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Abstract
Adenomatous polyposis coli (Apc) is critical for Wnt signaling and cell migration. The current
study examined Apc expression during lung development, injury and repair. Apc was first
detectable in smooth muscle layers in early lung morphogenesis, and was highly expressed in
ciliated and neuroendocrine cells in the advanced stages. No Apc immunoreactivity was detected
in Clara or basal cells, which function as stem/progenitor cell in adult lung. In ciliated cells, Apc is
associated mainly with apical cytoplasmic domain. In response to naphthalene induced injury,
Apcpositive cells underwent squamous metaplasia, accompanied by changes in Apc subcellular
distribution. In conclusion, both spatial and temporal expression of Apc is dynamically regulated
during lung development and injury repair. Differential expression of Apc in progenitor vs. non-
progenitor cells suggests a functional role in cell type specification. Subcellular localization
changes of Apc in response to naphthalene injury suggest a role in cell shape and cell migration.
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INTRODUCTION
Cell renewal, which involves tissue embedded progenitor/stem cells, is critical for
maintenance of tissue homeostasis and repair subsequent to injury. The canonical Wnt
pathway mediated by β-catenin stabilization plays a key role in establishment and function
of progenitor/stem cells. Activity of β-catenin is in turn controlled by Adenomatous
Polyposis Coli (Apc), a 310 kDa protein. In the absence of a Wnt ligand, Apc inhibits Wnt
signaling by promoting the phosphorylation of β-catenin in a cytoplasmic complex
composed of Apc, Axin and glycogen synthase kinase-3β (Gsk3β). In this complex Apc is
necessary for phosphorylation of β-catenin by Gsk3β and its subsequent degradation
(Polakis, 1997). Deletion of Apc leads to accumulation of β-catenin and causes embryonic
lethality before day 8 of gestation (Oshima et al., 1995). In the gut, high Apc levels correlate
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with loss of epithelial cell proliferative capacity. Low levels or absence of Apc are
associated with the ability of cells to serve as functional tissue-embedded stem cells (Senda
et al., 2007). The role of Apc in lung development and disease remains unknown.

Apc is a multifunctional protein that is found associated with several subcellular regions
including cytoplasm, nucleus, plasma membrane, and microtubules (Nathke, 2004; Hanson
and Miller, 2005; Langford et al., 2006a; Langford et al., 2006b; Aoki and Taketo, 2007). In
addition to accumulation of β-catenin, loss of Apc leads to changes in cell migration, cell
orientation, polarity and division (Etienne-Manneville and Hall, 2003; Dikovskaya et al.,
2007; Kroboth et al., 2007). Cell shape determination may be mediated via association of
membrane localized Apc with actin cytoskeleton (Rosin-Arbesfeld et al., 2001). In cell
migration, Apc becomes localized to the growing plus-ends of microtubules in epithelial cell
extensions (Nathke et al., 1996; Mimori-Kiyosue et al., 2000). The mechanism that controls
the function and subcellular distribution of Apc appear to be dependent on Gsk3β.
Phosphorylation of Apc by Gsk3β which promotes binding to β-catenin in the cytoplasmic
destruction complex, also reduces Apc microtubule binding affinity and hence migration
(Munemitsu et al., 1994). In contrast, phosphorylation of Gsk3β by a Cdc42-dependent
mechanism promotes Apc microtubule interactions and thus leads to cell shape changes that
accompany cellular migration (Zumbrunn et al., 2001; Etienne-Manneville and Hall, 2003).

Murine models of airway injury provide a useful in vivo tool to examine cell self-renewal,
cell shape changes and migration. The airway epithelium is a functional landscape of
complex and highly specialized cell types, the most abundant of which includes ciliated
cells, Clara cells, basal cells, neuroendocrine cells, and goblet cells. The cytochrome P-450
activated Clara cell toxicant naphthalene (NAPH) selectively ablates Clara cells and triggers
a repair mechanism. Within 24 hours, the NAPH-resistant epithelial cells, consisting
primarily of columnar ciliated and some non-ciliated cells, undergo squamous metaplasia to
cover the basement membrane of the denuded airway, a protective mechanism. During this
period, dynamic changes in cell shape and cell migration are essential (Kida et al., 2008).
Two to three days after NAPH-induced injury, cell proliferation increases to commence the
repair of the injured epithelium. By seven to fourteen days, the normal cellular composition
of the airway is re-established. The Clara cells repopulate the airway and the squamous or
cuboidal epithelial cells again undergo changes in cell shape to re-establish the columnar
phenotype of the airway epithelium. Cell lineage studies in this model of airway injury have
revealed a subpopulation of Clara cells that is resistant to NAPH, which may act as tissue-
embedded stem cells (Hong et al., 2001). These cells undergo self-renewal and have the
capacity to generate progenitors of other lineages such as ciliated cells (Rawlins et al.,
2009). In contrast, ciliated cells are post-mitotic and are thought to be incapable of
undergoing mitosis (Rawlins et al., 2007). Neuroendocrine cells are also thought to
proliferate and self-renew, but lack the capacity to generate other lineages. There is however
evidence that basal cells may also function as stem cells (Hong et al., 2004; Rawlins and
Hogan, 2006). In sum, NAPH induced injury response involves not only stem-cell mediated
re-population of Clara cells (Giangreco et al., 2009), but also dynamic changes in cell shape
and cell migration of the ciliated cells, providing a useful model for studying the underlying
mechanisms.

In the current study, we examined the expression of Apc in embryonic and adult lungs, and
found that the levels of Apc are cell type dependent and change dynamically as the lung
develops. The pattern of Apc expression in the lung supports its function in regulating
canonical Wnt signaling activity and cell proliferation potential. Furthermore, the
subcellular distribution of Apc changes dynamically in response to NAPH-induced injury,
correlating with cell shape changes and cell migration. In support of this, these changes are
accompanied by corresponding changes in levels of phospho-Gsk3β. The cell-type specific
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distribution of Apc and its spatial and temporal relationship with β-catenin and Gsk3β
suggests an important role for Apc in maintenance of tissue homeostasis during lung
development and injury repair.

RESULTS
Apc expression during lung morphogenesis

Real time PCR analysis revealed that Apc is expressed throughout lung development (Figure
1, panel A). Apc protein was analyzed by western blot, using an anti-Apc polyclonal
antibody (Materials & Methods). A protein extract from lung carcinoma H441 cells,
transfected with a full-length Apc cDNA, was included as a positive control. As shown in
Figure 1 (panel B), a strong band of 312 kDa, which is consistent with the predicted size of
Apc, was present in the Apc-transfected H441 cells (lane 2). In protein extracts from un-
transfected H441 cells, E18.5 and adult lungs, a band with similar mobility was also
detected.

To determine the spatial distribution of Apc in the lung, we performed
immunohistochemistry and immunofluorescence. In E14.5 embryonic lungs, high levels of
Apc protein were detected in sub-epithelial mesenchymal cells surrounding major airways
(Figure 1, Panels C and D). Apc is barely detectable in the epithelial cells. In E18.5 lungs,
increasing number of Apcpositive cells were identified along the proximal airway (Figure 1,
Panels E and F). In the adult lung, Apc expression was more robust and restricted to a
subpopulation of airway epithelial cells in which Apc was predominantly localized to the
apical cytoplasm (Figure 1, Panels G and H). Expression of Apc in the distal lung was not
detectable by immunohistochemistry even though Apc mRNA was detected in isolated
alveolar type II (ATII) cells by RT-PCR analysis (data not shown). Additionally, there was a
reproducible level of Apc staining in the cells surrounding blood vessels at all stages (Figure
1, Panels C, D, E and G).

Cell-Type Specific Expression of Apc in adult mouse airways
The expression pattern of Apc in the sub-epithelial mesenchymal compartment appeared to
overlap with that of smooth muscle cells. To validate this finding, we conducted double
immunofluorescent staining with antibodies against Apc and α-smooth muscle actin (α-
SMA), a marker for smooth muscle cells. In E15.5 lungs, Apc and α-SMA co-localized to
the mesenchymal cells surrounding the large airways and blood vessels (Figure 2, Panels A–
D). In the adult lung, Apc is mainly localized to the airway epithelial cells while its level in
sub-epithelial smooth muscle cells is significantly decreased (Figure 2, Panels E–H).

To define the identity of epithelial cells that express Apc, we examined adult mouse lung by
double immunostaining of Apc with the following epithelial cell markers; β-tubulin IV for
ciliated cells (Fanucchi et al., 1997); CC10 for Clara cells (Singh et al., 1988); PGP9.5 for
neuroendocrine cells (Poulsen et al., 2008) and P63 for basal cells (Chilosi and Doglioni,
2001). Apc was co-localized with β-tubulin IV (Figure 2, Panel I) and PGP9.5 (Figure 2,
Panel K). Little if any co-localization was observed between Apc and CC10 (Figure 2, Panel
J), or Apc and P63 (Figure 2, Panel L). These data indicate that in adult lung epithelium Apc
is highly expressed in ciliated and neuroendocrine cells.

Co-localization of Apc with β-Catenin in the lung epithelium
In Wnt signaling, Apc plays a critical role in regulating β-catenin phosphorylation and
degradation. We compared the distribution of Apc and total- and phosphorylated-β-catenin
in embryonic and adult lungs by immunohistochemistry. In E14.5 lungs, Apc is present
predominately in the sub-epithelial mesenchymal cells whereas total β-catenin was detected
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in almost every cell with a higher intensity in the epithelial compartment (Figure 3, Panels
AC). In the adult lung, Apc is mainly located at the apical cytoplasm of sub-populations of
epithelial cells. In contrast, β-catenin is primarily detected at the lateral junctions between
each epithelial cell (Figure 3, Panels D–F). Interestingly, cytoplasmic accumulation of β-
catenin is present mainly in epithelial cells with high levels of Apc. Therefore, accumulation
of Apc correlates with cytoplasmic accumulation of total-β-catenin in lung epithelial cells.

We next determined whether the phosphorylated-β-catenin (phospho-β-catenin) is spatially
associated with Apc expression using an antibody against phospho-β-catenin. This antibody
detects endogenous levels of β-catenin only when phosphorylated on residues serine 33, 37
or threonine 41. We found that phospho-β-catenin was co-localized with β-tubulin IV at the
apical membrane of the ciliated cells (Figure 3, Panels G–I). Little, if any co-localization
was observed with CC10 (Figure 3, Panels J–L). Both Apc and phospho-β-catenin are
localized to the ciliated cells. This is consistent with their functional relationship in
canonical Wnt signaling. The latter observations on co-localization of Apc with cytoplasmic
total β-catenin and phospho-β-catenin indicate that the machinery that phosphorylates β-
catenin is active in ciliated cells.

NAPH-induced changes in epithelial cell shape and cell migration are accompanied by
alterations in subcellular distribution of Apc

In addition to its role in Wnt signaling, Apc regulates cytoskeletal networks and cell shape
and migration. Both Wnt signaling and cell migration have been proposed to be critical in
the lung epithelial response to NAPH injury (Park et al., 2006; Kida et al., 2008). We
therefore examined expression and distribution of Apc in the NAPH-injury model. Figure 4
illustrates the effects of NAPH in adult mouse lung. Bronchioles of mice treated with corn
oil (used as control) appeared normal with uniformly distributed Apcpositive, and
CC10positive cells (Figure 4, Panels A & B). One day after NAPH administration,
CC10positive cells were detached from the bronchiolar basement membrane and shed into the
airway lumen. The remaining cells that had undergone squamous metaplasiato cover the
injured airways were all Apcpositive (Figure 4, Panels C & D). Three days after injury,
Apcpositive cells started to regain some cytoplasmic staining (Figure 4, Panels E & F, Please
see below for details). 14 days after injury, CC10positive cells were detected again scattered
among Apcpositive cells (Figure 4, Panels G & H).

The latter observation demonstrated that in response to NAPH injury, Apcpositive epithelial
cells undergo dynamic cell shape changes, a process that requires highly organized
rearrangement of the cytoskeleton. Both Apc and β-catenin are involved in establishing and
maintaining tissue architecture. The subcellular distribution of Apc with β-catenin during
lung injury and repair was therefore further examined using confocal laser microscopy. As
shown in Figure 5, in the normal adult lung, Apc is enriched in the apical and lateral
cytoplasm of epithelial cells (ciliated cells) whereas β-catenin is localized in the membrane
and cytoplasm (Figure 5, Panels A–C). Interestingly, 24 hours after NAPH administration,
Apc distribution was no longer polarized (Figure 5, Panel D) whereas β-catenin was
localized to the lateral membrane (Figure 5, Panel E) of surviving ciliated cells. As a result,
there was a dramatic decrease of cytoplasmic Apc and β-catenin (Figure 5, Panel F; Figure
6). This subcellular distribution pattern persists for at least another 24 hours (data not
shown). Cytoplasmic distribution of Apc and β-catenin was re-established 3 days subsequent
to administration of NAPH (Figure 5, Panels G–I; Figure 6). The apical polarity pattern of
Apc was restored completely14 days after exposure to NAPH (Figure 5, Panel J). The
dynamic subcellular distribution of Apc and β-catenin suggests that the latter molecules play
a role during NAPH-induced epithelial injury and repair, a process that involves dynamic
cell shape change and cell migration (Kida et al., 2008).
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NAPH-induced changes in Apc and β-catenin is accompanied by changes in Gsk3β
Phosphorylated Gsk3β (phospho-Gsk3β) controls Apc subcellular distribution and is
essential for cell shape change and cell migration (Zumbrunn et al., 2001; Etienne-
Manneville and Hall, 2003). We therefore examined the level of Gsk3β phosphorylation in
the NAPH injured lungs. Twenty-four hours after NAPH injury, the Apcpositive epithelial
cells responded by cell shape changes (squamous metaplasia) and loss of apical distribution
of Apc (Figure 5, panels D). Correspondingly, the level of phospho-Gsk3β was robustly
increased (Figure 6). Three days after NAPH injury, the cytoplasmic distribution of Apc was
restored (Figure 5, panel G) and phospho-Gsk3β decreased to nearly undetectable levels.
Interestingly, correlating to changes in Apc distribution and phospho-Gsk3β level, phospho-
β-catenin levels decreased on day 1 and were re-established from day 3 of NAPH injury.
Therefore, changes in Apc distribution and phospho-Gsk3β may have functional
implications for the observed changes in cell shape and migration that constitute the airway
epithelial cell response to NAPH-induced injury and onset of subsequent repair mechanisms.

DISCUSSION
Apc is an important regulator of cellular functions ranging from proliferation to migration
and cell shape changes (Polakis, 1997; Etienne-Manneville and Hall, 2003; Wen et al., 2004;
Langford et al., 2006a; Langford et al., 2006b). The current study examined the temporal
and spatial expression of Apc during lung development and in a model of NAPH-induced
airway injury and repair. The findings revealed three important properties of Apc with
significant functional implications. First, during embryonic development, Apc expression
was found to be dynamically regulated between the mesenchymal and endodermal cells of
the murine lung. Second, within the endodermally-derived airway epithelium, Apc exhibited
distinct cell type specificity, being present at high levels in post-mitotic ciliated cells. In
contrast, Apc was either absent or undetectable in Clara and basal cells which are capable of
self-renewal as well as generating other lineages in the airway cellular landscape. Third,
epithelial Apc exhibits a distinct pattern of subcellular localization that is consistent with a
role in regulating Wnt signaling and cell shape. This distribution becomes altered during cell
shape changes that accompany the airway response to NAPH injury, and is reconstituted
upon re-establishment of the normal airway epithelium.

Apc in lung morphogenesis
In adult animals, Apc is expressed in all tissues that have been tested, with high levels found
in the brain, intestine and colon (Groden et al., 1991; Smith et al., 1993; Wong et al., 1996).
Little to no information has been available on Apc expression in the lung. In the current
study, we show that Apc expression changes dynamically during lung development.
Immunohistochemical analysis revealed detectable Apc in the mesenchymal cells of murine
lung as early as E13.5 (data not shown). Immunoreactivity was localized to subepithelial
mesenchymal cells surrounding the nascent airway epithelium as well as the blood vessels.
Double immunostaining with α-SMA antibody identified the mesenchymal Apcpositive cells
as parabronchial smooth muscle. It is important to note that at this stage, epithelial
expression of Apc could not a priori be ruled out, either because it may fall below the
threshold of detectability, or because of the presence of distinct isoforms, not detectable by
the specific antibody used. However, as embryonic lung development progressed,
immunoreactive Apc became detectable and increased in distinct sub-populations of
epithelial cells in E18.5 lungs. Further analysis identified the epithelial Apcpositive cells as
ciliated and neuroendocrine cells. Concomitant with its rise in the epithelium, Apc in the
parabronchial smooth muscle cells diminished significantly in the adult lung. Thus, Apc
exhibits a distinct and dynamic pattern of expression in both the mesenchymal and
endodermal compartments of the lung.
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Absence of Apc in Clara cells
In the adult mouse lung, high levels of Apc were detectable only in ciliated and
neuroendocrine cells of the airway epithelium. Double immunostaining with an antibody
against the Clara cell-specific protein CC10 failed to reveal detectable Apc in this cell type,
although, as mentioned, absence of immunoreactivity may be due to limited antigen
availability or presence of distinct Apc isoforms. Nevertheless, the cell type-specific
expression of Apc observed in the present study bears important functional implications,
particularly as it relates to potential stem cell functions in the respiratory airways. In this
regard, ciliated cells that are Apcpositive lack proliferative and self-renewal activities
(Rawlins et al., 2007). In contrast, Clara cells which were found to be Apcnegative are known
to serve as stem cells, undergoing not only self-renewal, but also serving as progenitors for
derivation of other cell lineages in the repair and reconstitution of the normal airway
epithelium, properties that define bona fide stem cells (Rawlins et al., 2009). The other cell
type with the ability to undergo mitosis in response to injury is the neuroendocrine cell.
However, while there is evidence for self-renewal, neuroendocrine cells are not known to
generate non-neuroendocrine derivatives (Reynolds et al., 2000). This functional linkage
between stem cells and absence of Apc has also been described in the gut epithelium (Senda
et al., 2007), in which Apc contributes to gut organogenesis by supporting differentiation
and restricting proliferation to the appropriate compartment. The post-mitotic enterocytes
located in the upper half of the intestinal villi and the upper third of the colonic crypts
exhibit intense immunoreactivity for Apc, whereas, those in the intestinal crypts and the
lower third of the colonic crypts show faint or no Apc expression. The intestinal progenitor/
stem cells reside near the bottom of the crypts and are Apcnegative. These cells proliferate to
produce new enterocytes. Therefore, the functional link between absence of Apc and the
ability of tissue-embedded stem cells to self-renew and to generate other cell types appears
to be highly conserved in both the gut and the lung.

What is the role of Apc in ciliated cells?
In normal adult lung, the bulk of Apc is localized to the apical and lateral cytoplasm of
columnar ciliated cells (Figure 2I). A similar intracellular distribution of Apc has been
observed in enterocytes of the small intestine and colon (Miyashiro et al., 1995; Senda et al.,
1996). By analogy to Apcpositive enterocytes, one functional consequence of high levels of
Apc in the ciliated cells may be directly linked to their post-mitotic status and absence of
proliferative capacity (Rawlins et al., 2007). Furthermore, double immunostaining for Apc
and β-catenin showed that Apc and β-catenin are co-localized in the cytoplasm of ciliated
cells, where phospho-β-catenin is detected. This correlation is consistent with the known
function of Apc in regulating canonical Wnt signaling, which in turn controls cell
proliferation (Munemitsu et al., 1995).

Apc likely participates in airway epithelial cell migration and cell shape changes
Apc regulates cell shape and cell migration (Etienne-Manneville and Hall, 2003; Wen et al.,
2004; Langford et al., 2006a; Langford et al., 2006b; Kroboth et al., 2007). This discrete
function of Apc is thought to be dependent on its subcellular distribution. Several studies
have demonstrated that Apc exhibits high intracellular mobility, and shuttles between
several subcellular destinations (Reinacher-Schick and Gumbiner, 2001; Bienz, 2002).
While the best-characterized pool of Apc is within the destructive complex in the cytoplasm,
biochemical fractions of full-length and mutant Apc have also been found that are tightly
associated with the apical membrane of polarized epithelial cells (Reinacher-Schick and
Gumbiner, 2001). Additionally, other studies have described concentrated Apc localization
to the apical surface of intestinal epithelial cells (Senda et al., 1996) and cells within the
developing Drosophila embryo (McCartney et al., 1999; Yu and Bienz, 1999). Whether the
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distribution pattern of Apc observed in the current study contributes to maintaining the
structure and polarity of the ciliated cells remains to be determined.

In the NAPH-induced airway injury model, we observed dynamic alterations in the
subcellular distribution of Apc in the ciliated cells that undergo changes in cell shape and
migration. The level of Apc, which is high in uninjured ciliated cells, was reduced during
the early (within 24–48 hours) phase of injury response, but was fully restored by the time
epithelial cells regained their columnar cell phenotype on day 14 (Figure 5J). Thus in the
airways, changes from columnar to squamous and back to columnar shape that signify pre-
injury, injury and repair phases of the NAPH injury model respectively, are associated with
alterations in intracellular localization of Apc. It is important to note that these observations
are merely associative and whether such changes in Apc subcellular distribution are required
for changes in ciliated cell shape and/or migration require further experimentation.

Activation of Gsk3β in injured airway epithelium
To validate the observations on subcellular changes in the distribution of Apc and their
functional implications, we examined Gsk3β, a kinase that regulates Apc activity via
phosphorylation. Activity of Gsk3β is also regulated by phosphorylation (Harwood, 2001).
Unphosphorylated Gsk3β promotes binding of Apc to β-catenin and its subsequent
degradation (Ha et al., 2004). Alternatively, when phosphorylated, Gsk3β catalyzes Apc
interactions with microtubules and participates in regulating cell polarization and cell shape
(Zumbrunn et al., 2001; Etienne-Manneville and Hall, 2003). Consistent with the latter
functional relationships, levels of phospho-Gsk3β robustly increased 24 hours after NAPH
treatment coincident with changes of subcellular localization of Apc (Figure 6). This is the
period within which ciliated cells are observed to undergo squamous metaplasia
accompanied by cell shape changes and migration. Accompanying this change was a
reduction in phosphorylation of β-catenin, which leads to its stabilization and presumably
activation of Wnt signaling (Figure 6). Three days after NAPH injury phospho-Gsk3β
decreased and phospho-β-catenin increased (cessation of, or reduction in Wnt signaling)
concomitant with re-establishment of cytoplasmic Apc distribution (Figures 5 & 6). Similar
sequence of alterations have been documented during the repair phase of experimental
models of smoke-induced airway injury (Liu et al., 2006).

Therefore, associated changes of Apc distribution and phospho-Gsk3β levels imply a role of
Apc in ciliated cell shape change during NAPH injury. However, it can not be excluded that
Apc distribution change may be secondary to the cell shape change. Further analysis
involving Apc deletion will clarify the latter mechanism.

To summarize, Apc is expressed in both mesenchymal and endodermal compartments of the
lung. Apc expression undergoes changes in cell-specificity during lung development. In the
adult airways, high Apc levels occur in ciliated and neuroendocrine cells. In ciliated cells
Apc may be involved in two distinct functions in regulating cell proliferation and cell shape
and migration (Figure 7). The absence of Apc in airway epithelial cells may be functionally
linked to their role as tissue-embedded stem cells. Clara cells appear to fulfill this definition,
but the precise role of Apc in this regard awaits further experimentation.

EXPERIMENTAL PROCEDURES
Naphthalene Treatment and Tissue Collection

Female mice at 8 to 10 weeks of age were used. Naphthalene (NAPH, Sigma-Aldrich) or
equivalent volumes of corn oil vehicle (Mazola, Cordova, TN) was administered by
intraperitoneal injection at a dose of 250 mg/kg body weight. This dose of NAPH has been
characterized to specifically ablate Clara cells with minimal inflammation within 2 days
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after injection (Van Winkle et al., 1995; Lawson et al., 2002). Naphthalene is concentrated
in Clara cells that are enriched in P450 enzymes (CYP 2F2). Metabolism of NAPH
generates toxic metabolites resulting in selective injury of Clara cells (Buckpitt et al., 2002).
At 1, 3, 7 and 14days after NAPH injection, lungs were dissected for RNA or protein or
perfused and fixed with 4% paraformaldehyde overnight for immunohistochemistry.
Embryonic lungs at various stages of development were also collected for RT-PCR, western
blot and immunohistochemistry.

All animals were maintained and housed in pathogen-free conditions according to a protocol
approved by The University of Southern California Institutional Animal Care and Use
Committee (IACUC) (Los Angeles, CA, USA).

Total RNA isolation and Polymerase Chain Reaction (PCR)
Relative levels of Apc mRNA in mouse lungs and cells were assessed by real-time RT-PCR
as described previously (Li et al., 2009; Xing et al., 2010). Briefly, total RNA from lungs at
various developmental stages and cell lines was extracted using TRIzol Reagent (Invitrogen,
Carlsbad, CA). Two μg of total RNA were reverse transcribed with SuperScript II First-
Strand Synthesis System for RT-PCR kit(Invitrogen, Carlsbad, CA), according to the
manufacturer’s instructions. Real time PCR was performed using a LightCycler (Roche
Diagnostics, Mannheim, Germany). Sequences of the primers and resultant PCR product
sizes were: (1) Mouse Apc: forward: 5′-ACCAGGACAAAAACCCAATG-3′ and reverse:
5′-TTCATTGCATGCCTATGCTC-3′ (105bp); (2) Mouse β-actin: forward: 5′-
CCAACCGTGAAAAGATGACC-3′ and reverse: 5′-CCAGAGGCATACAGGGACAG-3′
(96bp). Specificity of each PCR reaction was verified by electrophoresis on 2% gel.

Relative quantification analysis was carried out with LightCycler software, Version 4
(Roche). The results were expressed as a normalized ratio (fold). β-actin was used as a
reference gene for normalization (Strayer et al., 2002; Levesque et al., 2007). Samples from
E13.5 lungs served as “Calibrator”.

Western Blot Analysis
Total protein was extracted with RIPA buffer (Sigma, St. Louis, MO) from embryonic and
adult mice lung tissues, H441 cells, and H441 cells transfected with full-length Apc
expression construct (Addgene plasmid 16507) (Morin et al., 1997). Protein concentration
was determined by a BCA Protein Assay kit (Thermo Scientific, IL). 15–30μg of protein
was loaded onto 3–8% NuPAGE gels and transferred to Immobilon-P membranes (Millipore
Corp.). Membranes were then blocked with 5% milk in Tris-buffered saline and incubated
with primary antibodies overnight. The secondary antibodies, goat-anti-rabbit or goat-anti-
mouse IgG-HRP (Pierce), were applied at a 1:1000 dilution for 30 min. Membranes were
reacted with chemiluminescence reagent ECL (Amersham Biosciences) and exposed to
photographic film.

Immunohistochemistry
Immunohistochemistry was performed as described previously with some modifications (Li
et al., 2008; Li et al., 2009). Briefly, routinely prepared histological sections were
deparaffinized and endogenous peroxidase activity was quenched using 3% hydrogen
peroxide. After blocking with normal horse serum, sections were incubated with a primary
antibody at 4°C overnight. Impress-anti-rabbit or anti-goat IgG (Vector Laboratories) was
applied for 50 min at room temperature. Staining was visualized by a Peroxidase Substrate
Kit DAB (Vector Laboratories).
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For immunofluorescence staining, the sections were incubated with primary antibodies
overnight at 4°C. After the washing steps, the sections were reacted with a mixture of Cy3
anti-rabbit IgG or fluorescein anti-mouse or anti-goat IgG (Jackson ImmunoResearch
Laboratories, INC) for 1 hr in the dark at room temperature. After thorough rinses with
phosphate buffered saline (PBS, pH 7.0) containing 0.1% Triton X-100, the sections were
mounted with VECTASHELD mounting medium containing DAPI (to visualize nuclei).

Primary antibodies that were used are: Apc, rabbit polyclonal antibody (Anaspec, San Jose,
CA); α-smooth muscle-specific actin (α-SMA), mouse monoclonal antibody (Sigma, St.
Louis, MO), β-tubulin IV, mouse monoclonal antibody (Biogenex); CC10, goat polyclonal
antibody (Santa Cruz); P63, mouse monoclonal antibody (Santa Cruz Biotechnology);
PGP9.5, rabbit polyclonal antibody (Anaspec, San Jose, CA); total-β-catenin, mouse
monoclonal antibody (Transduction Laboratories); phospho(ser33/37/thr41)-β-catenin,
rabbit polyclonal antibody (Santa Cruz Biotechnology); and phospho(ser9)-Gsk3β, rabbit
monoclonal antibody (Cell Signaling Technology).
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Figure 1. Apc expression in the mouse lung
(A) Relative quantification of Apc mRNA by real-time PCR at various stages of mouse lung
development. Data of each time point represent average from at least three individual lungs.
The error bar represents standard deviation. Samples from E13.5 lungs served as
“Calibrator”. *: p<0.05. **: p<0.01. (B) Western blot analysis of Apc protein in H441 cells
and lung tissues. 1, H441 cells; 2, H441 cells transfected with Apc expression construct; 3,
E18.5 lung; 4, adult lung. Note a band with predicted size of Apc was robustly increased in
the transfected H441 cells (lane 2) as compared to H441 only (lane 1). Levels of α-tubulin
(α-tub) in each sample were determined as loading control.
(C–H) Spatial distribution of Apc during lung development. Immunohistochemistry was
performed to localize Apc protein in embryonic and adult lungs. (C) In E14.5 lung,
extensive Apc staining is present in mesenchymal cells surrounding major airways. (D) High
magnification of boxed area in panel C. (E) In E18.5 lung, Apc staining is present in
epithelial cells and mesenchymal cells surrounding major airways and blood vessels. (F)
High magnification of boxed area in panel E. Arrows indicate group of Apc positive
epithelial cells along major airways. (G) In adult lung, extensive Apc staining is detectable
in airway epithelial cells. (H) High magnification of boxed area in panel G. Nuclei were
stained with DAPI. Arrows indicate Apc staining. al=airway lumen, bv=blood vessels. Scale
bar: 60μm for Panels C and E; 20 μm for Panels D, F and G; 5μm for Panel H.

Li et al. Page 13

Dev Dyn. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Cell-type specific expression of Apc in mouse lung
(A–H) Double immunofluorescent staining of Apc (red) and α-smooth muscle actin (α-
SMA, green). (A–D) In E15.5 lung, Apc (red, panel A) and α-SMA (green, panel B) are co-
localized in mesenchymal (smooth muscle) cells around large airway and blood vessels.
Block arrows indicate Apc signal and arrows indicate α-SMA signal. High magnification of
boxed area in merged image (panel C) is shown in panel D. (E–H) In adult lung, Apc is
highly expressed in airway epithelial cells (block arrow), but weakly in smooth muscle cells
as labeled by α-SMA staining (arrow, panel F). High magnification of boxed area of merged
image (panel G) is shown in panel H. Nuclei were stained with DAPI. Dotted lines outline
airway basement membrane. Scale bar, 30μm for Panels A–C and Panels E–G; 10μm for
Panels D&H.
(I–L). Cell type specific expression of Apc in airway epithelium of adult lung. (I) Double
immunofluorescent staining of Apc (red) and β-tubulin IV (green). (J) Double
immunofluorescent staining of Apc (red) and CC10 (green). (K) Double immunofluorescent
staining of Apc (green) and PGP9.5 (red). (L) Double immunofluorescent staining of Apc
(red) and P63 (green). Nuclei were stained with DAPI. Note that Apc co-localizes with β-
tubulin IV (panel I) and PGP9.5 (panel K). Scale bar, 10μm.
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Figure 3. Co-localization of Apc with β-catenin in the lung epithelium
(A–F) Double immunofluorescent staining of Apc with total β-catenin. (A–C) In E14.5 lung,
Apc is predominantly expressed in smooth muscle cells (A), whereas membranous β-catenin
is present in every cell with a higher intensity in the epithelial compartment (B). (D–F) In
adult lung, Apc is predominantly expressed in the cytoplasm of a subpopulation of airway
epithelial cells (D). Cytoplasmic β-catenin was observed in the Apc positive cells (E and F).
Block arrows in A and D indicate Apc signal. Scale bars, 20μm for Panels A–C; 10μm for
Panels D–F.
(G–L) Double immunofluorescent staining of phospho-β-catenin with β-tubulin IV (G–I) or
CC10 (J–L) in adult lungs. Phospho-β-catenin (P-β-cat, red, G&I) was detected in β-tubulin
IVpositive cells (H&I), but not in CC10positive cells (K&L). Arrows in G and J indicate P-β-
cat signals. Scale bar, 10μm.
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Figure 4. Double immunofluorescent staining of Apc (red) with CC10 (green) in NAPH-injured
lungs
(A&B) Control mouse lung treated with corn oil (Day 0). (C&D) One day after NAPH
injury. (E&F) Three days after NAPH injury. (G&H) Fourteen days after NAPH injury.
Panels B, D, F and H are high magnification of boxed areas in Panels A, C, E, and G,
respectively. Dotted lines outline airway epithelium. Scale bar, 40μm for Panels A, C, E, and
G; 10μm for Panels B, D, F and H.
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Figure 5. Subcellular distribution of Apc and β-catenin after NAPH injury
Double immunofluorescent staining was performed with antibodies against Apc (red) and
total-β-catenin (green). (A–C) Control mouse lung treated with corn oil. (D–F) One day
after NAPH injury. (G–I) Three days after NAPH injury. (J–L) Fourteen days after NAPH
injury. Note, Apc subcellular distribution changed from a polarized (Day 0) to a non-
polarized (Day 1) pattern in response to NAPH injury. The polarized Apc distribution
pattern re-established by day 14. Scale bar, 5μm.
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Figure 6. Western blot analysis for protein levels of Apc, phospho-β-catenin and phospho-Gsk3β
in NAPH-injured lungs
Protein levels of phospho-Gsk3β (P-Gsk3β), phospho-β-catenin (P-β-cat) and Apc were
determined by western blot in mouse lungs treated with corn oil (Day 0) or NAPH (Day 1 to
Day 14). Similar amount of total proteins were loaded as indicated by levels of β-actin.
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Figure 7. Putative model for Apc functions in lung epithelial cells
In normal lung homeostasis, Apc is mainly located in the cytoplasm and facilitates
phosphorylation of β-catenin by Gsk3β and Ck1. This results in inhibition of canonical Wnt
signaling, especially in fully differentiated cells such as ciliated cells.
Immediately after NAPH injury, levels of phospho-Gsk3β increase. Phospho-Gsk3β
stimulates the interaction of Apc with microtubules and changes of Apc subcellular
distribution. These changes may be the underlying mechanism for dynamic cell shape
changes and cell migration during early response to NAPH injury in the lung.
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