and induced cell proliferation, along with Akt phos-
phorylation, implicating the importance of Akt activation in
repair of emphysematous lungs. However, because of multiple
facets of Akt, a cautious approach is needed to understand the
role of Akt in COPD pathogenesis. Recently, Yoshida et al. (47)
reported that rapamycin, a selective inhibitor of mTORC1,
induced apoptosis of alveolar septal cells in room air-keptmice,
although rapamycin induced an increase in the number of
inflammatory cells in bronchoalveolar lavage fluid. However,
paradoxically, rapamycin suppressed cigarette smoke-induced
NF-�B activation and an increase in alveolar macrophages. As
Akt activates mTORC1 (48) and is also involved in inflamma-
tion (49), suppression of Akt activitymay be a therapeutic strat-
egy in treatment of COPD, especially in an aggravating phase.
However, Akt suppression may not guarantee prevention or
recovery from emphysema and may even worsen it by acceler-
ation of alveolar cell death. Therefore, the complicating roles of
Akt in COPD must be further clarified in the context of both
inflammation and emphysema for development of an appropri-
ate therapeutic regimen.
In conclusion, we demonstrate for the first time that CSE

induces Akt ubiquitination and proteasomal degradation,
which led to cell death in NHLFs. In CSE-induced Akt degra-
dation, preferential ubiquitination of active Akt by TTC3 was
demonstrated. Finally, we confirmed increased TTC3 expres-
sion and Akt and p-Akt reduction in lungs of rats exposed to
cigarette smoke for 3 months. These data may provide a clue to
future study for investigation of a pathogenic role of Akt deg-
radation and TTC3 induction in cigarette smoking-induced
development of emphysema.
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