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We investigated the role of keratinocyte growth factor (KGF) in regulation of alveolar epithelial cell
(AEC) phenotype 

 

in vitro.

 

 Effects of KGF on cell morphology, expression of surfactant apoproteins A, B,
and C (SP-A, -B, and -C), and expression of aquaporin 5 (AQP5), a water channel present 

 

in situ

 

 on the
apical surface of alveolar type I (AT1) cells but not expressed in alveolar type II (AT2) cells, were evalu-
ated in AECs grown in primary culture. Observations were made on AEC monolayers grown in serum-free
medium without KGF (control) or grown continuously in the presence of KGF (10 ng/ml) from either
Day 0 (i.e., the time of plating) or Day 4 or 6 through Day 8 in culture. AECs monolayers express AQP5
only on their apical surfaces as determined by cell surface biotinylation studies. Control AECs grown in
the absence of KGF through Day 8 express increasing levels of AQP5, consistent with transition toward
the AT1 cell phenotype. Exposure of AECs to KGF from Day 0 results in decreased AQP5 expression, re-
tention of a cuboidal morphology, and greater numbers of lamellar bodies relative to control on Day 8 in
culture. AECs treated with KGF from Day 4 or 6 exhibit a decrease in AQP5 expression through subse-
quent days in culture, as well as an increase in expression of surfactant apoproteins. These data, showing
that KGF both prevents and reverses the increase in AQP5 (and decrease in surfactant apoprotein) expres-
sion that accompanies progression of the AT2 toward the AT1 cell phenotype, support the concepts that
transdifferentiation between AT2 and AT1 cell phenotypes is at least partially reversible and that KGF
may play a major role in modulating AEC phenotype. 
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The alveolar epithelium is composed of two morphologi-
cally distinct cell populations. Alveolar type I (AT1) cells
are thin, flat cells that line most of the gas exchange sur-
face of the lung. Alveolar type II (AT2) cells are cuboidal
cells that are the primary sites of surfactant synthesis and

secretion. Current evidence indicates that AT2 cells in the
adult lung are capable of proliferation and differentiation
into AT1 cells, whereas AT1 cells have been presumed to
be terminally differentiated (1, 2).

The process of one highly differentiated cell type, such
as the AT2 cell, undergoing a transition to another highly
differentiated cell type, such as the AT1 cell, has been re-
ferred to as transdifferentiation. AT2 cells grown in pri-
mary culture can be observed to undergo such a transition

 

in vitro,

 

 in that they acquire a type I cell-like appearance
with time in culture (3). The cells also begin to express a
number of AT1 cell-specific markers, concurrent with the
loss of lamellar bodies and other hallmarks of the AT2 cell
phenotype (4–8). These observations suggest that alveolar
epithelial cells (AECs) transdifferentiate from the AT2 to-
ward the AT1 cell phenotype 

 

in vitro,

 

 recapitulating the
events that occur 

 

in vivo

 

 during normal cell turnover and
following lung injury.

AT2 cells can be identified by their characteristic mor-
phology, including the presence of lamellar bodies, and by
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a variety of biochemical, immunological, and molecular
probes. The best characterized indicators of the fully dif-
ferentiated AT2 cell phenotype are probes directed against
surfactant proteins (9). In contrast, few specific markers of
the AT1 cell phenotype have been available until recently.
The monoclonal antibody (mAb) VIIIB2, which recog-
nizes an undetermined type I cell surface epitope 

 

in situ

 

,
has been used as a marker of the AT1 phenotype 

 

in vitro

 

(5, 10, 11). Probes recognizing T1

 

a

 

, a gene (and gene prod-
uct) expressed in AT1 cells but not AT2 cells, have also
been used for this purpose (7, 8). Other putative AT1 cell
markers have generally been shown to exhibit only rela-
tive specificity for AT1 or AT2 cells, and have therefore
proved less useful tools for studying AEC phenotype.

Keratinocyte growth factor (KGF) is an epithelial mito-
gen that acts as a paracrine mediator of mesenchymal–epi-
thelial interactions in many different tissues (12–14). KGF
promotes rat AT2 cell proliferation both 

 

in vitro

 

 and 

 

in
vivo 

 

(15, 16), suggesting a role for KGF in repair of the al-
veolar epithelium following lung injury (17–19). Studies of
AT2 cells cultured on Engelbreth–Holm–Swarm (EHS)
tumor basement membrane suggest that KGF may influ-
ence aspects of the AT2 cell differentiated phenotype, as
indicated by upregulation of SP-A and SP-B mRNA (20).

Aquaporin 5 (AQP5) is a mercury-sensitive water
channel in salivary, lacrimal, and respiratory tissues (21).
In adult alveolar epithelium, 

 

in situ

 

 studies indicate that
AQP5 is expressed only on the apical surface of AT1 cells
(22). Although its functional significance is thus far uncon-
firmed in AT1 cells, it is presumed to contribute to alveo-
lar fluid homeostasis and/or cell volume regulation via its
role as a water channel (23). To determine the effects of
KGF on AEC phenotypic characteristics, we evaluated its
influence on AEC morphology, expression of AQP5, and
expression of the AT2 versus AT1 cell-specific surfactant
apoproteins A, B, and C (SP-A, -B, and -C). Our results
indicate that KGF promotes retention of the AT2 cell phe-
notype and can at least partially reverse transdifferentia-
tion from the AT2 to AT1 cell phenotype by AECs in pri-
mary culture.

 

Methods

 

Cell Isolation and Culture

 

AT2 cells were isolated from adult male Sprague-Dawley
rats by disaggregation with elastase (2.0–2.5 U/ml) (Wor-
thington Biochemical, Freehold, NJ) followed by panning
on IgG-coated bacteriologic plates (24, 25). The enriched
AT2 cells were resuspended in a defined serum-free me-
dium (MDSF) consisting of Dulbecco’s modified Eagle’s
medium and Ham’s F12 nutrient mixture in a 1:1 ratio
(DME–F12; Sigma Chemical, St. Louis, MO), supplemented
with 1.25 mg/ml bovine serum albumin (BSA) (Collabora-
tive Research, Bedford, MA), 10 mM Hepes, 0.1 mM non-
essential amino acids, 2.0 mM glutamine, 100 U/ml sodium
penicillin G, and 100 

 

m

 

g/ml streptomycin (24). Cells were
seeded onto tissue culture-treated polycarbonate (Nucle-
pore) filter cups (Transwell; Corning-Costar, Cambridge,
MA) at a density of 1.0 

 

3

 

 10

 

6

 

 cells/cm

 

2

 

. Media were changed
on the third day after plating and every other day thereaf-
ter. Cultures were maintained in a humidified 5% CO

 

2

 

 in-

cubator at 37

 

8

 

C. AT2 cell purity (

 

> 

 

90%) was assessed by
staining freshly isolated cells for lamellar bodies with tan-
nic acid (26). Cell viability (

 

.

 

 90%) was measured by try-
pan blue dye exclusion. Cell culture media were purchased
from Irvine Scientific (Santa Ana, CA). All other chemi-
cals were purchased from Sigma Chemical and were of the
highest commerical quality available.

 

Determination of Polarized Distribution of AQP5 by
Cell Surface Biotinylation Studies

 

Cell surface biotinylation was performed essentially as de-
scribed by Gottardi and Caplan (27). AEC monolayers
grown on 24-mm Transwell Nuclepore filters (Day 5 in
culture) were placed on ice and washed twice with ice-cold
phosphate-buffered saline with calcium and magnesium
(PBS-CM) (10 mM NaPO

 

4

 

, 0.15 M NaCl, 0.1 mM CaCl

 

2

 

,
1.0 mM MgCl

 

2

 

, pH 7.2). Intact monolayers were then incu-
bated with 1 mg/ml biotin (Sulfo-NHS-LC-Biotin; Pierce
Chemical, Rockford, IL) in biotinylation buffer (10 mM
triethanolamine, 2 mM CaCl

 

2

 

, 150 mM NaCl, pH 9.0). For
biotinylation of apical membrane proteins, 0.5 ml of biotin-
ylation buffer with biotin was added to the apical surface
of the monolayer, and 1.7 ml of the buffer without biotin
was added to the basolateral side. The same volumes of
buffer were added to each compartment for biotinylation
of basolateral membrane proteins, or both apical and ba-
solateral membrane proteins, except that biotin was added
to the basolateral fluid only, or to apical and basolateral
fluid, respectively. Biotinylation was carried out twice con-
secutively for 30 min at 4

 

8

 

C. The cells were subsequently
washed four times with PBS-CM for 5 min each at 4

 

8

 

C and
then solubilized in 0.5 ml of lysis buffer (LB), consisting of
Tris-buffered saline (TBS) (50 mM Tris and 500 mM
NaCl), 1% Nonidet P-40 (NP-40), and 1% BSA at pH 8.0,
for 1 h on ice.

Lysates were centrifuged at 14,000 

 

3

 

 

 

g

 

 for 20 min at
4

 

8

 

C. The resulting supernatant was incubated with strepta-
vidin beads (50 

 

m

 

l for each sample) for 1 h at 4

 

8

 

C. After in-
cubation, the beads were briefly spun and collected,
washed twice with LB, once with TBS (pH 8.0), and once
with TBS (pH 6.8). Proteins were eluted from the beads in
2% sodium dodecyl sulfate (SDS) sample buffer (28) and
heated at 100

 

8

 

C for 5 min before electrophoretic separa-
tion as described below.

 

Western Blotting

 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed using the buffer system of Laemmli (28), and
immunoblotting was performed using procedures modi-
fied from Towbin and coworkers (29). Protein was extracted
from freshly isolated AT2 cells and from control and
KGF-treated monolayers in 2% SDS sample buffer. Equal
amounts of cell protein in sample buffer (or constant vol-
umes of each eluent for cell surface biotinylation studies)
were resolved by SDS-PAGE under reducing conditions
and electrophoretically blotted onto Immobilon-P (Milli-
pore, Marlborough, MA). The blotted sheets were blocked
for 2 h with 5% nonfat dry milk in TBS at pH 7.5, then in-
cubated with the affinity-purified anti-AQP5 polyclonal
antiserum (30). Blots were incubated with horseradish per-



 

556

 

AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 18 1998

 

oxidase-linked goat anti-rabbit IgG conjugates for 1 h, and
antigen–Ab complexes were visualized by enhanced chemi-
luminescence (ECL; Amersham, Arlington Heights, IL).
Membranes were purified by standard methods from rat
lung and submandibular gland (31) to be included as posi-
tive controls for AQP5 (30). Protein concentrations were
determined using the Bio-Rad DC protein assay (BIO-
RAD, Hercules, CA), with BSA used as a standard.

 

RNA Isolation and Northern Analysis

 

Total RNA was isolated from freshly isolated AT2 cells
and from control and KGF-treated monolayers by the acid
phenol–guanidinium–chloroform method of Chomczyn-
ski and Sacchi (32). Equal amounts of RNA (5 or 10 

 

m

 

g)
were denatured with formaldehyde, size fractionated by
agarose gel electrophoresis under denaturing conditions,
and transferred to nylon membranes. RNA was immobi-
lized by ultraviolet (UV) cross-linking (Hybond N

 

1

 

; Am-
ersham Life Science, Cleveland, OH). Blots were prehy-
bridized for 2 h at 65

 

8

 

C in 1 M NaPO

 

4

 

 buffer (pH 7), 7%
SDS, and 1% BSA. Hybridization was performed for 16 h
at 65

 

8

 

C in the same buffer. Blots were probed with an
AQP5-specific cDNA probe (21) labeled with [

 

a

 

-

 

32

 

P]dCTP
(Amersham) by the random-primer method using a com-
mercially available kit (Boehringer Mannheim, Indianapo-
lis, IN). Blots were washed at high stringency (0.5

 

3

 

 SSC
[75 mM NaCl, 7.5 mM sodium citrate, pH 7.0] with 0.1%
SDS at 55

 

8

 

C) and visualized by autoradiography. In some
experiments, blots were rehybridized with cDNA probes
for SP-A, -B, and/or -C. Differences in RNA loading were
normalized using a 24-mer oligonucleotide probe for 18S
rRNA end labeled with [

 

32

 

P]ATP.

 

Morphological Evaluation

 

To compare the morphological changes occurring with
time in culture in the presence or absence of KGF, repre-
sentative monolayers were examined by transmission elec-
tron microscopy (TEM). Filters were washed with cold
PBS at pH 7.2, fixed in 2.5% glutaraldehyde in PBS for 1 h,
washed once in PBS, and fixed in 1.5% osmium in PBS
overnight. Cells were then stained with 2% tannic acid in
PBS, rinsed, dehydrated in graded ethanols, and infiltrated
with resin (SPURR). The filters were removed from the
cups, embedded in a flat embedding mold, and polymer-
ized overnight at 70

 

8

 

C. Ultrathin (silver–gray) sections were
cut with a diamond knife on a Sorvall (Norwalk, CT) MT-
2B ultramicrotome and viewed with a JEOL (Tokyo, Ja-
pan) 1200ex transmission electron microscope.

 

Experimental Design

 

RNA and protein were harvested from freshly isolated
AT2 cells (Day 0) and from AECs grown in MDSF on poly-
carbonate filters for 1 or 8 d to evaluate changes in AQP5
and surfactant apoprotein expression between early and
late days in culture. To evaluate the inhibitory effects of
KGF on progression of AT2 cells toward the AT1 cell phe-
notype with time in culture, cells were plated in either MDSF
(control) or MDSF supplemented with KGF (10 ng/ml)
(R&D Systems, Minneapolis, MN) from the time of plat-
ing (Day 0). Monolayers in MDSF 

 

6

 

 KGF were harvested
on Day 8 for analysis of mRNA and protein or processing
for electron microscopy. To determine whether the transi-
tion toward the AT1 cell phenotype could be reversed by
KGF, cells were maintained in MDSF until Day 4 or Day 6
and media supplemented with KGF (10 ng/ml) thereafter.
RNA and protein were isolated from monolayers main-
tained in MDSF before addition of KGF on Day 4, and
from control and KGF-treated monolayers on subsequent
days until Day 8. Monolayers were processed for electron
microscopy on Days 4 and 8.

 

Results

 

Detection of AQP5 and Determination of Polarized 
Distribution in AEC Monolayers

 

AEC monolayers cultivated under conditions that have
previously been shown to promote expression of AT1 cell
markers over time (10, 11) were subjected to cell surface
biotinylation on either apical, basolateral, or both cell sur-
faces on Day 5 in culture. As illustrated in Figure 1, biotin-
ylated AQP5 (

 

z

 

 

 

28 kD) was detected on the apical, but
not basolateral, surface of the AEC monolayers. Recovery
of biotinylated AQP5 protein was equivalent when biotin-
ylation was performed on the apical surface alone, or on
both apical and basolateral surfaces, further consistent
with the absence of AQP5 protein on the basolateral sur-
face of the monolayers. These results demonstrate the
presence of AQP5 in cultured AECs and confirm its pre-
dominant, if not exclusive, location on the apical surface of
the cells.

 

Time Course of AQP5 mRNA and Protein Expression
in Cultured AEC Monolayers

 

Expression of AQP5 mRNA and protein was analyzed by
Northern and Western blotting, respectively, in freshly
isolated AT2 cells, and in AECs cultivated under condi-
tions that have previously been shown to promote expres-

Figure 1. Immunodetection and
polarized distribution of AQP5
in AEC monolayers. AEC
monolayers were subjected to
cell surface biotinylation on ei-
ther apical, basolateral, or both
cell surfaces on Day 5 in culture.
As shown in this representative Western blot, labeled AQP5 was detected on the apical (but not basolateral) surface of the AEC mono-
layers. Recovery of AQP5 protein was equivalent when biotinylation was performed on the apical surface alone, or on both apical and
basolateral surfaces, consistent with its exclusively apical location in AECs (n 5 3).
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sion of AT1 cell markers over time. As illustrated in Fig-
ure 2a, low levels of AQP5 mRNA were detectable in
populations of freshly isolated AT2 cells. AECs grown in
MDSF on tissue culture-treated polycarbonate filters for
1 d also expressed low levels of AQP5 mRNA. A marked
increase in AQP5 mRNA was noted between Days 1 and 8
in culture. As shown in Figure 2b, AQP5 protein was only
faintly detectable in freshly isolated AT2 cells. An in-
crease in AQP5 protein was noted from Day 1 to Day 8 in
culture, indicating that the increase in mRNA was associ-
ated with increased AQP5 protein levels. Similar results
(data not shown) were also obtained using a different af-
finity-purified anti-AQP5 antiserum (Alpha Diagnostic
International, San Antonio, TX). These results confirm
the presence of AQP5 mRNA in AECs and demonstrate
the utility of AQP5 as a marker of AEC differentiation 

 

in
vitro.

 

 These findings provide further support for previous
observations suggesting that AECs in primary culture on
inflexible substrata undergo at least partial transition to-
ward the AT1 cell phenotype.

 

Modulation of AQP5 Expression by KGF

 

To determine whether expression of AQP5 over time in
culture could be modulated by KGF, AQP5 mRNA and
protein expression were evaluated in AEC monolayers
cultivated in MDSF 

 

6

 

 KGF from the time of plating (Day
0). AQP5 mRNA levels were markedly reduced in KGF-
treated monolayers on Day 8 (Figure 3a, 

 

lane 6

 

) compared
with untreated controls maintained in MDSF (Figure 3a,

 

lane 4

 

), and were similar to levels on Day 1 (not shown).
These effects of KGF on AQP5 expression in AECs were
also reflected at the protein level. KGF-treated cells
showed a signal for AQP5 that was only slightly above
background on Day 8 (Figure 3b, 

 

lane 7

 

).
The ability of KGF to modulate expression of AQP5

once transition toward the AT1 cell phenotype had al-
ready commenced was evaluated. Addition of KGF to
AEC monolayers from Day 4 (at which time AQP5
mRNA was readily detectable) resulted in a progressive
decline in AQP5 mRNA on subsequent days in culture.
AQP5 mRNA levels in AECs treated with KGF on Day 4
were decreased by Day 6 (Figure 3a, 

 

lane 3

 

) relative to
Day 4 (Figure 3a, 

 

lane 1

 

) and Day 6 (Figure 3a, 

 

lane 2

 

)
controls, with a further decrease noted on Day 8 (Figure
3a, 

 

lane 5

 

). Similar effects of KGF on AQP5 protein are
seen following addition on Day 4 (Figure 3b, 

 

lane 6

 

). Even
when KGF is added as late as Day 6, a small decrease in
AQP5 is noted on Day 8 (Figure 3b, 

 

lane 5

 

). Together,
these results indicate that KGF was able to reverse, at least
in part, the transition between AT2 and AT1 cell pheno-
type with time 

 

in vitro.

 

Effects of KGF on Surfactant Apoprotein Expression

 

To assess the effects of KGF on reciprocal expression of
the AT2 cell phenotype, blots from some experiments
were also probed for SP-A, -B, and/or -C. Figure 4 shows a
typical experiment in which KGF was added to the culture
medium on Day 4, by which time SP-A and SP-B were no
longer detectable. Treatment with KGF resulted in in-
creases in SP-A, -B, and -C expression by Day 6 (Figure 4,

 

lane 3

 

) relative to controls grown in MDSF on Day 4 (Fig-
ure 4, 

 

lane 1

 

) or Day 6 (Figure 4, 

 

lane 2

 

). Further large in-
creases in SP-A and -B expression occurred by Day 8 (Fig-
ure 4, 

 

lane 5

 

) versus AEC controls grown in MDSF alone
(Figure 4, 

 

lane 4

 

). Surfactant apoprotein expression when
AECs were treated with KGF from Day 0 to Day 8 was ei-
ther the same or slightly reduced compared with AECs
treated from Day 4 to Day 8 (data not shown). Although
some differences were noted in the degree by which each
surfactant apoprotein was upregulated, KGF clearly up-
regulates all three of these AT2 cell markers concurrent
with downregulation of the AT1 cell marker AQP5 in
AEC monolayers.

 

Effects of KGF on AEC Morphology

 

Morphologic evaluations of AECs cultured in MDSF 

 

6

 

KGF from either Day 0 or Day 4 are shown in representa-
tive electron micrographs. As shown in Figure 5, AECs
grown in MDSF on polycarbonate filters lose the morpho-
logic hallmarks of AT2 cell differentiation. By Day 4 (Fig-
ure 5A), the cells have lost their lamellar bodies and have

Figure 2. Expression of AQP5 by alveolar epithelial cells. (a) Ex-
pression of AQP5 mRNA by AECs. AQP5 mRNA is present at
low levels in freshly isolated cells and after 1 d in culture, as
shown in this representative Northern blot (n 5 8). Levels of
AQP5 mRNA increase dramatically between Days 1 and 8. Ex-
pression of 18S rRNA is similar under all conditions. (b) Expres-
sion of AQP5 protein by AECs. In this representative Western
blot (n 5 3), AQP5 protein is faintly detectable in freshly isolated
cells and on Day 1, with a substantial increase noted on Day 8.
Protein loading for AECs is similar under all conditions. Rat sub-
mandibular gland and lung membranes (5 mg/lane) are shown as
positive controls.
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spread considerably. They progressively acquire the mor-
phologic features typical of AT1 cells 

 

in vivo,

 

 developing
markedly attenuated cytoplasmic processes by Day 8 (Fig-
ure 5B). In contrast, these changes are largely prevented
in the presence of KGF. AECs maintained in KGF from
Day 0 remain more cuboidal in shape on Day 4 (Figure

5C) through Day 8 (Figure 5D), contain numerous lamel-
lar bodies (Figure 5F), and spread to a lesser degree than
do control AECs. Morphologic features on Day 8 are sim-
ilar when KGF is added to AEC culture medium from
Day 4 (Figure 5E), with some increase in lamellar bodies
and relative thickening of the cytoplasmic processes evi-

Figure 3. Inhibition and reversal
of transition toward the AT1
cell phenotype by KGF. ( a)
Northern blotting. AECs grown
in MDSF express approxi-
mately constant levels of AQP5
mRNA on Day 4, 6, or 8 (lanes
1, 2, and 4, respectively). AECs
grown in MDSF plus KGF from
Day 4 express decreased levels
of AQP5 mRNA by Day 6 (lane
3) compared with cells grown in
MDSF alone (lane 2), with ex-
pression further diminished by
Day 8 (lane 5). AECs grown in
MDSF plus KGF from Day 0
show minimal AQP5 expression
on Day 8 (lane 6) compared with
cells exposed to KGF from Day
4 (lane 5) or cells grown in
MDSF alone (lane 4). Expres-
sion of 18S rRNA is similar un-
der all conditions. (b) Western
blotting. In the experiment illus-
trated here (n 5 3), AQP5 ap-
pears to be absent in freshly iso-
lated AT2 cells (lane 2), but is
readily detectable in AECs
grown in MDSF on Days 4 and 6
(lanes 3 and 4, respectively). AECs treated with KGF from Day 6 through Day 8 show a diminished level of AQP5 (lane 5), with even
greater loss of AQP5 seen in AECs treated with KGF from Day 4 through Day 8 (lane 6). AQP5 is only faintly detectable in AECs
treated with KGF from Day 0 through Day 8 (lane 7). Protein loading for AECs is similar under all conditions. Rat submandibular gland
is shown as a positive control (lane 1).

Figure 4. Effects of KGF on ex-
pression of mRNA for surfac-
tant apoproteins -A, -B, and -C.
In this representative Northern
blot (n 5 3), SP-A and -B are
undetectable in AECs grown in
MDSF on Day 4, 6, or 8 (lanes 1,
2, and 4, respectively). SP-C is
detectable at a very low level on
Days 4 and 6 and undetectable
on Day 8. AECs grown in
MDSF plus KGF from Day 4 ex-
press increased levels of SP-A,
-B, and -C mRNA by Day 6 (lane
3) compared with cells grown in
MDSF alone (lane 2), with ex-
pression further increased for
SP-A and -B by Day 8 (lane 6).
Results shown are from the
same blot as in Figure 3a, which
has been reprobed for SP-A, -B,
and -C. Expression of 18S rRNA
is similar under all conditions.
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dent. The number of lamellar bodies in AECs grown in
the presence of KGF was clearly greater than in AECs
grown in the absence of KGF, although the KGF-treated
cells did not appear to contain as many lamellar bodies as
freshly isolated AT2 cells. Differences between KGF-treated
and -untreated AECs were especially striking in Day 8 cells,
in which no lamellar bodies were typically seen in cells grown
in the absence of KGF. These morphologic results provide
further evidence for the modulation of AEC phenotype by
KGF in vitro.

Discussion
In this study, we have identified the water channel aqua-
porin 5 (AQP5) as an apical membrane protein in cultured
alveolar epithelial cells and demonstrated that its expres-
sion can be regulated by the mitogenic peptide keratin-
ocyte growth factor (KGF). Further, we have demon-
strated reciprocal changes in the expression of AQP5 and
the surfactant apoproteins effected by KGF, consistent
with the notion of AQP5 as an AT1 cell marker in vitro as
well as in situ, and with the role of KGF in modulating
AEC phenotype. Finally, we have correlated KGF-induced
changes in AQP5 and surfactant apoprotein expression
with changes in AEC morphology, demonstrating that KGF
causes decreases in AQP5 expression in parallel with a
more AT2 cell-like morphology and increased SP-A, -B,
and -C expression. These effects occur even in AEC mono-
layers that have already lost AT2 cell phenotypic proper-
ties, supporting the concept that AT1 cells can undergo re-
versible transdifferentiation toward the AT2 cell phenotype
in vitro.

Evidence that AQP5 is useful as a marker of the AT1

cell phenotype in cultured AECs comes from several dif-
ferent types of data. First, Nielsen and coworkers (22) have
obtained immunoelectron micrographic data demonstrat-
ing that rat AT1 cells express AQP5 on their apical mem-
branes in situ. No expression of AQP5 was observed in
AT2 cells, as indicated by absence of immunogold label-
ling using the same anti-AQP5 antibody reagent as used in
the present study. Second, our current data indicate that
freshly isolated AT2 cells express little or no AQP5, whereas
cultured AEC monolayers express AQP5 predominantly,
if not solely, on their apical surfaces. AQP5 expression in
AEC monolayers thus parallels AQP5 expression in AT1
cells in situ. AQP5 has also been demonstrated to be present
in the apical (but not basolateral) membranes of subman-
dibular gland acinar cells, although it is entirely absent from
intralobular ducts of the glands (33). Thus, AQP5 displays
a polarized and cell-specific distribution in the lung that
parallels its distribution in submandibular gland. Finally,
our current data indicate that AQP5 expression increases
in AECs with time in culture, in a fashion similar to other
well-established markers of AT1 cell phenotype (i.e., VIIIB2
and T1a), in parallel with AT1 cell-like morphologic changes
and inversely to changes in expression of AT2 cell markers.
These findings confirm the notion that AQP5 is a specific
marker of the AT1 cell phenotype both in vitro and in situ.

We detected low levels of AQP5 mRNA in freshly iso-
lated AT2 cells in the experiments described herein,
whereas AQP5 protein was either absent or faintly detect-
able in some cell preparations on Day 0. Because AQP5 is
expressed only by AT1 cells in the adult rat alveolar epi-
thelium in situ, the minor amount of AQP5 found could
arise from the small degree of AT1 cell membrane con-
tamination probably present in the freshly isolated AT2

Figure 5. Effects of KGF on AEC morphology in primary culture. AECs maintained in MDSF for 4 d lose their lamellar bodies and be-
gin to spread (A). The cells resemble AT1 cells on Day 8, developing prominent nuclei and attenuated cytoplasmic processes (B). In the
presence of KGF from the time of plating, these changes are largely prevented. KGF-treated cells remain more cuboidal, with signifi-
cant retention of lamellar bodies and absence of spreading on Day 4 (C) through Day 8 (D). F is a magnified view of D, showing a typi-
cal lamellar body in greater detail. Addition of KGF from Day 4 results in partial reversal of the Day 4 phenotypic changes seen in
MDSF, with reappearance of some lamellar bodies and thickening of the cytoplasmic processes on Day 8 (E). Scale bars: (A–E) 5 mm;
(F) 5 mm.
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cell suspensions. Alternatively, rapid induction of AQP5
during the steps involved in cell isolation could explain these
findings, as similarly observed with T1a (8). The near total
suppression of AQP5 on Day 8 for cells treated with KGF
from Day 0, however, is most consistent with the concept
that AQP5 expression is induced by factors that promote
the AT1 cell phenotype and suppressed by those that pro-
mote the AT2 cell phenotype.

Evidence for the role of KGF as a modulator of cell
phenotype comes from both in vivo and in vitro data. KGF
has been shown to play a role in the development of epi-
thelial tissues and in maintenance of epithelial integrity,
and also directly influences the morphologic appearance
and phenotypic characteristics of a number of epithelial
cell types during development and adult life (12–14, 34–
37). For example, the skin of transgenic mice in which a
dominant-negative KGF receptor transgene is expressed
in basal keratinocytes shows epidermal atrophy, abnor-
malities in the hair follicles, and dermal hyperthickening
(36). Overexpression of KGF in livers of transgenic mice
causes abnormalities in epithelial growth and differentia-
tion within multiple organ systems and results in perinatal
lethality (37). The resulting high systemic levels of KGF
during the latter stages of embryogenesis are responsible
for several phenotypic abnormalities, including epithelial
hyperplasia, in kidney, lung, liver, pancreas, and urinary
bladder. KGF is expressed in many tissues at increased lev-
els following injury, consistent with a role for KGF in nor-
mal wound healing and repair (36). Abnormal expression
of KGF may also be associated with the pathologic cycles
of injury and repair in conditions such as inflammatory
bowel disease, where KGF has been reported to be over-
expressed in surgical specimens from affected patients (38).

Current data suggest that KGF plays a critical role in
normal lung growth and development. KGF and KGF re-
ceptor (KGFR) are abundantly expressed in both fetal
and adult rat lung (39). Inhibition of ligand binding via tar-
geted expression of a dominant negative fibroblast growth
factor (FGF) receptor in developing lung epithelium re-
sults in disruption of normal branching morphogenesis
and alveolar epithelial cell cytodifferentiation (40). Ani-
mals described in this study died preterm, as did transgenic
mice expressing KGF driven by the SP-C promoter in the
embryonic lung (41). Embryonic rat lungs treated with
KGF also show elevated expression of SP-C and disten-
tion of the distal epithelium into cystlike structures con-
taining AT2 cells and/or their progenitors. Most recently,
KGF was shown to stimulate fetal rat pulmonary epithelial
cell growth and to promote the differentiation of fetal dis-
tal lung epithelium (FDLE) toward a distal alveolar epi-
thelial cell phenotype (42). Thus, KGF may exert major
effects on both airway and alveolar epithelial cell differen-
tiation during development.

Data suggest that KGF can also modulate adult alveo-
lar epithelial cell phenotype. Sugahara and colleagues (20)
found that KGF induced a two- to threefold increase in
steady state levels of mRNAs for SP-A and SP-B in cul-
tured AECs. These effects were time dependent, as in our
current study, and could be mimicked by treatment with
acidic FGF (aFGF). In contrast, these investigators found
no increase in SP-C mRNA in AECs after exposure to

KGF. This discrepancy may have resulted from differ-
ences in culture conditions in the earlier study (e.g., use of
EHS tumor basement membrane, which promotes reten-
tion of the AT2 cell phenotype) versus those in the present
study, where increases in SP-C were noted to occur in cells
that had already acquired AT1 cell properties (i.e., in-
creased expression of AQP5 and AT1 cell-like morphol-
ogy).

In the adult lung, AT2 cells are believed to be the pro-
genitors of AT1 cells (1, 2). Although AT1 cells have been
thought to be incapable of proliferation and to be termi-
nally differentiated, this concept has come under question.
Previous studies from our group (10) and from Shannon
and colleagues (43) have shown that AECs grown on col-
lagen gels demonstrate reciprocal changes in expression of
AT2 and AT1 cell markers. These changes are to some ex-
tent reversed when cell shape is altered, implying a role of
the cytoskeleton in transducing signals that promote or
suppress cell differentiation in AECs. The potential re-
versibility of the AEC phenotype resulting from the ef-
fects of other modulators (11, 44) is currently unknown.
Our current data, which show that treatment of AECs by
KGF on later days in culture results in loss of AT1 cell
characteristics, provide further evidence for reversibility
between the AT2 and AT1 cell phenotypes.

In summary, expression of AQP5, a specific marker for
AT1 cells in situ, increases in AECs as a function of time
in culture. These results are consistent with transition of
AT2 cells toward an AT1 cell phenotype. KGF is able
both to prevent and reverse the transition toward the AT1
cell phenotype, as determined by expression of markers of
AT1 (AQP5) and AT2 (surfactant apoproteins) cell phe-
notypes and by cell morphology. These findings lend sup-
port to the concepts that transdifferentiation between
AT2 and AT1 cell phenotypes is at least partially revers-
ible and that KGF can play a major role in modulating the
AEC phenotype.
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