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Background: Fut8�/� mice show emphysematous lesions, the major risk factor for which is exposure to cigarette smoke
(CS).
Results: Fut8�/� mice developed CS-induced emphysematous lesions, which are associated with an aberrant Smad7-Smad2-
matrix metalloproteinase signaling pathway.
Conclusion: Genetic ablation of Fut8 increases sensitivity to CS-induced emphysema.
Significance: Core fucosylation appears to be involved in the development of chronic obstructive pulmonary disease.

We previously demonstrated that a deficiency in core fucosy-
lation caused by the genetic disruption of �1,6-fucosyltrans-
ferase (Fut8) leads to lethal abnormalities and the development
of emphysematous lesions in the lung by attenuation of TGF-�1
receptor signaling. Herein, we investigated the physiological
relevance of core fucosylation in the pathogenesis of emphy-
sema using viable heterozygous knock-out mice (Fut8�/�) that
were exposed to cigarette smoke (CS). The Fut8�/� mice exhib-
ited amarked decrease in FUT8 activity, andmatrixmetallopro-
teinase (MMP)-9 activities were elevated in the lung at an early
stageofexposure.Emphysemadevelopedaftera3-monthCSexpo-
sure, accompanied by the recruitment of large numbers of macro-
phages to the lung. CS exposure substantially and persistently ele-
vated the expression level of Smad7, resulting in a significant
reduction of Smad2 phosphorylation (which controls MMP-9
expression) in Fut8�/� mice and Fut8-deficient embryonic fibro-
blast cells. These in vivo and in vitro studies show that impaired
core fucosylation enhances the susceptibility toCS and constitutes
at least part of thediseaseprocess of emphysema, inwhichTGF-�-
Smad signaling is impaired and theMMP-mediated destruction of
lung parenchyma is up-regulated.

Chronic obstructive pulmonary disease (COPD)4 is a severe,
slowly progressive, and disabling disease associated with an
accelerated decline in lung function and is currently the fourth
leading cause of death worldwide. Emphysema and chronic
bronchitis are important phenotypes of COPD (1, 2). Oxidative
stress (3) and an imbalance in protease-antiprotease (4) in the
lungs are thought to be key components of the pathogenesis of
COPD.
It is now clear that exposure to cigarette smoke (CS) is a

major risk factor for the development of COPD. Smoking-ini-
tiated inflammation leads to changes in both the airways and
lung parenchyma. The main known contribution of CS is the
activation and recruitment of inflammatory cells to the lungs
(5–7). CS induces the release of proinflammatory cytokines
from culturedmacrophages, epithelial cells, and fibroblasts and
also increases the expression of genes that encode chemoat-
tractants and proinflammatory mediators, including TNF-�
and IL-1� (8, 9), in whole lungs and bronchoalveolar lavage
(BAL) fluid.
Matrix metalloproteinase (MMP) appears to play a role as a

mediator of emphysema and is associated with both the
destruction of elastin and the aberrant remodeling of damaged
alveoli. Exposure to CS results in an increase in the levels of
MMP-2, -9, -12, -13, and -14 in mice (10–12). Mice that are
lacking MMP-12 have been shown to be completely protected
against emphysema (13). On the other hand, it has been well
established that MMP-9 is a major mediator of emphysema in
humans (14).
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We recently reported that the growth of �1,6-fucosyltrans-
ferase knock-out (Fut8�/�) mice is severely retarded and that
the mortality rate was �70% during the first 3 postnatal days.
Interestingly, the lungs of the surviving adult mice showed
emphysematous changes, which can be partly attributed to a
lack of �1,6-fucosylation of the TGF-�1 receptor, resulting in
the dysregulation of TGF-�1 receptor activation and signaling.
As a consequence of the impaired TGF-�1 signaling at steady
state, the Fut8�/� mice also showed evidence of the overex-
pression of MMP-9, -12, and -13 in the lungs (15). The Fut8
gene encodes the�1,6-fucosyltransferase (FUT8) that catalyzes
the transfer of a fucose residue from GDP-fucose to position 6
of the innermost GlcNAc residue of hybrid and complex types
ofN-linked oligosaccharides on glycoproteins, and the product
is referred to as a core fucose (16, 17). The loss of core fucosy-
lation also results in the down-regulation of the EGF receptor-
mediated cellular signaling pathway and proteinase-activated
receptor and integrin activities, which may contribute to the
growth retardation observed in Fut8�/� mice (18, 19). Core
fucosylation not only affects ligand-receptor binding and
receptor-mediated signaling but has also been reported to
affect the expression level of VEGF receptor-2, which is
involved in alveolar cell apoptosis (20).
On the basis of the fact that gene-targeted Fut8�/� mice

show airspace enlargement due to developmental abnormal
lung morphogenesis, we hypothesized that a lowered FUT8
enzyme activity might be associated with susceptibility to
emphysema in adults. In this study, Fut8�/�micewere exposed
to CS, and the degree of alveolar destructions, inflammatory
cell accumulation, and changes inMMP levels in the lung were
evaluated.

EXPERIMENTAL PROCEDURES

Mice—Fut8�/� mice were generated on a pure C57BL/6J
background (�10 backcrosses). Age- and sex-matched WT
C57BL/6J mice were used as controls. Their genotypes were
determined byPCRs.Weused 10–12-week-old femalemice for
CS exposure. All experimental protocols and procedures were
approved by the Ethical Committees on Animal Research of
RIKEN and the Gunma University Graduate School of
Medicine.
CS Exposure—Groups of Fut8� and WT female mice, all

10–12 weeks of age, were subjected to smoke from four unfil-
tered Kentucky cigarettes per day, 6 days per week, for 2 weeks
to 3 months, using a previously described smoking apparatus
(13). Mice tolerated CS exposure without any obvious evidence
of toxicity (carboxyhemoglobin levels of 10% and no weight
loss).
Tissue Preparation and Histological Analysis—On comple-

tion of the smoking protocol, themice were killed by CO2 inha-
lation. Lungs were inflated by instilling 10% formalin at a con-
stant pressure of 25 cm of H2O (for 10 min), and the inflated
lungs were fixed for 24 h. Serial midsagittal sections were
obtained for morphological and histological analyses.
After fixation, the paraffin-embedded tissues were sectioned

(4 �m) and stained with hematoxylin and eosin. Mean linear
intercepts were calculated based on 20 randomly selected fields

in each section at �100 magnification with two crossed test
lines.
BAL Fluid Analysis—BAL fluid was prepared via a 22-gauge

intravenous catheter inserted into the tracheas of the mice.
Total cell counts of the BAL fluid were determined with a
hemocytometer after the lysis of red blood cells. Cell differen-
tials in BAL fluid were examined by Cytospin preparation with
Hema 3 (Biochemical Sciences) or Diff-Quik reagent (Sysmex
International Reagents, Kobe, Japan) staining. Differential
counts were obtained by examining �300 cells under a stan-
dard light microscope.
FUT8ActivityAssay—The lung tissueswere homogenized by

sonication and then assayed for FUT8 activity as described pre-
viously (21, 22).
Cell Cultures—Mouse embryonic fibroblasts (MEFs) derived

from wild-type and Fut8-null mice were established and main-
tained as described before (15). MicroRNAs specific for mouse
Fut8 for use in RNA interference were designed on the Invitro-
gen website, and the single-stranded RNA sequences were as
follows: TGCTGATAACTGGATGTTTGAAGCCAGTTTT-
GGCCACTGACTGACTGGCTTCACATCCAGTTAT (top)
and CCTGATAACTGGATGTGAAGCCAGTCAGTCAGT-
GGCCAAAACTGGCTTCAAACATCCAGTTATC (bottom).
A stable Fut8 knockdown cell line (Fut8KD) was established
using the above probes and exhibited �50% of the FUT8 activ-
ity of wild-type MEF cells as shown in supplemental Fig. 1. For
Smad signaling pathway analysis, TGF-�1 and a CS extract
(CSE) were used.
RNA Extraction and Quantification by Real-time PCR—To-

tal RNAwas extracted from tissues using TRIzol reagent (Invit-
rogen), and reversed-transcribed cDNA was subjected to PCR
amplification using THUNDERBIRD SYBR qPCR mix
(TOYOBO, Tsuruga, Japan). RT-qPCR was performed on the
Mx3000P real-time qPCR system (Stratagene). The forward
and reverse primers used were as follows: MMP-9, 5�-TGAA-
CAAGGTGGACCATGAG-3� (forward) and 5�-CGGTTGAA-
GCAAAGAAGGAG-3� (reverse); MMP-12, 5�-GCTAGAAG-
CAACTGGGCAAC-3� (forward) and 5�-ACCGCTTCATCC-
ATCTTGAC-3� (reverse); RPL4 (ribosomal protein L4), 5�-
GTTCAAAGCTCCCATTCGAC-3� (forward) and 5�-AATT-
CACTGACGGCATAGGG-3� (reverse); mouse Smad2, 5�-
GTCAACCAGGGTTTTGAAGC-3� (forward) and 5�-CTGT-
CTGCCTCCGATATTCTG-3� (reverse); and mouse Smad7,
5�-TTTACAACCGCAGCAGTTACC-3� (forward) and 5�-
AGCCTTGATGGAGAAACCAG-3� (reverse).
Assay for MMP Activity—The levels of MMP-9 activity in

tissue homogenates were assessed using a SensoLyteTM 520
MMP-9 assay kit (AnaSpec, Freemont, CA) following the rec-
ommended protocols. Before reaction, the homogenized tis-
sues were desalted using centrifugal filter devices with regener-
ated cellulose (molecular weight cutoff of 30,000; Millipore).
The reaction was terminated by adding 50 mM EDTA.
In the case of MMP-12, a two-step method was used. The

levels of total MMP activities in tissue samples were first
assessed directly by cleavage of the quenched fluorescent sub-
strate 2,4-dinitrophenyl-Pro-b-cyclohexyl-Ala-Gly-Cys(Me)-
His-Ala-Lys(N-Me-2-aminobenzoyl)-NH2 (Calbiochem) ac-
cording to the recommendations of the manufacturer. Total
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MMP activity was then measured again in the presence of a
peptide inhibitor of MMP-12. The difference between activity
values was considered to denote the relative activity of endog-
enous MMP-12. The percentage of activity of MMP-12 to that
of total MMP was compared among all of the samples. This
peptide inhibitor of MMP-12 was a generous gift from Drs.
Vincet Dive and Fabrice Beau (Commissariat à l’Energie Atom-
ique, Institute de Biologie et des Technologies de Saclay,
France) (23).
TGF-�1 Stimulation—Cells (5� 105)were seeded on 60-mm

culture dishes and subjected to serum starvation for 24 h. After
washing with chilled PBS containing 0.1% BSA, the cells were
incubated for 2 h at 4 °C with TGF-�1 at the indicated concen-
trations. After washing, the cells were lysed for Western blot
analysis.
Preparation of Aqueous CSE—Research-grade cigarettes

(2R4F) were obtained from Kentucky Tobacco Research
(Lexington, KY). The CSE was prepared by bubbling smoke
from one cigarette into 10 ml of culture medium, and this
medium is referred as a 100%CSE solution (24). The CSE was
sterile-filtered through a 0.45-�m filter. The CSE was freshly
prepared for each experiment and diluted with culture

medium immediately before use. The final concentration of
the CSE was 10%. At this concentration, cell viability was
consistently �95%, as evidenced by trypan blue exclusion
experiments.
Western Blot Analysis—Anti-Smad2, anti-phospho-Smad2,

and anti-Smad7 antibodies were obtained from Cell Signaling
Technology. Anti-MMP-9 antibody was from Santa Cruz
Biotechnology, and anti-�-actin antibody was from Sigma.
TGF-� receptor II was immunoprecipitated with an anti-
TGF-� receptor II antibody (Millipore) and was detected
using another anti-TGF-� receptor II antibody (Cell Signal-
ing Technology). Biotinylated Aspergillus oryzae lectin, a
kind gift from Dr. K. Matsumura (Gekkeikan, Kyoto, Japan)
(25), was used for lectin blotting of TGF-� receptor II. At the
end of the TGF-�1 or CSE treatment, MEF cells were col-
lected, and the cell lysates were analyzed by 10% SDS-PAGE.
Gels were blotted onto PVDF membranes. Membranes were
incubated with the primary antibody overnight at 4 °C, fol-
lowed by washing and exposure to horseradish peroxidase-
labeled secondary antibodies for 30 min at room tempera-
ture. The immunocomplexes were visualized using an
enhanced chemiluminescence detection system and quanti-

FIGURE 1. CS exposure results in decreased FUT8 enzyme activity. A, CS specifically decreased FUT8 enzyme activity. In addition to FUT8, other N-glyco-
syltransferases (�1,4-N-acetylglucosaminyltransferases III (GnT-III) and IV (GnT-IV) and �1,6-N-acetylglucosaminyltransferase V (GnT-V)) were compared in all
2-week CS-exposed mice and their controls. B, the decline in FUT8 enzyme activity in the lung tissues persisted for the entire CS exposure period. FUT8 enzyme
activities in all CS-exposed mice at each time point (2 weeks, 2 months, and 3 months) are shown. C, the reduction of gene expression levels of Fut8 caused by
a 2-week CS exposure was much more significant in Fut8�/� mice. Data are the mean � S.E. (n � 10). *, p 	 0.05; **, p 	 0.02; ***, p 	 0.01 versus the matched
groups connected with bars.
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fied by densitometric scanning. �-Actin was included for
normalization in this quantification.
Data Analysis—Data are expressed as the mean � S.E. Dif-

ferences between groups were assessed by analysis of variance.
Statistical significance was set at p 	 0.05.

RESULTS

Exposure to CS Results in Decrease in FUT8 Enzyme Activity—
To evaluate the physiological relevance of FUT8 enzyme
activity and CS exposure, we analyzed the activities of four gly-
cosyltransferases related to the synthesis of the N-glycan core,
�1,4-N-acetylglucosaminyltransferases III and IV, �1,6-N-
acetylglucosaminyltransferase V, and FUT8 (supplemental Fig.
2), in the lung. Only the activity of FUT8 was decreased in all of
the CS-exposed cohorts (Fig. 1A). The decrease in enzyme level
was detectable after a 2-week exposure to CS, and the lowered
enzyme activity level persisted for the entire period of the CS
exposure. The difference in FUT8 enzyme activity reached sta-
tistical significance at all of the time points between the CS-
exposed and non-CS-exposed groups (Fig. 1B). Furthermore,
we could detect an emphasized reduction of Fut8mRNA levels
in Fut8�/� mouse lung samples at 2 weeks of CS exposure (Fig.
1C).
Lungs of Fut8�/� Mice Have IncreasedMMP Expression Lev-

els and Activities after Short-term Exposure to CS—At the
2-week point, the CS-exposed Fut8�/� mice showed an
�2-fold increase in MMP-9 gene expression levels (p 	 0.05

versus non-CS-exposed mice) (Fig. 2A). The difference in
MMP-12mRNA expression among all of the groups was subtle
(Fig. 2C).
The increasedMMP gene expression in the early stage of CS

exposure corresponded to increased enzyme activity. At the
2-week point, the CS-exposed Fut8�/� mice showed a marked
increase in the amount of activated MMP-9 compared with all
of the other groups (p 	 0.01) (Fig. 2B). Meanwhile, up-regu-
lated MMP-12 activity was observed in the CS-exposed
Fut8�/� mice (p 	 0.05 versus non-CS-exposed Fut8�/� mice)
at the 2-week point (Fig. 2D).
Enhanced Inflammation in Response to Long-term CS Expo-

sure in Fut8�/� Mice—Because the development of emphy-
sema is closely associated with inflammation, we evaluated the
inflammatory cells that accumulated in response to CS expo-
sure. The population of inflammatory cells in BAL fluid
obtained from themice wasmeasured. A significant increase in
the total cell number and macrophages was detected in
2-month (Fig. 3, A and B) and 3-month (Fig. 3, C and D) CS-
exposed mice (p 	 0.05), whereas the most prominent changes
were found in 3-month CS-exposed Fut8�/� mice.
Dramatic Airspace Enlargement in Fut8�/�Mice in Response

to Long-term Exposure to CS—To estimate the morphological
change in response to long-termCS exposure, wemeasured the
mean linear intercept, which indicates the average distance
between alveolar walls and is proportional to the degree of

FIGURE 2. CS exposure enhances expression of MMP-9 and MMP-12 at early stage in Fut8�/� mice. Total RNAs from 2-week CS-exposed lungs were used
for real-time PCR analysis of MMP-9 (A) and MMP-12 (C). Data are the mean � S.E. (n � 10). Values were normalized to RPL4 levels and are expressed as the -fold
increases against the value for wild-type (Fut8�/�) non-CS-exposed mice. *, p 	 0.05; p 	 0.01 versus the matched groups connected with bars. The protein
expression and/or enzyme activity of MMP-9 (B) and MMP-12 (D) was measured as described under “Experimental Procedures.” Values for MMP-9 are corrected
with the activity of commercial recombinant protein and are expressed as the amount of activated MMP-9.
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emphysema. Histological sections indicated that a 3-month CS
exposure induced clear emphysematous changes in Fut8�/�

mice compared with non-CS-exposed Fut8�/� mice and
Fut8�/� mice (Fig. 4A). In the Fut8�/� mice, the mean linear
intercept was significantly increased by 18.6% in response to a
3-month CS exposure (34 � 2.8 to 41 � 1.3, p 	 0.05 versus
non-CS-exposed mice) (Fig. 4B). In contrast, the mean linear
intercept was unchanged in response to a 2- or 3-month CS

exposure in Fut8�/�mice (33� 2.9 to 37� 3.8) (Fig. 4B). These
results suggest that CS-induced emphysema is facilitated in
Fut8�/� mice.
Lungs of Fut8�/� Mice Have Impaired Smad Pathway Due to

Exposure to CS—To clarify the molecular mechanism underlying
CS-induced emphysema, we initially analyzed TGF-�1 signaling
related to Smad activation in Fut8-deficientMEF cells (Fig. 5A) by
immunoblot analyses using anti-Smad2, anti-phospho-Smad2,

FIGURE 3. Inflammatory cell content in BAL fluid in response to long-term CS exposure. The numbers of total cells (A and C) and macrophages (B and D)
in the BAL fluid of WT (Fut8�/�) and heterozygous knock-out (Fut8�/�) mice are shown. Black bars, CS-exposed; white bars, non-CS-exposed. Cell counts were
tabulated using a hemocytometer and Cytospin preparation with Hema 3 staining (n � 10 mice/group). *, p 	 0.05; **, p 	 0.02 versus the matched groups
connected with bars.

FIGURE 4. Fut8�/� mice show enlarged airspace in response to 3-month exposure to CS. A, hematoxylin/eosin-stained sections were used for morpho-
logical analyses. Photographs of lungs from non-CS-exposed (panel a) or 3-month CS-exposed (panel b) Fut8�/� mice and non-CS-exposed (panel c) or 3-month
CS-exposed (panel d) Fut8�/� mice are shown. B, mean linear intercept, which is proportional to the extent of emphysema, was quantified. Data are the mean �
S.E. (n � 10). The mean linear intercept was significantly increased in Fut8�/� mice in response to a 3-month CS exposure. *, p 	 0.05 versus the matched groups
connected with bars.
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and anti-MMP-9 antibodies. Although the expression level of
Smad2 was not affected, the phosphorylation of Smad2 in
response to TGF-�1 was decreased in both Fut8

KD
and Fut8�/�

cells. MMP-9 proteins that were secreted into the medium were
essentially undetectable in wild-type embryonic fibroblasts,
whereas they were clearly detected in Fut8-deficient cells. These
data are consistent with previous findings obtained with Fut8�/�

mice, where a lack of core fucose was found to lead to a marked
down-regulation in theTGF-�1 signaling pathway, which leads to
the dysregulation of expression and activation ofMMP-9 (15).

We next examined the expression and phosphorylation of
Smad2 in response to CSE exposure (Fig. 5B). Smad2 protein
expression showed no differential expression among all cell
types, whereas the phosphorylation levels of Smad2 were
increased in a time-dependentmanner by CSE exposure. Com-
pared with wild-type MEF cells, the phosphorylation of Smad2
in Fut8-deficient cells was down-regulated, which coincided
with elevated MMP-9 expression. This is consistent with pre-
vious findings (41) that the phosphorylation of Smad2 controls
the production of MMP.

Relationship between Fucosylation and Cigarette Smoke

16704 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 20 • MAY 11, 2012



Furthermore, we investigated the mechanism of the down-
regulation of Smad2 phosphorylation by CS stimulation (Fig.
5C). The gene expression profile of the Smad family obtained by
real-time PCR analyses revealed that the gene expression of
Smad7was increased to a greater extent in 2-week CS-exposed
Fut8�/� mice than in wild-type mice, as well as in CSE-treated
Fut8-deficient MEF cells. Fut8-deficient cells exhibited higher
induction levels of Smad7 proteins compared with wild-type
cells, especially at 24 h.

The above findings indicate that low expression of Fut8
resulted in high sensitivity to theCSE. Actually, the level of core
fucosylation on TGF-� receptor II, detected byA. oryzae lectin,
was decreased or disappeared in Fut8-deficient cells (Fig. 5A,
panel c). CSE stimulation appeared to up-regulate the produc-
tion of Smad7 and subsequently attenuated TGF-�1-Smad2
signaling, which was more obvious in Fut8-deficient cells and
could be a key link between protein core fucosylation and CS-
induced emphysema.

FIGURE 5. Smad pathway is impaired by exposure to CS in Fut8 mutant mice. A, the alteration of Smad signaling pathway by TGF-�1 stimulation was
examined. Serum-starved MEF cells were treated with or without TGF-�1 at the indicated concentrations as described under “Experimental Procedures.” Panel
a, the cell lysates were detected by immunoblotting with anti-Smad2 antibody (left) and anti-phospho-Smad2 antibody (middle), and the ratio of phospho-
Smad2 (pSmad2) to Smad2 for samples stimulated with 0.5 ng/ml TGF-�1 is shown (right). Panel b, the production of MMP-9 was checked using anti-MMP-9
antibody (left), and the quantity of MMP-9 (arbitrary units (AU)) is shown for samples stimulated with 0.5 ng/ml TGF-�1 (right). Panel c, the fucosylation levels
on TGF-� receptor II were analyzed. TGF-� receptor II (T�RII) was immunoprecipitated (IP) from whole cell lysates and then subjected to 10% SDS-PAGE. After
electroblotting, blots were probed with anti-TGF-� receptor II antibody (upper) and A. oryzae lectin (AOL) (middle). The protein concentration of all of the lysates
used for immunoprecipitation was normalized as shown by immunoblotting of �-actin (lower). WB, Western blot. B, the time course of the CSE effect on the
Smad pathway was then examined. Cells were treated with 10% CSE for the indicated periods of time leading up to simultaneous harvest and analyzed by
immunoblotting. Panel a, the blots were developed with anti-Smad2 antibody (left) and anti-phospho-Smad2 antibody (middle), and the ratio of phospho-
Smad2 to Smad2 for samples stimulated with 10% CSE for 24 h is shown (right). Panel b, the production on MMP-9 related to the CS exposure was checked by
immunoblotting using anti-MMP-9 antibody (left). As for samples stimulated with 10% CSE for 24 h, the quantity of MMP-9 (arbitrary units) is shown (right).
C, the effect of CSE on the expression of the Smad7 protein. Panel a, real-time PCR analysis of Smad7 was performed for 2-week CSE-exposed mouse samples.
Total RNAs from 2-week CSE-exposed Fut8�/� and Fut8�/� mouse lungs were used as templates. Values were normalized to RPL4 levels and are expressed as
-fold increase against the value for wild-type (Fut8�/�) non-CS-exposed mice. **, p 	 0.02 versus the matched groups connected with bars. Panel b, Fut8-
deficient MEF cells treated with 10% CSE for the indicated periods of time were harvested and analyzed with anti-Smad7 antibody (left). The band density of the
samples stimulated by 10% CSE for 24 h is shown (right). For all of the experiments, �-actin from the cell lysate was included for normalization.

FIGURE 6. Working model for onset of emphysema in Fut8�/� mice upon exposure to CS. It was reported previously (15) that Fut8�/� mice show
emphysematous changes in the lung due to a lack of core fucosylation of the TGF-�1 receptor. In this study, Fut8 expression was down-regulated by exposure
to CS, resulting a much lower level of core fucosylation. This change in N-glycosylation led to more severe impairment of the TGF-�1 signaling pathway.
Moreover, CS evoked an up-regulation of Smad7, a key inhibitory factor associated with Smad2 phosphorylation. Comprehensively, a lower degree of core
fucosylation appears to increase the susceptibility to CS-induced emphysemas. T�RI and T�RII, TGF-� receptors I and II, respectively; TF, transcription factor;
ECM, extracellular matrix.
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DISCUSSION

In this study, Fut8�/� mice developed emphysematous
changes in the lungs after a 3-month period of CS exposure,
which is the half the time required forwild-typemice to develop
the same symptoms (26). The onset of emphysema in Fut8�/�

mice is associated with the accumulation of macrophages,
induction of MMP gene expression, activation of MMP
enzyme, and an aberrant Smad signaling pathway.
Because the Smad pathway coordinates a delicate balance

between fibrosis and excess extracellular matrix destruction,
alterations in this pathway can contribute to the development
of emphysema. We first confirmed that the TGF-�1-Smad2-
MMP-9 pathway in Fut8-deficient MEF cells is defective com-
pared with that in wild-type cells, which is consistent with our
current in vivo knowledge of Fut8�/� mice.We then addressed
the issue of whether the differences in the rate of onset of
emphysema as observed in Fut8�/� mice could be attributed to
an aberrant Smad pathway caused by CS (Fig. 6). According to
our data, CS exposure had no effect on the expression level of
Smad2, whereas the phosphorylation of Smad2 was down-reg-
ulated, which resulted in a much higher production of MMP-9
in Fut8-deficient cells. More importantly, the gene expression
level of Smad7 was increased in both Fut8-deficient cells and
Fut8�/� mice due to CS exposure. A previous study indicated
that Smad7 can affect the above signaling pathway by inhibiting
the phosphorylation of Smad2 and Smad3 and inducing the
ubiquitination of their receptors (27). Smad7 regulates TGF-�1
signaling and mediates cross-talk between TGF-� and other
signaling pathways (28). As CS presumably contains �5000
compounds, it is nearly impossible to identify the specific com-
pound responsible for stimulating the expression of Smad7 in
the case ofCS-exposedFut8�/�mice. Smad7has been reported
to be regulated by different stimuli, including TGF-�, TNF-�,
and IFN-� (29, 30). Knowledge of how a deficiency in core
fucose could affect the function of Smad7 would provide some
clues to help explain the pathology of CS-exposed Fut8�/�

mice.
Down-regulation of FUT8 enzyme activity during exposure

toCSwas observed in all of theCS-exposedmice, but themech-
anism for this is not clear. It has been reported that CS induces
modifications in chromatin and epigenetic changes by causing
the post-translational modification of histone acetyltrans-
ferases and histone deacetylases, leading to abnormal gene
transcription (31). A recent study reported that themechanism
for the expression of glycosyltransferase was highly associated
with epigenetic histone modifications (32). Taking these stud-
ies into account, it is entirely possible that the gene expression
of Fut8might also be regulated in an epigeneticmanner (Fig. 6).
In addition to the accumulation ofmacrophages, the findings

herein show that CS exposure also induces an increase in gene
expression and activities of MMP-9 and MMP-12 in lung tis-
sue of Fut8�/� mice. These twoMMPs have been implicated in
the genesis of pulmonary emphysema and have been reported
to be increased in the lungs of patients with COPD (33, 34). The
increased MMP production in Fut8�/� mice appears to occur
very early in the CS exposure period. Our findings are similar to
reports dealing with pulmonary hypertension and vascular

remodeling (10). One possibility for the effect of the increased
MMP induction in Fut8�/� mice is the early degradation of
elastin, which sets the stage for the eventual functional abnor-
malities in the lung because it is known that elastin fragments
produced as the result of cleavage by MMPs are major chemo-
kines that recruitmacrophages in lungs in response to exposure
to CS in vivo (35).
Cigarette smoking is by far themost important risk factor for

COPD. However, only a susceptible minority (�15–20%) of
tobacco smokers develop clinically significant COPD, suggest-
ing that genetic factors must be involved in each individual’s
risk (35). Although several gene knock-out mice, e.g. the klotho
gene (36), and tetraspanin CD9/CD81 double knock-out mice
(37) showed emphysematous changes in the lung, the host fac-
tors that are involved in the pathogenesis of CS-induced COPD
have not yet been identified, except for the rare hereditary defi-
ciency of �1-antitrypsin (38). Our study of gene-environment
interactions between Fut8 andCS is therefore of critical impor-
tance in terms of elucidating the effect of host factors on the
development of COPD. The Fut8�/� mice developed emphy-
sematous lesions in the alveolar wall after only a 3-month CS
exposure (Fig. 1), whereas 6months were generally required for
wild-typemice. Our data suggest thatmice with low expression
levels of Fut8 are at a high risk of developing emphysema.
Meanwhile, core fucosylation has been reported to be
decreased in smokers by an analysis ofN-glycans in the plasma
of 1914 individuals (39), which confirmed our observations
obtained with CS-exposed mice. Moreover, a recent clinical
study that included 182 outpatients with COPD showed a Fut8
gene polymorphism (T267K) associated with human pulmo-
nary emphysema (40). Further exploring the relationships
between the enzyme activity of FUT8 and the onset of COPD in
human samples would clearly be a worthwhile endeavor. Our
unpublished data5 also suggest that a reduction in FUT8
activity is significantly associated with faster decline of FEV1,
an important index for respiratory function in patients with
prominent emphysema.
In conclusion, we have demonstrated that a lower degree of

core fucosylation appears to increase the susceptibility to CS-
induced emphysema. Our findings may have prognostic impli-
cations related to the incidence pattern, severity, and extent of
emphysema for cigarette smokers.
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