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Abstract
Respiratory diseases such as asthma and COPD (chronic obstructive pulmonary disease) are characterized
by increased numbers of goblet cells and excessive mucus production, which contribute to the underlying
disease pathology. Mucins form a major component of the mucus contributing to its viscoelastic properties,
and in the airways the mucins MUC5AC and MUC5B are found at increased levels in both asthmatic and COPD
subjects. A diverse range of stimuli have been shown to regulate MUC5AC expression and cause increases
in the number of mucus-producing goblet cells. Perhaps the best characterized of these mediators is the
cytokine IL (interleukin)-13, which causes increases in MUC5AC-expressing goblet cells in the airways. Several
transcription factors have been linked with goblet cell formation and mucus production and include STAT6
(signal transducer and activator of transcription 6), FOXA2 (forkhead box A2) and the SPDEF [SAM (sterile α
motif) domain-containing prostate-derived Ets factor]. In mouse airways, goblet cells are normally rare or
absent, but increase rapidly in number in response to certain stimuli. The origins of these goblet cells are
not well understood, although Clara cells and ciliated cells have been implicated as goblet cell progenitors.
An understanding of the origin and processes regulating goblet cell formation in human airway epithelial
cells has important implications for the identiﬁcation of therapeutic targets to treat respiratory diseases.

Mucus hypersecretion in respiratory
diseases
Mucus overproduction has been linked to several of the
pathological features of respiratory diseases such as asthma
[1] and COPD (chronic obstructive pulmonary disease)
[2]. Excessive mucus in the airways has been linked to an
increase in the frequency and duration of infection, decline
in lung function and increase in morbidity and mortality in
respiratory diseases [2]. In the large airways, mucus is
produced by goblet cells and submucosal glands, whereas
in the small airways the only source of mucus is the
goblet cell [3]. In healthy individuals there are a few
mucus-producing cells distal to the trachea [4], whereas in
asthma and COPD elevated numbers of goblet cells are
coupled with excessive mucus production. The increase in
the numbers of goblet cells is often termed goblet cell
hyperplasia or metaplasia. Goblet cells can rapidly secrete
mucus in response to certain stimuli by exocytosis to form
a mucus layer that lines the airways (reviewed in [5]). This
mucus layer normally plays a beneficial role that protects
against inhaled pathogens, toxins and other foreign particles
by a process termed mucociliary clearance. However, abnormal mucus production and clearance can contribute to
respiratory disease pathologies [4,6]. In asthma and COPD,
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the major mucin components of airway mucus secretions are
MUC5AC and MUC5B, which contribute to the viscoelastic
properties of the mucus [3]. There have been several studies
linking increases in mucin gene expression and mucus
production with respiratory diseases. In asthmatic patients,
mucus plugging of the airway lumen has been reported as a
major contributing factor of fatal asthma [7]. Even in mild and
moderate asthma, increases in airway goblet cell number and
stored and secreted MUC5AC protein have been reported [8].
Increases in goblet cells and mucus production have also
been reported in COPD subjects. Indeed, the progression of
the disease has been reported to be strongly associated with
accumulation of mucus in the lumen of the small airways and
has been more recently associated with early death [9,10].
In COPD subjects, increased numbers of mucus-producing
goblet cells have been described [11]. Studies analysing the
mucin components of airway mucus in COPD patients have
reported MUC5AC and MUC5B as the major mucins in
sputum, with MUC5B being the predominant form [12,13].
As the contribution of excessive airway mucus to respiratory
disease pathology is becoming clearer, factors regulating
mucus production are also emerging.

Factors regulating mucin expression
COPD and asthma are inflammatory conditions of the
airways associated with increases in inflammatory cells, and
inflammatory mediators such as cytokines and chemokines.
Indeed, many of the mediators that are associated with either
asthma or COPD have been investigated in vitro and/or
in vivo for their effects on goblet cell formation and mucin
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gene expression. Studies have implicated multiple stimuli
in the regulation of mucin gene expression and mediators
regulating MUC5AC expression have been reviewed in detail
[6]. These factors include the cytokines TNFα (tumour
necrosis factor α), IL (interleukin)-1β, IL-9, IL-13, IL-17
[14–18], cigarette smoke [19], the growth factors EGF (epidermal growth factor), TGFα (transforming growth factor α),
TGFβ2 [20,21] and proteases such as neutrophil elastase [22].
Additionally the bacterial pathogen Pseudomonas aeruginosa
has been associated with increases in MUC5AC mRNA and
protein expression in airway epithelial cell cultures [23]. The
available data suggest that the EGFR (EGF receptor) pathway
is involved in the regulation of mucin production by several
stimuli, including the bacterial product LPS (lipopolysaccharide), cigarette smoke and neutrophil elastase (reviewed
in [24]). Although many studies have examined regulation
of MUC5AC expression, less is known about MUC5B, the
predominant mucin expressed in COPD. In vitro studies
using HBEC (human bronchial epithelial cell) cultures have
indicated that retinoic acid can induce expression of MUC5B
[25]. Additionally, cytokines IL-17 and IL-6 have been
linked with increases in MUC5B, together with MUC5AC,
expression in human airway epithelial cell cultures [18].
Several of the stimuli shown to induce MUC5AC or
MUC5B expression in vitro have also been linked to mucin
expression and goblet cell formation in vivo. Transgenic mice
overexpressing IL-1β have increased numbers of MUC5ACexpressing goblet cells in the airways [26], and mice
overexpressing IL-9 exhibit increased expression of
MUC5AC, although this appears to be via an IL-13dependent pathway [27]. The cytokine IL-4 has also been
associated with goblet cell formation in mice, with direct
delivery of IL-4 to the airways, resulting in increases in
mucus-expressing goblet cells [28]. Neutrophil elastase, a
protease found at elevated levels in airway secretions of
COPD subjects, also induces expression of MUC5AC in
goblet cells in mice [29]. Additionally, in a rat model a
combination of cigarette smoke, a major contributor to the
pathogenesis of COPD, and LPS resulted in an increase in
mucus-expressing goblet cells [30].
Several studies have concentrated on the cytokine IL-13,
which is an important mediator found at elevated levels in
asthmatic airways (reviewed in [31]). In mice sensitized with
the allergen ovalbumin, subsequent allergen challenge results
in a marked increase in the numbers of goblet cells and
expression of MUC5AC [32,33]. In ovalbumin-sensitized
mice treated with a solubilized version of an IL-13 receptor,
or in mice deficient in IL-13, goblet cell formation in
response to allergen challenge is either absent or strongly
attenuated [34,35]. In addition to these in vivo studies, the
role of IL-13 in human respiratory epithelium has also been
studied in vitro using primary HBECs collected post mortem.
When cultured at the air/liquid interface in the presence
of retinoic acid, HBECs differentiate to form a stratified
epithelium containing mucus-containing cells and ciliated
cells [36]. In untreated cultures a few goblet cells are present,
but treatment with IL-13 results in up to a 10-fold increase in
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the density of goblet cells together with increased expression
of MUC5AC compared with untreated cultures [17]. These
studies indicate a central role for IL-13 in mediating goblet
cell formation in both an in vivo model of allergic asthma
and an in vitro model of human respiratory epithelium.

Signal transduction pathways leading to
goblet cell formation
Evidence from knockout mice studies has identified a pivotal
role for the transcription factor STAT6 (signal transducer
and activator of transcription 6) in mediating IL-13-induced
goblet cell formation. Mice deficient in STAT6 are completely
protected from ovalbumin-induced goblet cell formation
[37]. Overexpression of IL-13 in transgenic mice is also associated with mucus overproduction and mice lacking STAT6
are resistant to the effects of transgenic IL-13 expression [38].
Furthermore, in the above mentioned study, Kuperman
et al. [38] found that reconstitution of STAT6 expression
specifically in lung epithelial cells restored mucus-containing
cells in transgenic mice, indicating that IL-13 acts directly on
the epithelium. The authors of the present review have found
that shRNA (small-hairpin RNA)-mediated knockdown
of STAT6 expression in air/liquid interface cultures of
HBECs also abrogates IL-13-induced goblet cell formation
( J. Turner, S. Petit, J. Giddings, J. Roger and C.E. Jones),
unpublished work), which indicates the importance of
STAT6 in a human model.
Events downstream of STAT6 that effect the differentiation
of goblet cells are less clear. As discussed earlier, IL-13 has
been demonstrated to induce MUC5AC expression in a
number of experimental systems; however, a direct role for
STAT6 in regulating MUC5AC expression is unlikely since
the MUC5AC gene promoter contains no consensus STAT6
binding motifs [39], suggesting the presence of additional
signaling processes. Several candidates that regulate this
process have recently come to light. Gene-targeting studies
have revealed a key role for the FOXA2 (forkhead box A2) in
regulating goblet cell hyperplasia. Deletion of FOXA2 from
mouse lung epithelial cells resulted in goblet cell hyperplasia
and, in addition, FOXA2 expression in lung tissue from patients with pulmonary diseases was inversely proportional to
goblet cell hyperplasia [40]. It appears, therefore, that lack of
FOXA2 expression is associated with goblet cell formation.
Decreased expression of FOXA2 is also associated with increased numbers of MUC5AC-positive goblet cells in transgenic mice overexpressing IL-1β [26]. Additionally, FOXA2
has been implicated as a common mediator of both IL-13 and
EGFR signalling in airway epithelial cells, and its expression is
down-regulated by activation of either IL-13 or EGFR pathways, inversely correlating with MUC5AC expression [41].
FOXA2 may therefore represent a common signalling node
for multiple goblet cell differentiation signalling pathways.
More recently, the transcription factor SPDEF [SAM
(sterile α-motif) domain-containing prostate-derived Ets
factor] has been implicated in regulating airway goblet cell
hyperplasia. Increased expression of SPDEF was found in the
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respiratory epithelium of mice challenged with either IL-13
or allergen and was associated with goblet cell hyperplasia
[42]. Additionally, in the above mentioned report, expression
of SPDEF in the respiratory epithelium of transgenic mice
resulted in goblet cell hyperplasia. SPDEF appears to
function downstream of STAT6, as the authors reported that
IL-13-induced increases in SPDEF expression were absent in
STAT6-knockout mice. Consequently, an understanding of
the processes leading to goblet cell formation is important to
elucidate how the epithelium responds functionally to insults
such as allergens and how, in the event that these processes
become perturbed, they may contribute to the pathogenesis
of respiratory disease.

The cellular origins of goblet cells
The conducting airways comprising trachea, bronchi and
terminal bronchioles leading to the alveolar regions of gas
exchange are lined with a stratified epithelium. In addition to
goblet cells, a few of which are present in healthy individuals,
other prominent cell types are ciliated cells, non-mucus
secretory Clara cells and underlying basal cells. In the murine
ovalbumin model of allergic asthma, remodelling of the
airway epithelium occurs rapidly with the first appearance
of goblet cells 6 h after allergen challenge, and numbers
reach a peak 7 days post-challenge [43]. In this acute in vivo
model, the authors report that the numbers of goblet cells
steadily decline from their peak during resolution of the
mucus phenotype. This plasticity in phenotype has also been
observed in air/liquid interface cultures of airway epithelial
cells where IL-13-induced goblet cell formation is reversed
by elimination of IL-13 from the cultures [44].
In mice, there is no significant change in epithelial
proliferation at the time when goblet cells first appear in
response to allergen, indicating that cell division does not
play a role in this process [43]. Several studies have attempted
to address the question of where the goblet cells arise from
in response to signals that direct remodelling, in particular
addressing the possibility that resident differentiated cell
populations may actually act as progenitors of goblet cells.
This is a process often termed transdifferentiation. In the
respiratory epithelium of allergen-challenged mice, detailed
ultrastructural analysis revealed the presence of cells sharing
the characteristics of both goblet and Clara cells not present
in the epithelium of control mice [45]. Similarly, in a second
report, mucin expression was found in a subset of Clara cells
located specifically in the proximal, but not distal, airways of
allergen-challenged mice [43]. Further evidence in support
of the hypothesis that goblet cells formed in response to allergen challenge may arise from Clara cells comes from a separate
study where allergen-induced goblet cell formation in mice
was accompanied by a decrease in the numbers of Clara cells
[46]. Another candidate goblet cell progenitor that has been
identified in the mouse is the ciliated cell. Using a mouse
model of IL-13-dependent goblet cell formation inducible
by Sendai virus infection, Tyner et al. [47] identified airway
epithelial cells in which the ciliated cell marker β-tubulin is

co-localized with the goblet cell mucin MUC5AC. A similar
observation has been reported in IL-13-treated human bronchial airway epithelial cells cultured at the air/liquid interface
and such observations may be accounted for by the presence
of cells in transition from a ciliated to goblet cell phenotype
[47,48]. These observations point to at least two sources of
goblet cell progenitors in the airway epithelium. Which cell
types act as progenitors of goblet cells may depend on their
location within the lung and the specific stimulus received.
Studies such as those outlined above are suggestive that a
process of transdifferentiation of cells already resident in the
respiratory epithelium may underlie goblet cell formation
in response to insult, although other sources of goblet cell
progenitors cannot be ruled out. Conclusive evidence may
be obtained from future studies using cell lineage tagging approaches such as the Cre/LoxP system (for a review see [49]),
where individual cell types can be specifically and irreversibly
labelled with reporter genes to facilitate the analysis of cell fate
in response to differentiation stimuli. Finally, while murine
models and the use of transgenic animals are undoubtedly
powerful techniques, differences remain between human
and mouse airway epithelial biology [50], indicating the
importance of studying these processes in human model
systems. For instance, Clara cells are restricted to the distal
bronchioles in humans but are ubiquitous throughout the
conducting airways of mice. Therefore adapting techniques
such as cell lineage tagging to human in vitro models such as
air/liquid interface cultures will be important to complement
observations made in murine models.

Conclusions
In summary, a diverse range of mediators have been linked
to airway mucus production, although the precise factors
regulating goblet cell hyperplasia probably depend on
the disease setting or model used. However, the detailed
signalling pathways leading to mucin expression and mucus
production still remain to be established. Several studies have
linked IL-13 and EGFR pathways to mucin production and
goblet cell hyperplasia, and evidence is now emerging for
common elements of their signalling pathways. Identification
of common regulators of mucin production and goblet cell
hyperplasia promises to aid in the identification of new
therapeutic approaches to target mucus hypersecretion in respiratory diseases such as asthma and COPD where excessive
mucus production contributes to the underlying pathology.

Acknowledgement
We thank G. Van Heeke for critically reviewing the paper.

References
1 Aikawa, T., Shimura, S., Sasaki, H., Ebina, M. and Takishima, T. (1992)
Marked goblet cell hyperplasia with mucus accumulation in the airways
of patients who died of severe acute asthma attack. Chest 101, 916–922
2 Vestbo, J. (2002) Epidemiological studies in mucus hypersecretion.
Novartis Found. Symp. 248, 3–19
3 Rogers, D.F. (2003) The airway goblet cell. Int. J. Biochem. Cell Biol. 35,
1–6

C The

C 2009 Biochemical Society
Authors Journal compilation 

879

880

Biochemical Society Transactions (2009) Volume 37, part 4

4 Williams, O.W., Sharafkhaneh, A., Kim, V., Dickey, B.F. and Evans, C.M.
(2006) Airway mucus: from production to secretion. Am. J. Respir. Cell
Mol. Biol. 34, 527–536
5 Rogers, D.F. (2007) Physiology of airway mucus secretion and
pathophysiology of hypersecretion. Respir. Care 52, 1134–1149
6 Rose, M.C. and Voynow, J.A. (2006) Respiratory tract mucin genes and
mucin glycoproteins in health and disease. Physiol. Rev. 86, 245–278
7 Kuyper, L.M., Pare, P.D., Hogg, J.C., Lambert, R.K., Ionescu, D., Woods, R.
and Bai, T.R. (2003) Characterization of airway plugging in fatal asthma.
Am. J. Med. 115, 6–11
8 Ordonez, C.L., Khashayar, R., Wong, H.H., Ferrando, R., Wu, R., Hyde,
D.M., Hotchkiss, J.A., Zhang, Y., Novikov, A., Dolganov, G. and Fahy, J.V.
(2001) Mild and moderate asthma is associated with airway goblet cell
hyperplasia and abnormalities in mucin gene expression. Am. J. Respir.
Crit. Care Med. 163, 517–523
9 Hogg, J.C., Chu, F., Utokaparch, S., Woods, R., Elliott, W.M., Buzatu, L.,
Cherniak, R.M., Rogers, M., Sciurba, F.C., Coxson, H.O. and Pare, P.D.
(2004) The nature of small-airway obstruction in chronic obstructive
pulmonary disease. N. Engl. J. Med. 350, 2645–2653
10 Hogg, J.C., Chu, F.S.F., Tan, W.C., Sin, D.D., Patel, S.A., Pare, P.D., Martinez,
F.J., Rogers, R.M., Make, B.J., Criner, G.J. et al. (2007) Survival after lung
volume reduction in chronic obstructive pulmonary disease: insights
from small airway pathology. Am. J. Respir. Crit. Care Med. 176, 454–459
11 Saetta, M., Turato, G., Baraldo, S., Zanin, A., Braccioni, F., Mapp, C.E.,
Maestrelli, P., Cavallesco, G., Papi, A. and Fabbri, L.M. (2000) Goblet cell
hyperplasia and epithelial inﬂammation in peripheral airways of smokers
with both symptoms of chronic bronchitis and chronic airﬂow limitation.
Am. J. Respir. Crit. Care Med. 161, 1016–1021
12 Kirkham, S., Sheehan, J.K., Knight, D., Richardson, P.S. and Thornton, D.J.
(2002) Heterogeneity of airways mucus: variations in the amounts and
glycoforms of the major oligomeric mucins MUC5AC and MUC5B.
Biochem. J. 361, 537–546
13 Kirkham, S., Kolsum, U., Rousseau, K., Singh, D., Vestbo, J. and Thornton,
D.J. (2008) MUC5B is the major mucin in the gel phase of sputum in
chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med.
178, 1033–1039
14 Song, K.S., Lee, W.-J., Chung, K.C., Koo, J.S., Yang, E.J., Choi, J.Y. and Yoon,
J.-H. (2003) Interleukin-1β and tumor necrosis factor-α induce MUC5AC
overexpression through a mechanism involving ERK/p38 mitogenactivated protein kinases–MSK1–CREB activation in human airway
epithelial cells. J. Biol. Chem. 278, 23243–23250
15 Gray, T., Coakley, R., Hirsh, A., Thornton, D., Kirkham, S., Koo, J.-S.,
Burch, L., Boucher, R. and Nettesheim, P. (2004) Regulation of MUC5AC
mucin secretion and airway surface liquid metabolism by IL-1β in human
bronchial epithelia. Am. J. Physiol. Lung Cell Mol. Physiol. 286, L320–L330
16 Vermeer, P.D., Harson, R., Einwalter, L.A., Moninger, T. and Zabner, J.
(2003) Interleukin-9 induces goblet cell hyperplasia during repair of
human airway epithelia. Am. J. Respir. Cell Mol. Biol. 28, 286–295
17 Atherton, H.C., Jones, G. and Danahay, H. (2003) IL-13-induced changes
in the goblet cell density of human bronchial epithelial cell cultures: MAP
kinase and phosphatidylinositol 3-kinase regulation. Am. J. Physiol. Lung
Cell. Mol. Physiol. 285, L730–L739
18 Chen, Y., Thai, P., Zhao, Y.-H., Ho, Y.-S., DeSouza, M.M. and Wu, R. (2003)
Stimulation of airway mucin gene expression by interleukin (IL)-17
through IL-6 paracrine/autocrine loop. J. Biol. Chem. 278, 17036–17043
19 Shao, M.X.G., Nakanaga, T. and Nadel, J.A. (2004) Cigarette smoke
induces MUC5AC mucin overproduction via tumor necrosis
factor-α-converting enzyme in human airway epithelial (NCI-H292) cells.
Am. J. Physiol. Lung Cell. Mol. Physiol. 287, L420–L427
20 Takeyama, K., Dabbagh, K., Lee, H.-M., Agusti, C., Lauser, L.A., Ueki, I.F.,
Grattan, K.M. and Nadel, J.A. (1999) Epidermal growth factor system
regulates mucin production in airways. Proc. Natl. Acad. Sci. U.S.A. 96,
3081–3086
21 Chu, H.W., Balzar, S., Seedorf, G.J., Westcott, J.Y., Trudeau, J.B., Silkoff, P.
and Wenzel, S.E. (2004) Transforming growth factor-β2 induces bronchial
epithelial mucin expression in asthma. Am. J. Path. 165, 1097–1106
22 Fisher, B.M. and Voynow, J.A. (2002) Neutrophil elastase induces
MUC5AC gene expression in airway epithelium via a pathway involving
reactive oxygen species. Am. J. Respir. Cell Mol. Biol. 26, 447–452
23 Kohri, K., Ueki, I.F., Shim, J.-J., Burgel, P.-R., Oh, Y.-M., Tam, D.C.,
Dao-Pick, T. and Nadel, J.A. (2002) Pseudomonas aeruginosa induces
MUC5AC production via epidermal growth factor receptor. Eur. Respir. J.
20, 1263–1270
24 Burgel, P.-R. and Nadel, J.A. (2005) Role of epidermal growth factor
receptor activation in epithelial repair and mucin production in airway
epithelium. Thorax 59, 992–996

C The

C 2009 Biochemical Society
Authors Journal compilation 

25 Koo, J.S., Yoon, J.-H., Gray, T., Norford, D., Jetten, A.M. and Nettesheim, P.
(1999) Restoration of the mucous phenotype by retinoic acid in
retinoid-deﬁcient human bronchial cell cultures: Changes in mucin gene
expression. Am. J. Respir. Cell Mol. Biol. 20, 43–52
26 Lappalainen, U., Whitsett, J.A., Wert, S.E., Tichelaar, J.W. and Bry, K.
(2005) Interleukin-1β causes pulmonary inﬂammation, emphsyema,
and airway remodeling in the adult murine lung. Am. J. Respir. Cell Mol.
Biol. 32, 311–318
27 Steenwinckel, V., Louahed, J., Orabona, C., Huaux, F., Warnier, G.,
McKenzie, A., Lison, D., Levitt, R. and Renaud, J.-C. (2007) IL-13 mediates
in vivo IL-9 activities on lung epithelial cells but not in hematopoietic
cells. J. Immunol. 178, 3244–3251
28 Dabbagh, K., Takeyama, K., Lee, H.-M., Ueki, I.F., Lausier, J.A. and Nadel,
J.A. (1999) IL-4 induces mucin gene expression and goblet cell
metaplasia in vitro and in vivo. J. Immunol. 162, 6233–6237
29 Voynow, J.A., Fisher, B.M., Malarkey, D.E., Burch, L.H., Wong, T.,
Longphre, M., Ho, S.B. and Foster, W.M. (2004) Neutrophil elastase
induces mucus cell metaplasia. Am. J. Physiol. Lung Cell. Mol. Physiol.
287, L1293–L1302
30 Baginski, T.K., Dabbagh, K., Satjawatcharaphong, C. and Swinney, D.C.
(2006) Cigarette smoke synergistically enhances respiratory mucin
induction by proinﬂammatory stimuli. Am. J. Respir. Cell Mol. Biol. 25,
165–174
31 Wills-Karp, M. (2004) Interleukin-13 in asthma pathogenesis. Immunol.
Rev. 202, 175–190
32 Triﬁlieff, A., El-Hasim, A. and Bertrand, C. (2000) Time course of
inﬂammatory and remodeling events in a murine model of asthma:
effect of steroid treatment. Am. J. Physiol. Lung Cell. Mol. Physiol. 279,
L1120–L1128
33 Zhudi Alimam, M., Piazza, F.M., Selby, D.M., Letwin, N., Huang, L. and
Rose, M.C. (2000) Muc5/5ac mucin messenger RNA and protein
expression is a marker of goblet cell metaplasia in murine airways. Am.
J. Respir. Cell Mol. Biol. 22, 253–260
34 Grünig, G., Warnock, M., Wakil, A.E., Venkayya, R., Brombacher, F.,
Rennick, D.M., Sheppard, D., Mohrs, M., Donaldson, D.D., Locksley, R.M.
and Corry, D.B. (1998) Requirement for IL-13 independently of IL-4 in
experimental asthma. Science 282, 2261–2263
35 Kumar, R.K., Herbert, C., Yang, M., Koskinen, A.M., McKenzie, A.N. and
Foster, P.S. (2002) Role of interleukin-13 in eosinophil accumulation
and airway remodelling in a mouse model of chronic asthma. Clin. Exp.
Allergy 32, 1104–1111
36 Gray, T.E., Guzman, K., Davis, C.W., Abdullah, L.H. and Nettesheim, P.
(1996) Mucociliary differentiation of serially passaged normal human
tracheobronchial epithelial cells. Am. J. Respir. Cell Mol. Biol. 14, 104–112
37 Kuperman, D., Schoﬁeld, B., Wills-Karp, M. and Grusby, M.J. (1998) Signal
transducer and activator of transcription factor 6 (Stat6)-deﬁcient mice
are protected from antigen-induced airway hyperresponsiveness and
mucus production. J. Exp. Med. 187, 939–948
38 Kuperman, D.A., Huang, X., Koth, L.L., Chang, G.H., Dolganov, G.M.,
Zhu, Z., Elias, J.A., Sheppard, D. and Erle, D.J. (2002) Direct effects of
interleukin-13 on epithelial cells cause airway hyperreactivity and mucus
overproduction in asthma. Nat. Med. 8, 885–889
39 Young, H.W., Williams, O.W., Chandra, D., Bellinghausen, L.K., Pérez, G.,
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49 Kühn, R. and Torres, R.M. (2002) Cre/LoxP recombination system and
gene targeting. Methods Mol. Biol. 180, 175–204
50 Liu, X., Driskell, R.R. and Engelhardt, J.F. (2006) Stem cells in the lung.
Methods Enzymol. 419, 285–321

Received 2 March 2009
doi:10.1042/BST0370877


C The

C 2009 Biochemical Society
Authors Journal compilation 

881

