
Identification of Genes Differentially Expressed in Rat Alveolar
Type I Cells
Katherine Dahlin, Edward M. Mager, Lennell Allen, Zachary Tigue, Lee Goodglick, Madhuri Wadehra, and Leland Dobbs

Departments of Medicine, Pediatrics, and Cardiovascular Research Institute, University of California San Francisco, San Francisco;
and the David Geffen School of Medicine, University of California Los Angeles, Los Angeles, California

Although � 98% of the internal surface area of the lung is lined
by alveolar type I cells, little is known about the functions of this
cell type. Using freshly isolated rat type I and type II cells, we created
a subtraction library by suppression subtractive hybridization to
identify genes differentially expressed by type I cells. We identified
twelve genes of known function that are differentially expressed
by type I cells. Differential expression of all 12 genes was confirmed
by Northern blotting; we confirmed differential expression by im-
munocytochemistry for 3 genes for which suitable antibodies were
available. Most of the genes code for proteins that are multifunc-
tional. From the known functions of these genes, we infer that
type I cells may play a role in the maintenance of normal alveolar
homeostasis and protection from injury, lung development and
remodeling, host defense, tumor/growth suppression, and surfac-
tant metabolism, among other functions.

The alveolar region contains more than 99% of the large internal
surface area of the lung; in rats, 98% of this surface area is lined
by alveolar type I cells, the remainder by type II cells (1). Type
II cells synthesize, secrete, and recycle pulmonary surfactant (2),
transport ions (3, 4), participate in immune responses of the lung
(5–7), and act as progenitor cells in lung injury (8, 9). In response
to injury in rodent lungs, type II cells proliferate and transdiffer-
entiate into type I cells (8); some evidence suggests that this
process may occur during development (9).

We embarked on the current experiments with the goal of
identifying genes differentially expressed by type I cells. The
underlying rationale for the work is that little is known about
the functions of type I cells. For many years, the accepted belief
has been that, other than barrier functions, the type I cell has
no important physiologic functions in the lung. In the last 5
years, type I cells have been shown to have a very high osmotic
water permeability (10), to contain transport proteins (11, 12)
and to have the capacity to transport ions (12), suggesting that
type I cells may play an important role in lung liquid homeostasis.
These results serve as a basis for the more general concept that
type I cells, in addition to serving barrier functions, have other
important functions. Previously known molecules that are ex-
pressed in type I cells (recently reviewed in Ref. 13) include

(Received in original form November 21, 2003 and in revised form June 10, 2004)

Address correspondence to: Leland G. Dobbs, M.D., Suite 150, 3333 California
St., San Francisco, CA 94118. Email: dobbs@itsa.ucsf.edu

Abbreviations: alveolar macrophage, AM; annexin VIII, ANXA8; � crystallin B,
CRYAB; epithelial membrane protein 2, EMP2; epithelial sodium channel, ENaC;
inducible nitric oxide synthase, iNOS; c-Jun N-terminal kinases, JNK; mitogen-
activated protein kinase, MAPK; matrix metalloproteinase, MMP; group IIA secretory
phospholipase A2, sPLA2-IIA; protein kinase C alpha, PKC�; phosphatidylserine,
PS; receptor for advanced glycation end products, RAGE; semaphorin 3F, Sema3F;
serum deprivation response protein, SDPR; suppression subtractive hybridization,
SSH; tissue inhibitor of metalloproteinase 3, TIMP3; topoisomerase III alpha,
TOP3A; tumor suppressor of lung cancer 1, TSLC1; vascular endothelial growth
factor, VEGF.

Am. J. Respir. Cell Mol. Biol. Vol. 31, pp. 309–316, 2004
Originally Published in Press as DOI: 10.1165/rcmb.2003-0423OC on June 17, 2004
Internet address: www.atsjournals.org

RTI40 (T1�) (14–17), caveolin-1 (18, 19), aquaporin 5 (20), re-
ceptor for advanced glycation end products (RAGE) (21), car-
boxypeptidase M (22), and, more recently, plasminogen activator
inhibitor (PAI-1), P2X purinoceptor (P2X4), and cyclin-dependent
kinase 4 inhibitor 2B (P15INK4B) (23). Some of these previously
identified proteins are expressed by type II cells or other cell
types, in addition to type I cells. We initially employed differen-
tial display PCR (DD-PCR) in an attempt both to identify cell-
specific markers for each cellular phenotype and to provide
insights about previously unanticipated functions of each cell
type. We found, as others have, that DD-PCR yielded many
candidate sequences, but also produced a high number of false
positives (Mager, Vanderbilt, and Dobbs, unpublished observa-
tions). Although we were able to identify an additional marker
for the type II cell phenotype (7), several novel candidate mark-
ers for the type I cell phenotype did not prove amenable to 5�
extension strategies to obtain sufficient sequence information
for gene identification. For this reason, we turned to suppression
subtractive hybridization (SSH) to generate a subtracted library
to identify marker genes for the type I cell phenotype. Type II
cells are believed to be progenitors for type I cells and, by virtue
of this fact, the two cell types are believed to be closely related,
although they have strikingly different morphologic characteris-
tics. The rationale for making a subtraction library between type
I and type II cells is based on the following: (i) very little is known
about the type I cell, and any potential type I cell functions we
can infer from gene discovery may be useful; (ii) determining
genes differentially expressed in type I cells may be useful in
generating testable hypotheses regarding different functions of
these two cell types; (iii) differentially expressed genes can be
used as additional molecular markers of the type I cell phenotype.

Some recent studies have used cultured type II cells, which
express some markers of the type I cell phenotype, as a model
of type I cells. However, it is unclear how similar the cultured
type II cell model system is to native type I cells. Therefore, we
used freshly isolated type I cells to generate a subtracted library
to identify genes differentially expressed by type I cells, in com-
parison to type II cells. Of 576 screened clones, we identified
53 clones identifying candidate marker genes for the type I cell
phenotype. Thirty-two of these 53 clones contained identical
sequence to 14 genes of known function, and 21 clones did not
show significant similarity to known genes in the public databases
at the National Center for Biotechnology Information (NIH,
Bethesda, MD). Twelve of the fourteen genes of known function
were confirmed by Northern blotting to be expressed in type I
cells, but not in type II cells or alveolar macrophages (AM).
Two of the fourteen genes were not differentially expressed
by Northern blotting. The presence of several genes of known
functions in type I cells suggests potential functions for this
cell type and may suggest new experimental approaches to the
nascent field of type I cell biology. The results of these studies
provide additional new markers for the type I cell phenotype
and may lead to new directions for the study of type I cell
functions.
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Materials and Methods

Cell Preparations

Type II cells were isolated from the lungs of Sprague-Dawley specific
pathogen–free rats (Simonsen Laboratories, Gilroy, CA) by previously
described methods (24); type I cells were removed by negative selection
with magnetic beads (25). The type II cell preparation used for these
experiments contained 85% type II cells and � 0.1% type I cells by
analysis of cytocentrifuged preparations stained with monoclonal anti-
bodies specific for apical membranes of each cell type (14, 24) and
then incubated with appropriate secondary antibodies (Alexa 594–anti-
mouse IgG1; Molecular Probes, Eugene, OR; and FITC–anti-mouse
IgG3; Cappel [ICN], Irvine, CA) (Figure 1). The remaining cells con-
sisted of AM and lymphocytes, as identified by their typical appearance
after modified Papanicolaou staining (24).

Type I cells were isolated as previously described (10). The prepara-
tions used in these experiments contained � 80% type I cells and
� 2% type II cells. The remaining cell constituents were macrophages
and lymphocytes.

AM were obtained by bronchoalveolar lavage; the preparation con-
tained 100% macrophages by modified Papanicolaou staining and no
type I or type II cells by immunostaining.

Creation of SSH Libraries

Total RNA extracted from each of the cell preparations was used to
construct an SSH library employing the PCR-Select cDNA Subtraction
kit (Clontech, Palo Alto, CA); 1 �g of type I cell RNA was used as
the “tester” and 1 �g of RNA obtained from a pool of cells containing
75% type II cells and 25% AM was used as the “driver.” The macro-
phages were added to the type II cells to ensure adequate subtraction
of this cell type, which is present in preparations of both type I and
type II cells. The oligo-dT primer (CDS) was used in synthesizing first-
strand cDNA, which was then processed according to the protocol. The
resulting double-stranded cDNAs were ligated into the pT-Adv vector
(Clontech) and transformed into Electromax DH5�-E cells (Invitrogen,
Carlsbad, CA).

Screening of Subtracted Libraries

For screening, equal amounts of the PCR-amplified inserts from 576
clones were spotted onto four identical filters. These were screened
with 32P-labeled probes made from cDNAs of type I cell, type II cell,
“forward” (type I-type II), or “reverse” (type II-type I) subtracted
RNAs. Candidate genes were selected by comparing results of screening
with these probes. Two criteria were used to select promising candidate
genes: (i ) detection by forward subtracted probe [type I-type II], and
(ii) detection by type I and type II unsubtracted probes. No clones
were selected that hybridized with either type II unsubtracted or the
type II-type I subtracted probes. A total of 53 clones were selected as
candidate genes differentially expressed by type I cells.

Figure 1. Double-label immunofluorescence of cytocentrifuged prepara-
tions of TI and TII cells. Cytocentrifuged preparations of TII cells (A )
and TI cells (B ) were doubly stained with antibodies against RTI40 and
RTII70 and appropriate secondary antibodies. RTI40 (TI cell) is red,
RTII70 (TII) is green. (For details, see text.)

Northern Blot Analysis

Total RNA was extracted from preparations of type I cells, type II
cells, and AM using QIAGEN’s RNeasy Total RNA Isolation Kit
(QIAGEN Inc, Valencia, CA). We obtained � 0.5 �g RNA/106 TI cells
and � 0.2 �g RNA/106 TII cells. One microgram of RNA from each
cell preparation was used for Northern analysis, and a total of three
replicate Northern blots were performed.

Immunocytochemistry

Tissue was fixed, frozen, sectioned, and processed for immunocyto-
chemistry as previously described (26). Thin 2-�m cryostat sections
were incubated overnight with the following primary antibodies: anti-
HTI56 (mouse monoclonal antibody directed against an integral mem-
brane protein specific in human lung to type I cells [26]) at a 1:1 dilution,
anti–epithelial membrane 2 (EM2) rabbit polyclonal, (27, 28) (1:400), anti–
semaphorin 3F (Sema3F) rabbit polyclonal (1:100; Chemicon International
Inc., Temecula, CA), and anti–tissue inhibitor of metalloproteinase 3
(TIMP3) rabbit polyclonal (1:100; Chemicon International). Proteins
were visualized by incubating sections with goat anti-rabbit or goat
anti-mouse IgG conjugated to Alexa 594 at 1:3,000 (Molecular Probes
Inc.). Fluorescence and phase contrast images were captured at 2,600 �
2,060 dpi with a Leica DC500 camera on a Leica Orthoplan microscope.

Results

Representative double-label immunofluorescence images of cy-
tocentrifuged preparations of TI and TII cells are shown in
Figure 1. Cells were stained with antibodies specific for TI cells
(RTI40) and TII cells (RTI70); TI cells can be identified by red
staining; type II cells by green staining. The TI cells are larger
than TII cells, as documented for TI cells in situ (1). Although
the preparations of TII cells we used contained � 0.1% TI cells,
we have shown a field containing one TI cell (� 1%) so that the
double-staining will be readily apparent and the magnification
suitable for recognizing individual cells. The field shown of the
TI cell preparation contains � 1.5% TII cells.

Fifty-three clones were selected from promising candidate
clones by screening (Figure 2) and were sequenced; insert sizes
ranged from 189–874 bp. Of these, 32 clones were identical in
sequence to 14 genes with previously ascribed functions. Eleven
of these clones were in coding regions, the rest in 3�-UTRs or
in overlapping coding and 3�-UTR regions. Some of these genes
were identified by multiple clones (up to seven separate clones
for caveolin-1); seven genes were identified by a single clone
each; differential expression was not confirmed for two of these
genes (see Table 1).

Differential expression in type I cells (compared with type

TABLE 1. Number of clones identifying type I cell-specific genes

Gene No. of Clones

ANXA8 2
CRYAB 4
Caveolin-1 7
EMP2 3
sPLA2-IIA 3
RAGE 1
RT140 4
SEMA3F 1
SDPR 1
TIMP3 1
TOP3A 1
TSLC1 2
Not confirmed 2

Definition of abbreviations: ANXA8, annexin VIII; CRYAB, � crystallin B;
EMP2, epithelial membrane protein 2; RAGE, receptor for advanced glycation
end products; SDPR, serum deprivation response protein; SEMA3F, semaphorin
3F; TIMP3, tissue inhibitor of metalloproteinase 3; TOP3A, topoisomerase III �;
TSLC1, tumor suppressor of lung cancer 1.
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II cells and alveolar macrophages) was confirmed for 12 (out of
the 14 candidate genes) by Northern blotting (Figure 3); two
candidate genes were not differentially expressed by Northern
blotting. Three genes, caveolin-1, RTI-40, and RAGE, have pre-
viously been shown to be expressed in type I cells; the remaining
nine identified genes were not previously known to be differen-
tially expressed in type I cells. There is a report of RAGE
expression by type II cells by in situ hybridization (29), but our
results corroborate at the mRNA level the finding by Fehrenbach
and coworkers (21), who used immunoelectron microscopy and
colocalization with cell-specific markers to localize RAGE ex-
pression in the lung to type I cells. In addition to the 14 candidate
genes of known function, we found 21 clones, all in noncoding
regions, that had no significant homology with known genes
when all nonredundant databases of the basic local alignment
and search tools (BLAST) at the National Center for Biotechnol-
ogy Information (NIH) were searched. Northern blots of these
genes have not been performed and therefore differential ex-
pression is not confirmed and these results are of uncertain
significance.

To confirm whether candidate gene products were differen-
tially expressed not only in isolated cells, but also in the lung
in situ, we performed immunocytochemistry with antibodies
against those gene products for which appropriate antibodies
were available. We used human lung tissue because the antibod-
ies worked best with human tissue. We confirmed differential
expression patterns in type I cells for EMP2, TIMP3, and
Sema3F. In Figures 4A and 4B, phase contrast views are paired
with staining by HT156, an antibody against an apical membrane
protein of human type I cells (26); the type II cells, recognized
by their lucent lamellar bodies, do not show staining. Similar
patterns are seen in Figures 4C and 4D (antibody against EMP2);

Figure 2. Differential screen-
ing of amplimers generated by
SSH. Clones were spotted in
duplicate onto four membranes
which were then hybridized
with different radiolabeled
cDNA probes, as described in
Materials and Methods. Cir-
cles identify examples of posi-
tive clones chosen for further
screening; the numbers indicate
genes subsequently identified
through Blast analysis. (1) �

Crystallin B, (2) Phospholipase
A2 group IIA, (3 ) RT140, (4)
ANXA8.

Figures 4E and 4F (SEMA3F); and Figures 4G and 4H (TIMP3).
Type II cells are negative in each of these panels.

Discussion

Suppression subtractive hybridization is a powerful method for
identifying differentially expressed genes that may be in low
abundance; the prolonged time used for secondary hybridization
is important in the identification of candidate low abundance
mRNAs. We used freshly isolated rat alveolar type I and type
II cells to create subtraction libraries by SSH. The preparations
of type II cells contained � 0.1% type I cells and the type I
cell preparations � 2% type II cells by immunocytochemical
evaluation with cell-specific antibodies. By screening dot blots
with pooled RNA from type I cells, type II cells, “forward” (type
I-type II), or “reverse” (type II-type I) subtracted probes, a total
of 53 clones, out of 576 screened, were selected as candidate
genes differentially expressed by type I cells. Thirty-two of these
clones contained sequences identical to 14 known genes. By
Northern blotting, 12 of these 14 genes were confirmed to be
expressed preferentially in type I cells, in comparison with type
II cells or alveolar macrophages. The genes identified in this
study do not represent an exhaustive list of differentially ex-
pressed type I cell genes. Three of these genes, RTI40, caveolin-1,
and RAGE, had previously been reported to be expressed in
type I cells; RT-140 and caveolin were found in four and seven
different clones, respectively. Aquaporin 5, which is known to
be expressed in type I cells and not type II cells (20) was not
detected in our subtraction library. The remaining nine genes
are of potential use as new markers of the type I cell phenotype
and as potential indicators of previously unknown functions of
type I cells. Although most of these genes are multifunctional,
taken together, they can be useful in broadening our understand-
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Figure 3. Northern blots of type I differentially expressed genes. North-
ern blotting was performed as described in Materials and Methods.
The preparations of TI cells contained � 2% type II cells, the prepara-
tions of TII cells contained � 0.1% type I cells. The preparations of
alveolar macrophages contained no detectable TI or TII cells.

ing of potential functions of type I cells (Table 2). We have
grouped the genes rather arbitrarily into six functional catego-
ries; however, the following categories do not contain an exhaus-
tive description nor all of the potential functions of each gene.
Figure 5 contains a cartoon illustrating known and hypothetical
functions of type I cells.

1. Maintenance of Normal Alveolar Architectural Homeostasis
and Protection from Injury: CRYAB, TIMP3, ANXA8

Several of the genes differentially expressed by type I cells have
“cell-protective” functions. � Crystallin B (CRYAB), a small
heat shock protein upregulated by various stress stimuli, protects
enzymes from inactivation (30); overexpression is protective
against ischemia-induced damage and stress-induced apoptosis
(31, 32). Tissue inhibitor of metalloproteinase 3 (TIMP3), by
inhibiting ADAM17 (TNF-� convertase) (33), may prevent
activation of the proinflammatory cascade. In addition, TIMP3
inhibits matrix metalloproteinase (MMP) activity, maintaining
extracellular matrix (ECM) integrity. The TIMP3 null mutant
mouse, in which MMP activity is increased, exhibits progressive
airspace enlargement without apparent inflammation and results
in early lethality (34), demonstrating the importance of TIMP3
in the maintenance of normal alveolar architecture. TIMP3 also
blocks binding of VEGF to VEGFR2 in a chick chorioallantoic
membrane model system (35), thereby inhibiting downstream
signaling and angiogenesis. Annexin VIII (ANXA8) inhibits co-
agulation and PLA2 activity (36). We infer from the functions
of this group of genes that they may act either to prevent damage
to type I cells or to promote alveolar structural homeostasis.

2. Host Defense and Proinflammatory Properties:
sPLA2-IIA, RAGE

The protective functions described in the last paragraph may be
in balance with potential proinflammatory functions. Expression
of secretory phospholipase A2 group IIA protein (sPLA2-IIA),
which is bactericidal (37), is increased after acute lung injury
(38). The type I cell, as well as activated or cultured macrophages
(39) (but not quiescent macrophages; see Northern blot in Figure
3) is a potential source for phospholipase A2. sPLA2-IIA causes
an increase in production of chemokines and adhesion molecules
in endothelial cells (40), induces iNOS (inducible NO synthase)
(41), and can act as a mitogen (42). These functions of sPLA2-
IIA suggest that type I cells may play a role in innate host
defense. RAGE, a multiligand receptor of the immunoglobulin
superfamily, can mediate proinflammatory functions by a variety
of different mechanisms. These include mediating the effects of
AGEs that activate metalloproteinases (43).

3. Development and Remodeling: SEMA3F, RTI40, EMP2,
Caveolin-1, RAGE, TIMP3

Some of these genes have the capacity to modulate tissue devel-
opment and remodeling. Sema3F mRNA is weakly expressed
in distal epithelium and mesenchyme in early lung development.
Later in gestation, expression is increased (44). In lung bud
cultures, Sema3F stimulates branching morphogenesis and cell
proliferation, the latter by promoting progression into S-phase
(45). Although the function of RTI40 remains unknown, experi-
ments with null-mutant mice have demonstrated that the gene
is important for normal lung development (46). Epithelial
membrane protein 2 (EMP2) interacts with �1 integrins and
selectively increases surface expression of �6�1, altering adhe-
sion of cells to matrix proteins (47). Caveolin-1, which is found
in both endothelial cells and type I cells (19), is important for
normal development. Null mutant mice for caveolin-1 develop
cardiac hypertrophy and abnormally thickened septae (48). Be-
cause it can bind ligands such as amphoterin (chromatin proteins
which can be secreted) (49), and S100 proteins (50), RAGE can
modulate important biological processes in development such
as cell motility (50), cell survival (50, 51), and differentiation
(51). TIMP3, as discussed earlier, prevents matrix degradation
by MMPs and may also alter the functions of growth factors
bound to matrix (reviewed in Ref. 52).

4. Tumor/Growth Suppression: TSLC1, TIMP3, EMP2, SEMA3F,
Caveolin-1, sPLA2-IIA

Suppression of cellular proliferation is a function shared by many
of these genes. Tumor suppressor of lung cancer 1 (TSLC1),
which is identical to three independently characterized genes,
IGSF4, SglGSF, and SynCAM, has reduced or absent expression
in lung cancer cell lines; reduced expression of TSLC1 is corre-
lated with promoter hypermethylation and the formation of epi-
thelial tumors (53). Promoter hypermethylation of TIMP3 has
also been observed in numerous human cancers (54). EMP2, a
member of the growth arrest–specific 3 (GAS3/PMP22) family
of small hydrophobic membrane proteins, suppresses B-cell lym-
phoma tumorigenicity, and induces apoptosis under conditions
of growth factor withdrawal (28). Semaphorin 3F (SEMA3F), in
contrast to its stimulatory effects on cell proliferation in normal
developing lung, can inhibit cell attachment and spreading in
tumor cell lines (55). Expression of caveolin-1 negatively regu-
lates cell cycle progression by inducing G0/G1 arrest via a p53/
p21-dependent mechanism (56). In several types of cancers,
sPLA2-IIA expression is upregulated in an apparent host de-
fense and exerts a tumor-suppressing effect (57). Interestingly,
half of the genes of known function that we identified have
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Figure 4. Immunocytochemistry of differentially expressed genes in human lung tissue. Immunocytochemistry was performed as described in
Materials and Methods; panels shown are matching fluorescence and phase contrast views for each antibody. Type II cells are recognized in these
2-�-thick cryostat sections by their typical intracellular lucent lamellar bodies. Alveolar macrophages can be recognized by their intraluminal location
in normal lung. The linear staining pattern (red) is typical of localization to TI cells. (A, B ) Matching fluorescence and phase contrast images of
human lung tissue stained with HTI56, an antibody specific for type I cells in the human lung, demonstrating staining of type I cells but not type
II cells. (C, D ) Fluorescence pattern of epithelial membrane protein 2 (EMP2); (E, F ) Semaphorin 3F localization. (G, H ) Localization of tissue
inhibitor of metalloproteinase 3 (TIMP3); staining is more patchy than with the previous three antibodies, but still clearly localized to TI cells.

Figure 5. Cartoon representing known and
hypothetical functions of type I cells. Wa-
ter transport across the apical surface oc-
curs via AQP5 (aquaporin 5); Na� and K�

transport via ENaC (epithelial sodium
channel) and Na,K-ATPase. TIMP3 is crit-
ical for maintenance of normal extracellu-
lar matrix and in preventing emphysema.
CRYAB and SDRP may be important in
the defense against oxidative and other
stress. TSLC1, a member of the immuno-
globulin superfamily, mediates cell adhe-
sion and cell–cell interactions. The function
of RTI40 is unknown, but the gene has
been shown to be important for normal
lung development. RAGE is localized

mainly to the basal membrane; the receptor binds various proteins such as AGEs, S100, and amphoterin, resulting in diverse downstream biologic
events, such as stimulating MAPK and JNK pathways, proliferation, activation of MMPs, and proinflammatory responses. EMP2 has complex
properties, including facilitating protein trafficking, altering adhesion of cells to matrix proteins, and inhibiting caveolin-1 expression. sPLA2 also
has many potential functions, including bactericidal and proinflammatory functions, stimulation of intracellular iNOS, and surfactant metabolism.
Of the genes shown in this diagram, all with the exception of ENaC and Na,K-ATPase are expressed in type I cells but not type II cells; ENaC
and Na, K-ATPase are expressed in both cell types. Details of gene functions and references are described in the text and Table 2. The diagram
is not to scale.
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TABLE 2. Characteristics of differentially expressed genes

Gene Tissue Expression Cellular Location Functions

ANXA8 Highest in lung; also in skin, liver, Cytoplasm Anticoagulant (36)
and kidney (71) Inhibitor of PLA2 (36)

Binds lamellar bodies in vitro (68)
Unknown

Caveolin-1 Highest in white adipose tissue, Integral membrane protein Signal transduction (58)
also in lung, with lesser expression caveola, lipid raft Scaffolding protein (58)
in muscle (58) Trafficking (58)

Cholesterol regulation (58)
Tumor suppression (58)

CRYAB Wide distribution; particularly lens Cytoplasm, nucleus Chaperone (72)
epithelium, lung, heart, kidney, Heat shock (72)
brain, and skeletal muscle (72) Structural protein (72)

Stress resiliency (72)
Preserving genomic stability (73)

EMP2 Highest in lung, moderate expression Integral membrane protein Cell proliferation (28)
in eye, heart, thyroid, and uterus (28) Cell–cell interactions (47)

Cell–matrix interactions (47)
Tumor suppression (28)

sPLA2-IIA Highest in small intestine. Secreted Host defense (42)
Moderate expression in large Signal transduction (42)
intestine and spleen and in
specific cell types (74)

RT140 Highest in lung, some expression in eye Integral membrane protein Unknown, important for normal
and brain (75) lung development (46)

RAGE Wide distribution; highest in lung (76) Integral membrane protein Signal transduction (50)
and secreted Host defense (43)

Tissue remodeling (50)

SDPR Wide distribution, highest in heart Plasma membrane, caveola Signal transduction (61)
and lung (61)

SEMA3F High expression in lung, kidney, Secreted Cell motility (44)
fetal brain, and mammary. Also in Cell proliferation (44)
heart and liver (77) Signal transduction (77)

Tumor suppression (77)

TIMP3 Highest in kidney, lung, and brain (78) Secreted Tissue remodeling (78)
Tumor suppression (54)

TOP3A Highest in testis; also in thymus, brain, Nucleus, mitochondria DNA metabolism (79)
heart, and lung (80) Preserving genomic stability (79)

TSLC1 Wide tissue distribution (53) Integral membrane Cell adhesion (59)
protein, synapse Signal transduction (59)

Tumor suppression (53)

been reported to exhibit tumor suppressing activity. It is unclear
whether, as a whole, this group of genes may also act to prevent
proliferation of normal growth which might explain, in part, the
observation that type I cells may not proliferate in normal lungs.

5. Cell Signaling: Caveolin-1, TSLC1, SDPR, ANXA8,
sPLA2-IIA, SEMA3F, RAGE

Several of the genes may participate in cell signaling. There is
considerable support for a role for caveolin-1 in cell signaling.
A 20–amino acid scaffolding domain of the protein has been
found to bind to numerous signaling molecules and it is thought
that caveolin-1 functions to regulate their activity (reviewed in
Ref. 58). TSLC1 is a cell adhesion molecule of the immunoglobu-
lin superfamily. In the brain, it is localized to both sides of the
synapse and mediates transsynaptic signaling (59), suggesting
the potential for its involvement in signal transduction events
in other tissues. Serum deprivation response protein (SDPR)
binds protein kinase C � in caveolae and also binds phosphatidyl-
serine in a Ca2�-independent manner (60, 61). Although the
physiologic role of ANXA8 is currently unknown, cellular local-

ization by immunofluorescence staining and subcellular fraction-
ation indicate that it is primarily associated with the plasma
membrane (62). The annexin family has been implicated in vesi-
cle trafficking and intracellular Ca2� signaling, the latter by acting
both as atypical ion channels and as modulators of ion channel
activity (63). Annexin I has been implicated in intracellular sig-
naling regulated by chloride concentration (64). sPLA2-IIA
binds to a receptor that is a member of the C-type multilectin
mannose receptor family (reviewed in Ref. 42) and can induce
iNOS via downstream effects of receptor binding on phosphati-
dylinositol 3-kinase and Akt (41). SEMA3F acts as a signaling
molecule in developing neurons (65). Activated glycation end
products (AGEs), by binding to RAGE, can activate SMAD
signaling by both TGF-�–dependent and –independent mecha-
nisms involving MAPKs (66). The downstream effects of these
signaling pathways are a subject of speculation.

6. Potential Role in Lipid/Surfactant Metabolism:
sPLA2-IIA, ANXA8

sPLA2-IIA is presumably secreted by the type I cell into the
airspace. Although studies of surfactant recycling have been
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performed with type II cells, the expression of sPLA2-IIA by
type I cells points to the possibility that type I cells also partici-
pate in the recycling of surfactant components. Type I cells
contain numerous small vesicles, which might result from either
endocytic or synthetic pathways. Several of the annexins have
been implicated in surfactant metabolism (67–69). Although to
our knowledge it has not been localized to type II cells, ANXA8
has been reported to bind to isolated lamellar bodies (70).

Summary

To date there have been eight genes of known function described
in type I cells (13, 21, 23), although it has not been clear that
all of these genes are differentially expressed in type I cells. The
identification of an additional nine genes of known function will
serve to extend the parameters of what is known about the type
I cell and provide additional markers to differentiate the two
cellular phenotypes. Although most of the differentially ex-
pressed genes reported in this study are multifunctional, the
functions of these genes suggest potential roles of type I cells
in the dynamic maintenance of normal alveolar homeostasis and
protection from injury, lung development and remodeling, host
defense, tumor/growth suppression, and surfactant metabolism,
among other functions. These observations may serve as a basis
for future experiments regarding the elucidation of type I cell
functions in the lung.
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