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Abstract

Clara cell 10-kD protein (cclOkD), a secretory phospholipase
A2 inhibitor, is suggested to be the human counterpart of rabbit
uteroglobin (UG). Because cc10kD is expressed constitutively
at a very high level in the human respiratory epithelium, the 5'
region of its gene may be useful in achieving organ-specific
expression of recombinant DNAin gene therapy of diseases
such as cystic fibrosis. However, it is important to establish the
tissue-specific expression of this gene before designing gene
transfer experiments. Since the UGgene in the rabbit is ex-
pressed in many other organs besides the lung and the endome-
trium, we investigated the organ and tissue specificity of human
cc10kD gene expression using polymerase chain reaction, nu-
cleotide sequence analysis, immunofluorescence, and Northern
blotting. Our results indicate that, in addition to the lung,
cclOkD is expressed in several nonrespiratory organs, with a
distribution pattern very similar, if not identical, to that of UG
in the rabbit. These results underscore the necessity for more
detailed analyses of the 5' region of the human cc10kD gene
before its usefulness in gene therapy could be fully assessed.
These data also suggest that cc10kD and UGmay have similar
physiological function(s). (J. Clin. Invest. 1993. 92:2099-
2109.) Key words: Clara cell 10-kD protein * uteroglobin .
mRNA* gene expression * tissue distribution

Introduction

One of the major secretory products of human pulmonary
Clara cells is the 10-kD protein (cc 1OkD)' ( 1 ), also known as
1 7-kD protein (2). This protein is a homodimer consisting of
70 amino acid subunits connected by two disulfide bonds (3).
The name ccI OkD derives from the apparent molecular mass
of this protein in nonreducing SDS-PAGE(1). The cDNA(3)
as well as the gene (4) for this protein have been cloned and
characterized. The exact physiological role of cc10kD is yet to
be clarified. However, several biological properties, including
its phospholipase A2 (PLA2) -inhibitory activity ( 5 ) and its abil-
ity to bind methylsulfonyl polychlorinated biphenyls (6), have
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been established. The amino acid sequence of ccIOkD deduced
from its cDNA sequence bears a striking similarity to that of
rabbit uteroglobin (UG) (3).

Blastokinin (7) or UG(8) is a steroid-dependent secretory
protein with a low molecular mass ( 15.8 kD). This protein was
first discovered in the rabbit uterine fluid during early preg-
nancy (for a review see reference 9). Subsequently, in a num-
ber of independent immunocytochemistry studies, UGwas
found to be expressed in the epithelial cells of several extrauter-
ine tissues ( 10-16).

Some of the biological properties of UG, such as masking
the antigenicity of blastomeres ( 17-19) and epididymal sper-
matozoa (20), inhibition of monocyte and neutrophil chemo-
taxis and phagocytosis in vitro (21-23), and inhibition of
ADP- and thrombin-induced (but not of arachidonic acid-in-
duced) platelet aggregation (24), maybe due, at least in part, to
the potent inhibitory effect of this protein on PLA2 activity
(25). A nonapeptide derived from the amino acid sequence of
a-helix-3 of UGmonomer (residues 39-47) possesses all the
biological properties of the intact protein and has been identi-
fied as an active site of UGresponsible for its PLA2-inhibitory
and antiinflammatory activities (26-37).

In spite of many structural and functional similarities be-
tween UGand ccI OkDprotein, there are some controversies as
to whether these two proteins are counterparts of each other (3,
5). Wereasoned that, if ccIOkD is the human counterpart of
rabbit UG, its tissue distribution should be very similar or iden-
tical to that of UG. Thus, we investigated whether the expres-
sion of ccI OkD in human organs follows the same pattern of
tissue-specific expression as has been established for rabbit UG.

Because of the constitutive high level of expression of
cc IOkD gene in the lung, the use of the 5' region of this gene is
potentially useful in gene therapy for obtaining organ-specific
expression of a wild-type gene to correct a genetic mutation or
deficiency in the respiratory epithelia. Thus, it is important to
delineate the organ- and tissue-specific expression of ccI OkD
gene before its 5' region can be used for such experiments. We
have investigated the expression of this gene in various human
organs and tissues by PCR, Northern blotting, and immunoflu-
orescence. Our data indicate that, in addition to the lung, hu-
man ccI OkD gene is expressed in several nonrespiratory or-
gans, as has been previously reported for rabbit UG. These
data, taken together with the structural and functional similari-
ties of these two proteins, provide strong supporting evidence
that human ccIOkD is the counterpart of rabbit UGand that
ccIOkD is not expressed exclusively in the pulmonary Clara
cells. These results underscore the necessity for further charac-
terization of the 5' region of this gene in order to determine
whether specific genetic elements facilitating the expression of
exogeneous genes, specifically in the respiratory epithelia, can
be identified. Moreover, the almost identical tissue-specific ex-
pression of ccI OkDand UGgenes may suggest that these two
proteins have very similar physiological roles.
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Methods

cDNAs
HumancDNAs from the following organs and tissues were purchased
from Clontech Laboratories Inc. (Palo Alto, CA): brain, pituitary, thy-
mus, thyroid, trachea, lung, mammarygland, heart, aorta, endothelial
cells, stomach, small intestine, pancreas, spleen, liver, kidney, adrenal,
ovary, uterus, placenta, prostate, testis, and leukocytes.

Poly(A)+ RNAs
Poly(A)+ RNAsfrom human mammarygland, prostate, thyroid, tra-
chea, and human multiple tissue Northern blot were also purchased
from Clontech Laboratories Inc.

Oligonucleotide primers and probe:
Purified oligonucleotide primers for amplification of cc10kD cDNA
were obtained from Bio-Synthesis Inc. (Lewisville, TX). Two different
sets of sense and antisense primers were synthesized. These primers
were designed so that they would allow the PCRamplification of the
entire coding region of ccl 0kD gene. The first set consisted of human
uteroglobin-like primer right (hULP-R) (5'-TACACAGTGAGCTTT-
GGGC-3'; melting temperature [Tm] = 670C), which corresponded to
nucleotide residues 278-260 and human uteroglobin-like primer left
(hULP-L) (5'-ATGAAACTCGCTGTCACCC-3'; Tm = 680C), corre-

sponding to nucleotide residues 8-26 of cc I OkDcDNA. The second set
included human uteroglobin right (hUG-R) (5'-GAAGAGAGCAAG-
GCTGGTGG-3'; Tm= 730C, residues 367-348) and human uteroglo-
bin left 2 (hUG-L2) (5'-CTCCACCATGAAACTCGCTG-3'; Tm =

72°C, residues 1-20 of cc10kD cDNA). The sequence of the oligonu-
cleotide probe (hUG-P) corresponded to nucleotides 192-211 of
cc10kD cDNA (5'-TGAAGAAGCTGGTGGACACC-3'; Tm =

71°C). hUG-P was labeled at the 3' end with digoxigenin-l l-ddUTP
using the Genius 5 kit (Boehringer Mannheim Biochemicals, Indiana-
polis, IN) according to manufacturer's instructions. The Tms of
primers and probe were calculated by means of the program PRIMER
DESIGNER version 1.0 (Scientific & Educational Software, State
Line, PA).

Oligonucleotide primers for amplification ofglyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) cDNA, used as control, were also pur-

chased from Bio-Synthesis Inc. The sequence of the sense primer
(GAPDH-L) was 5'-CCATGGAGAAGGCTGGGG-3'(Tm = 74°C,
position 388-405 of GAPDHcDNA) and that of the antisense
primer (GAPDH-R) was 5'-CAAAGTTGTCATGGATGACC-3'(Tm
= 66°C, position 582-563). These primers have been previously de-
scribed by Dveksler et al. (38).

Other materials
The Gene AmpPCRreagent kit with Ampli TAQDNApolymerase
was purchased from Perkin Elmer Cetus (Norwalk, CT). Digoxigenin-
l-dUTP, Lumi-Phos 530, anti-digoxigenin-alkaline phosphatase-

conjugated antibody, blocking reagent, and goat anti-rabbit antibody
labeled with FITC were from Boehringer-Mannheim Biochemicals.
Diethyl pyrocarbonate (DEPC)-treated ultra pure DNAase-RNAase
free water and 20 X standard saline citrate (SSC; 3 MNaCi, 0.3 M
trisodium citrate, pH 7) were obtained from 5 Prime-3 Prime, Inc.
(Boulder, CO). DEPC, EDTA, xylene cyanol FF, and mineral oil were
from Sigma Chemical Co. (St. Louis, MO). Hybridization denaturing
solution (1.5 MNaCl, 0.5 MNaOH), hybridization neutralization
solution ( 1.5 MNaCl, 1.0 MTris), and x TE buffer ( 10 mMTris, 1

mMEDTA) were purchased from Digene Diagnostic Inc. (Silver
Spring, MD). NuSieve and SeaPlaque agarose were from FMCCorp.
BioProducts (Rockland, ME). Ultra pure agarose, ethidium bromide,
and RNA ladder 0.16-1.77 kb were purchased from Gibco BRL
(Gaithersburg, MD). Nytran membranes were obtained from
Schleicher & Schuell Inc. (Keene, NH) and Magna Charge nylon
transfer membranes from Micron Separations Inc. (Westboro, MA).
N-Lauroylsarcosine (Na salt) was purchased from ICN Biochemicals
(Cleveland, OH). SDS, acrylamide, and bromophenol blue were from
Bio-Rad Laboratories (Richmond, CA) . Magic PCRPreps DNApurifi-

cation system and "fmol" DNAsequencing system were obtained from
Promega Biotec (Madison, WI). a-[35S]dATP was purchased from
Amersham Corp. (Arlington Heights, IL). Acetic acid was from Baker
Chemical Co. (Phillipsburg, NJ), PBS from Biofluids (Rockville,
MD), and maleic acid from Eastman Laboratory and Specialty Chemi-
cals (Rochester, NY). Sodium acetate, glycerol, sodium chloride, so-
dium hydroxide, and xylene were from Mallinckrodt Inc. (Paris, KY).
3-Morpholinopropanesulfonic acid, formaldehyde, and formamide
were obtained from Fluka Chemical Corp. (Ronkonkoma, NY).

PCRamplification
PCRwas performed using a DNAthermal cycler (model 480; Perkin
Elmer Cetus, Norwalk, CT) and the Gene AmpPCRreagent kit with
Ampli TAQDNApolymerase. The reaction mixture (100 l) con-
tained: 4 mMMgCl2, I X PCRbuffer, 200 1iM dATP, 200 MMdCTP,
200AMdGTP, 200MMdTTP (or 193 MMdTTP + 7 MMdigoxigenin-
1 l-dUTP), 2.5 UAmpli TAQpolymerase, 300 nMsense primer, and
300 nM antisense primer. The reagents were diluted as needed with
DEPC-treated ultra pure water. The human cDNAs (2 ng/reaction),
used as templates, were heated for 10 min at 95°C and then kept on ice
before addition to the reaction mixture. 50 Ml of mineral oil was added
to each tube to avoid evaporation during PCR. Each sample was fur-
ther heated for 2 min at 95°C in the thermal cycler. Each amplification
cycle included a denaturation step (1 min at 95°C) and an annealing-
extension step ( 1.5 min at 63°C using hULP-R/hULP-L or 1.5 min at
68°C using hUG-R/ hUG-L2 as primers). The cDNAs were amplified
for a total of 30 cycles. A final annealing-extension period (10 min at
63°C with hULP-R/L or 68°C with hUG-R/L2) followed the last
cycle.

In PCRexperiments with GAPDHprimers, the reaction mixture
was identical to that described above. The concentration of the primers
was also the same. After denaturation for 2 min at 95°C the cDNAs
were subjected to 30 amplification cycles, which included denaturation
for 1 min at 95°C, annealing for 1 min at 61 °C, and extension for 1 min
at 72°C. After the last cycle, the amplification was continued for an
additional 10 min at 72°C. Wehave determined that, with 30 cycles of
amplification, the level of GAPDHPCRproduct does not reach a
plateau under these experimental conditions (not shown). To prevent
contaminations, different sets of pipettes were used to dispense the
reagents and the cDNAs into the tubes. Yet another set of pipettes was
used for the products. Furthermore, the cDNAs and products were
handled in separate areas. All pipettes and tubes were irradiated for 1 h
with short-wave ultraviolet (UV) light before use. Aerosol-resistant tips
were used in all procedures.

Detection and characterization of PCRproducts
Detection ofPCR products containing digoxigenin-1 1-dUTP. 10 ,1 of
PCRproduct was electrophoresed on 2%NuSieve, 1%BRLUltra Pure
agarose gels. After alkaline denaturation for 45 min, the gels were neu-
tralized for 30 min. After 30 min the neutralization solution was re-
placed with fresh solution and the gels were incubated for an additional
15 min. DNAbands were transferred overnight onto nylon membranes
(Nytran; Schleicher & Schuell Inc.) by conventional capillary blotting.
PCRproducts were then cross-linked to the membranes by UVirradia-
tion for 3 min in a Stratalinker 1800 UV (Stratagene, La Jolla, CA).
Amplified DNAbands were detected using an immunochemilumine-
scent method. The detection procedure was performed as recom-
mended by the manufacturer (Boehringer-Mannheim Biochemicals).
Briefly, membranes were incubated in the presence of an antidigoxi-
genin alkaline phosphatase-conjugated antibody and then passed
through Lumi-Phos 530. Chemilumigrams were obtained by exposing
the filters to x-ray films (Kodak X-OMAT-AR) and the DNAbands
were visualized. To compare qualitatively the results obtained from
amplification of cDNAs from different organs, the time of exposure to
x-ray films was kept constant (1 min of exposure, 10 min after the
application of Lumi-Phos 530 forcc_1kD, and 1 mn of exposure,
immediately after the application of Lumi-Phos 530 for GAPDH).
The bands were scanned with a laser densitometer (UltraScan 2202;
Pharmacia LKB Biotechnology, Piscataway, NJ).
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Hybridization of PCR products with digoxigenin-1J-ddUTP-la-
beled hUG-P. In these experiments, PCRamplification was performed
without digoxigenin- I I -dUTP. After gel electrophoresis and transfer to
nylon membranes, PCRproducts were hybridized with a digoxigenin-
labeled probe (hUG-P). After cross-linking the DNAs to the mem-
branes, blots were incubated for 2 min in 5x SSCand then were further
incubated for 1.5 h at 660C in prehybridization solution ( 5X SSC, 0.1%
N-lauroylsarcosine Na salt, 0.02% SDS, 1% Boehringer blocking re-
agent). After this incubation the amplified cDNAs were hybridized
with 5 nMdigoxigenin-labeled probe (hUG-P) for 4 h at 660C. Before
mixing with the prehybridization solution, the probe was heated for 10
min at 950C and rapidly chilled on ice. Posthybridization washes were
performed as follows: twice for 5 min at 370C in 2x SSC, 0.1% SDS;
once for 5 min at 660C in 0.1 x SSC, 0.1% SDS. Hybridized probe was
then detected as described above. 45 min after the application of Lumi-
Phos 530, the membranes were exposed to the films for 3 min.

Nucleotide sequence analysis of PCRproducts
Partial nucleotide sequencing of PCRproducts (hULP-R/hULP-L as
primers) from human prostate and thymus cDNAwas performed as
follows: the PCRproducts were precipitated at -20°C overnight in 300
mMsodium acetate, 70%ethanol, washed three times for 5 min in 70%
ethanol, dried under vacuum, and resuspended in 10 A1 of 1 X TE
buffer. DNAswere loaded onto a 2%NuSieve, 1%SeaPlaque low-melt-
ing-temperature agarose gel. Specific bands were excised and the aga-
rose slices were kept for 10 min at 70°C. Purification from agarose
slices was performed by the Magic PCRPreps DNAPurification Sys-
tem (Promega Biotec), as recommended by the manufacturer. Purified
DNAswere used as templates in the sequencing reactions, which were
performed using the "fmol" DNASequencing System (Promega Bio-
tec) according to the manufacturer's instructions. After this, 3 Ml of
each reaction mixture was loaded on an 8%acrylamide sequencing gel
(0.2 mmthick). Gel electrophoresis was performed using the Macro-
phor sequencing system (Pharmacia LKB Biotechnology) at 55°C.
The gel was then soaked for 30 min in 10%acetic acid, dried overnight,
and exposed to x-ray film (Kodak X-OMAT-AR) for 48 h.

Northern blotting
2.5 Mg of human mammary gland, prostate, thyroid, and trachea
poly(A)' RNAand 4Ag of RNAladder 0.16-1.7 kb were electrophor-
esed through a 2%BRLUltra Pure agarose gel containing 2.2 Mformal-
dehyde. At the end of the run the lane containing the markers was cut,
stained with ethidium bromide, and photographed. The remaining
portion of the gel was rinsed in DEPC-treated ultra pure water and then
soaked for 45 min in 20X SSC. RNAswere transferred overnight onto
charged nylon membranes (Micron Separations Inc.) by conventional
capillary blotting. The RNAs were cross-linked to the membrane by
UV irradiation (0.12 J/cm2) in a UVStratalinker-1800 (Stratagene).
Hybridization and chemiluminescent detection of the RNAswere per-
formed following the protocol for detection of digoxigenin-labeled nu-
cleic acids (Boehringer-Mannheim Biochemicals). The probe for
cc0OkD mRNAwas derived from PCRamplification of human lung
cc 1OkDcDNAusing hULP-R/L as primers; the probe used for detec-
tion of GAPDHmRNAwas a 195-bp PCRproduct obtained from
human ovary cDNAusing GAPDH-R/L primers. In both cases probes
were labeled during amplification by including 7 MMdigoxigenin-l 1-
dUTP in the reaction mixture. PCRproducts were precipitated and
electrophoresed through a 2%NuSieve, 1%SeaPlaque low-melting aga-
rose gel. Specific bands were excised and purified from agarose using
the Magic PCRPreps DNApurification system (Promega). For this
blot, the probes were used simultaneously, each at a concentration of
20 ng/ml of prehybridization solution (5X SSC, 50% formamide,
0.02% SDS, 0.1% N-lauroylsarcosine, 2%Boehringer blocking reagent,
20 mMsodium maleate, pH 7.5), and hybridization was carried out for
18 h at 420C. Posthybridization washes were performed as follows:
twice for 5 min at room temperature in 2x SSC, 0. 1%SDS; twice for 15
min at 650C in 0.5x SSC, 0.1% SDS. Hybridization and detection of
poly(A)+ RNAs from heart, brain, placenta, lung, liver, skeletal mus-

cle, kidney, and pancreas (2 Mgeach) contained in the human multiple
tissue Northern blot (Clontech) were performed using the same proce-
dure. This blot was first used for ccIOkD mRNAdetection, stripped in
60% formamide, 50 mMTris-HCI, 1%SDS, pH 8, for 1 h at 750C and
then rehybridized for GAPDHmRNAdetection. Chemilumigrams of
the bands were obtained by exposing the membranes to x-ray films
(Kodak X-OMAT-AR) for 30 min, 7 h after the application of Lumi-
Phos 530. The bands were scanned with a laser densitometer (Ultro-
scan 2202; Pharmacia LKB Biotechnology).

Immunofluorescence
Autopsy specimens from human prostate, lung, thymus, and pituitary
were fixed in 4% paraformaldehyde; and paraffin-embedded sections
were placed on glass slides. These tissue sections were used for immuno-
fluorescence according to a previously described method ( 18 ). Briefly,
paraffin was removed with xylene and the slides containing the tissue
sections were passed through a series of decreasing concentrations of
ethanol ( 100-70%) and then rinsed in PBS(pH 7.4). Excess PBSwas
shaken off the slides and 50 Ml of diluted ( 1:5) rabbit anti-human
ccIOkD antibody was layered over the sections. This antibody was pro-
duced in a rabbit by injecting a synthetic oligopeptide corresponding to
amino acid residues 37-55 of human ccIOkD protein as antigen. The
slides were incubated in a humidified chamber for 1 h at room tempera-
ture. As control, some of the slides were stained with rabbit anti-hu-
man ccIOkD antibody, which had been preadsorbed with an excess of
pure recombinant ccIOkD protein (38a). Also, in some control slides
the first antibody was omitted. The slides were then washed in PBSfor
30 min with constant agitation. Goat FITC-labeled anti-rabbit anti-
body (Boehringer Mannheim Biochemicals) (50 Ml) at 1:10 dilution
was added to each tissue section and the slides were incubated in a
humidified chamber for 45 min at room temperature. The sections
were then washed three times for 15 min with PBSwith constant agita-
tion and rinsed with 50 mMsodium bicarbonate buffer (pH 9.5). Ex-
cess buffer was shaken off and the slides were mounted in 50% glyc-
erol-sodium bicarbonate buffer, coverslipped, sealed with nail polish,
and examined with a Zeiss photomicroscope under epifluorescence.
Photomicrographs (X630) were taken using Kodak Tri-X pan 400
film.

Results

Detection of cclOkD-specific cDNA in human organs. Wehave
detected cclOkD-specific transcriptional signal in 18/23 hu-
man organs investigated in the present study. Although precise
levels of cclOkD gene transcript cannot be assessed directly
from our data, qualitatively the tissues could be categorized
into three distinct groups on the basis of the amount of specific
PCRproduct. This was confirmed by densitometric analysis
(Table I). The first group (Fig. 1), which included cDNAs
from lung, trachea, prostate, thyroid, mammary gland, and
pituitary, yielded very high levels of specific PCR product.
PCR-amplified products from these tissues were unambigu-
ously detected on ethidium bromide-stained gels (Fig. 1 A),
using two different sets of primers. Fig. 1 B shows the results of
immunochemiluminescent detection (Lumi-Phos 530; Boeh-
ringer-Mannheim Biochemicals) of the same bands shown in
Fig. 1 A. The tissue-specific signals obtained for GAPDHtran-
scription (Fig. 1 C) are virtually identical, indicating that the
quality of cDNAs used for our studies was excellent, as equal
amounts of these cDNAs generated comparable amounts of
GAPDHproduct. The identity of cclkD amplification prod-
ucts was confirmed by hybridization with hUG-P, which was
derived from an entirely different region of the cclOkD cDNA
from the primers. The results are shown in Fig. 1 Dand demon-
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Table L Densitometric Analysis of PCRProduct Bands
in Direct Chemilumigrams

Area of Area of Ratio of
cclOkD GAPDH cclOkD

Tissue band* band to GAPDH

Lung 2.31 0.93 2.48
Trachea 1.98 1.14 1.74
Prostate 2.51 1.19 2.11
Thyroid 1.68 1.09 1.54
Mammarygland 2.07 1.18 1.75
Pituitary 1.79 0.90 1.99
Stomach 1.20 1.12 1.07
Ovary 1.07 1.23 0.87
Testis 1.05 1.15 0.91
Spleen 1.16 0.92 1.26
Adrenal gland 1.06 1.05 1.01
Aorta 1.22 0.96 1.27
Pancreas 0.87 0.25 3.48
Liver 0.51 1.12 0.45
Thymus 0.40 1.21 0.33
Small intestine 0.06 1.13 0.05
Placenta 0.06 0.88 0.07
Uterus 0.13 1.05 0.12
Brain n.d. 1.05
Endothelium n.d. 1.03
Heart n.d. 1.08
Kidney n.d. 1.01
Leukocytes n.d. 1.10

Bands obtained with hULP-R/L primers are reported for cclOkD
product. The values obtained with hUG-R/L2 follow the same pat-
tern. * Areas were calculated by means of a reporting integrator
(model 3390A; Pharmacia LKB Biotechnology) and are expressed in
densitometric units X 10-7; n.d., not detectable.

strate that specific signals were obtained from all the tissues in
this group, using either hULP-R/L or hUG-R/L2 for amplifi-
cation.

The second group of cDNAs includes those tissues in which
a relatively lower level of cclOkD-specific product was de-
tected. In this case DNAbands were undetectable by ethidium
bromide staining, although high density bands of the expected
molecular mass were observed after detection with Lumi-Phos
530 (Fig. 2 A). Stomach, ovary, testis, spleen, adrenal, aorta,
pancreas, liver, and thymus were included in this group. The
amounts of GAPDH-specific PCRproducts were also nearly
identical for these tissues except for the pancreas (Fig. 2 B). In
this DNAsample the amount of GAPDHPCRproduct was
clearly lower than those obtained with cDNAs from other tis-
sues. It may be noted that the pancreas is a rich source of
RNAse and that undegraded preparations of mRNAare more
difficult to obtain from this organ. The cclOkD PCRproducts
from all the tissues in this group hybridized with hUG-P (Fig. 2
C), confirming that these amplified products are derived from
cclOkD cDNA.

A third group of cDNAs includes those that generated
barely detectable or undetectable cc lOkD-specific PCRprod-
ucts (data not shown). In spite of the good quality of the
cDNAs, as ascertained by amplification with GAPDHprimers,
trace amounts of ccl OkDproducts were detected in only some

of the tissues included in this group. PCRproducts obtained
using hULP-R/L or hUG-R/L2 primers were detectable by
direct chemilumigram in small intestine, placenta, and uterus.
Only the products obtained using hULP-R/L primers could be
detected by hybridization with hUG-P. Specific signals from
amplification of cDNAs from endothelium, kidney, heart,
brain, and leukocytes were either not detected or barely seen
after much longer exposures of the chemilumigram. In all PCR
experiments, a blank sample, as control, was subjected to am-
plification in the absence of any cDNA. As expected, no prod-
uct was detected in these samples. This excluded the possibility
of inadvertent contamination of PCR reagents by cDNA or
PCRproducts.

To obtain a semiquantitative estimate of the amount of
PCRproduct formed using equal amounts of tissue-specific
cDNAs, densitometric analysis of specific bands in direct che-
milumigrams representing the cclOkD- and GAPDH-specific
DNAswas performed. The results, presented in Table I, further
support our contention that the tissues tested can be divided
into three groups. Except for the pancreas, the variation in the
levels of GAPDH-specific products was very low (1.07 ± 0.1
densitometric units, mean ± SD). On the other hand, the
amount of cc lOkD-specific products showed a much wider vari-
ation. The absolute values for cclOkD bands ranged from 1.68
to 2.51 densitometric units in the first group, from 0.4 to 1.22
in the second, and from nondetectable values to 0.13 in the
third. An estimate of the amount of cclOkD-specific product
formed for each sample was based on the ratio between the
optical densities of the bands representing cclOkD and
GAPDHPCRproducts, respectively. The calculated values
were 1.54-2.48 in the first group; 0.33-1.27 in the second
group, with the exception of the pancreas (3.48); and not cal-
culable (absent cclOkD band) to 0.12 in the third group. The
high value calculated for the pancreas suggests that the actual
abundance of specific cc lOkD template in pancreatic cDNA
may be higher than what is apparent if the absolute amount of
the PCRproduct alone is taken into account.

Nucleotide sequence analyses of PCRproducts of prostate-
and thymus-derived cDNAs. To further confirm the identity of
PCRproducts obtained from organs other than the lung, par-
tial direct nucleotide sequence analyses of the amplified
cDNAs from prostate and thymus were performed. The results
are shown in Fig. 3. For the prostate, the sequence of almost the
entire length of the PCRproduct was determined (230 out of
271 nucleotides), whereas for the thymus the sequence of only
85 nucleotides was obtained. This is because the amount of
PCRproduct from the thymus was much lower than that of the
prostate. However, the partial nucleotide sequences of PCR
products from both tissues were identical to the published se-
quence of the corresponding regions of human cclOkD
cDNA (25).

Northern blotting. Poly(A)+ RNAsfrom different human
tissues were tested for cclOkD mRNAby Northern analysis.
GAPDHgene expression was also assessed, in order to test the
integrity of the RNAs. The results are shown in Fig. 4. In Fig. 4
A the bands obtained by hybridization and chemiluminescent
detection of a multiple tissue Northern blot (Clontech) are
shown. Amongthese tissues, a specific 0.6-kb band for cclOkD
mRNA(arrow) was detected only in the lung. The intensity of
specific GAPDHmRNAbands ( 1.3 kb) was generally similar
in the tissues tested, except for the skeletal muscle and the
heart, which showed a higher level of expression, and the pan-
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Figure 1. (A) Ethidium bromide staining
showing bands obtained by amplification of
cDNAs from different human organs (top) us-

ing two different sets of primers specific for
cclOkD. The 27 1-bp bands were obtained us-

ing hULP-R/L primers (left) and the 367-bp
bands using hUG-R/L2 primers. (B-D) Che-
milumigrams of PCRproducts from human
cDNAs amplified with different sets of primers,

(B) hULP-R/L (left), hUG-R/L2 (right); (C)
GAPDH-R/L; (D) hULP-R/L (left), hUG-
R/L2 (right) + hybridization with digoxi-
genin-labeled hUG-P. Negative, no cDNA
control reaction.

creas, in which a specific band was barely detected. This again
attests to the difficulty of obtaining an undegraded preparation
of mRNAfrom the pancreas. Fig. 4 B shows the results ob-
tained by Northern analysis of poly(A)+ RNAsfrom human
mammarygland, prostate, thyroid, and trachea. A clear 0.6-kb
band for cc0OkD mRNA(bottom arrow) was observed in the
samples from trachea and prostate. A very faint band was visi-
ble in the mammarygland sample and could be detected by
densitometry but is not clearly discernible in a photograph.
GAPDHmRNAbands (top arrow) were almost identical in all
tissues. The bands in the Northern blots were scanned with a

laser densitometer and the results are reported in Table II. Only
the values obtained for the blot shown in Fig. 4 B can be di-
rectly compared with each other because the samples were run

on the same gel and the membrane was hybridized simulta-

neously with cc I OkDand GAPDHprobes. This prevented pos-
sible artifacts due to stripping and reprobing of the membrane,
which in the multiple tissue Northern blot caused a consider-
able decrease in sensitivity of GAPDHmRNAdetection in the
second hybridization. The variation in the intensity of the
bands representing GAPDHmRNAin human trachea, pros-
tate, and mammarygland was very low (0.24 ± 0.02 densito-
metric units, mean ± SD). For these samples the ratio of
cc1OkD to GAPDHmay give an estimate of the amount of
cc0OkD mRNAin different tissues. The values obtained show
that cc0OkDmRNAin the trachea is - 14-fold more abundant
than in the prostate and -24-fold more abundant than in the
mammarygland.

Immunofluorescence. Indirect immunofluorescence with
an antibody to human cc OkDwas performed on paraformal-
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Figure 2. Chemilumigrams of PCRprod-
ucts obtained by amplifying various human
cDNAs (top) using different sets of primers.
(A) hULP-R/L (left), hUG-R/L2 (right);
(B) GAPDH-R/L; (C) hULP-R/L (left),
hUG-R/L2 (right) + hybridization with
digoxigenin-labeled hUG-P. Negative, no
cDNAcontrol reaction.

dehyde-fixed sections from human prostate, lung, thymus, and
pituitary. Fig. 5 shows phase contrast pictures of the four tis-
sues (Fig. 5, A, C, E, and G) and the corresponding cclOkD
immunofluorescence (Fig. 5, B, D, F, and H). Bright immuno-

CTCCACCATGAAACTCGCTGTCACCCTCACCCTGGTCACACTGGCTCTCT50
-------------------------------------------GCTCTCT 7

GCTGCAGCTCCGCTTCTGCAGAGATCTGCCCGAGCTTTCAGCGTGTCATC100
GCTGCAGCTCCGCTTCTGCAGAGATCTGCCCGAGCTTTCAGCGTGTCATC57
-CTGCAGCTCCGCTTCTGCAGAGATCTGCCCGAGCTTTCAGCGTGTCATC49

GAAACCCTCCTCATGGACACACCCTCCAGTTATGAGGCTGCCATGGAACT150
GAAACCCTCCTCATGGACACACCCTCCAGTTATGAGGCTGCCATGGAACT107
GAAACCCTCCTCATGGACACACCCTCCAGTTATGAG-------------- 85

TTTCAGCCCTGATCAAGACATGAGGGAGGCAGGGGCTCAGCTGAAGAAGC200
TTTCAGCCCTGATCAAGACATGAGGGAGGCAGGGGCTCAGCTGAAGAAGC157

_----------___------------------------------------ 85

TGGTGGACACCCTCCCCCAAAAGCCCAGAGAAAGCATCATTAAGCTCATG250
TGGTGGACACCCTCCCCCAAAAGCCCAGAGAAAGCATCATTAAGCTCATG207

_------------_------------------------------------ 85

GAAAAAATAGCCCAAAGCTCACTGTGTAATTAGCATTTAGAAGCTGAAGA300
GAAAAAATAGCCCAAAGCTCACT--------------------------- 230

85

TCCCCAACTGCTCCAGCCTCTGCCGCTGCCATGCTTTGAGTCCACGCCCA350
-------------------------------------------------- 230

~~~~~~~~~~~- 85

CCAGCCTTGCTCTCTTC367
230

85

Figure 3. Partial nucleotide sequence of PCRproducts from human
prostate and thymus cDNA, compared with the sequence of lung
cclOkD cDNA (3). hULP-R/L primers were used for PCRamplifi-
cation. Top row, lung cclOkD cDNA; middle row, prostate PCR
product; bottom row, thymus PCRproduct.

fluorescence was detected in epithelial cells of the prostatic
acini (Fig. 5 B). In Fig. 5 D the bronchoalveolar epithelium of
the lung is highly fluorescent, clearly suggesting the localization
of cclOkD in this tissue. In the case of the thymus (Fig. 5 F)
and the pituitary (Fig. 5 H), not all cells are fluorescent and the
exact cell types showing cc l OkD-specific fluorescence are more
difficult to discern. The specificity of immunofluorescence of
these tissues was confirmed by the fact that when the first anti-
body (rabbit anti-human cc lOkD) was preadsorbed with pure
recombinant ccl OkD protein, no fluorescence was observed
(not shown). In addition, omission of the first antibody also
resulted in complete absence of immunofluorescence in these
tissues (not shown).

Discussion

Our data indicate that cc lOkD-specific transcripts are present
in several nonrespiratory human organs and tissues. By using
an antibody to rabbit UG, we have previously described a UG-
like immunoreactivity in human endometrium (39), prostate
(40), and respiratory tract (41 ).

In this study we combined the efficiency of the PCRampli-
fication with the sensitivity of a detection method based on the
chemiluminescent property of a dioxetane molecule (Lumi-
Phos 530). Using two sets of specific sense and antisense
primers derived from the sequence of the cDNA coding for
ccl OkDprotein, we subjected human cDNAs from various or-
gans to PCRamplification. Our data indicate that cclOkD-spe-
cific transcripts are present in high levels (signals detected in
ethidium bromide-stained gels) in the following organs: lung,
trachea, prostate, thyroid, mammary gland, and pituitary. A
second group included tissues in which the signal could not be
detected in ethidium bromide-stained gels, but intense specific
signals were reproducibly found after immunochemilumines-
cent detection by Southern blotting. Stomach, ovary, testis,
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Figure 4. Northern blot: chemilumigrams showing cclOkD (0.6 kb) and GAPDH(1.3 kb) mRNA-specific bands from multiple tissue Northern

blot (A) and from a Northern blot of human poly(A)+ RNAs (see Methods) (B). (Top) Humanorgans or tissues.

spleen, adrenal, aorta, pancreas, liver, and thymus belong to
this group. However, in the case of the pancreas, the densito-
metric analysis showed that the optical density ratio between
cclOkD and GAPDHbands was 3.48. This indicates that the
amount of cclOkD transcript in the pancreas may be higher
than suggested by the absolute amount of PCRproduct. In a
third group of tissues, undetectable or very weak signals were
found by immunochemiluminescence. In some cases a specific
product was detected only after prolonged exposure of the che-
milumigram. This group included uterus, placenta, small intes-
tine, heart, kidney, endothelium, brain, and leukocytes. Al-
though for these tissues the possibility of "leaky transcription"
(42) cannot be ruled out, detection of a low level of PCRprod-
uct may also be because only a few cells in these organs contrib-
uted cclOkD mRNA. This is probably the case for the uterus

Table I. Densitometric Analysis of cclOkD
and GAPDHmRNABands in Fig. 4 B

Area of Area of Ratio of
cclOkD GAPDH cclOkD

Tissue band* band to GAPDH

Trachea 1.65 0.25 6.60
Prostate 0.10 0.21 0.48
Mammarygland 0.07 0.25 0.28

* Areas were calculated by means of a reporting integrator (model
3390A; Pharmacia LKB Biotechnology) and are expressed in densi-
tometric units X 10-7.

cDNA, which was derived from the whole organ rather than
from endometrial epithelial cells, which are most likely to ex-

press ccl OkDgene. In a separate study, we noted that in human
endometrial biopsies, both cclOkD mRNAand protein can be
readily detected (Peri, A., B. D. Cowan, D. Bhartiya, L. Miele,
L. K. Nieman, I. Nwaeze, and A. B. Mukherjee, manuscript
submitted for publication). In rabbits the epithelial endome-
trial cells are by far the most important, if not the only, source

of UGmRNAin the uterus (for a review see reference 9).
Furthermore, the cc lOkD gene, like the UGgene, may also be
under ovarian steroid hormonal control. It is well known that,
in the rabbit, a sharp increase in UGmRNAand uterine fluid
UGoccurs after estrogen-progesterone treatment (43, 44). It
is possible that the uterus from which the cDNAwas obtained
was not in the appropriate stage of the ovarian menstrual cycle.
Investigation of cclOkD gene expression in the human endo-
metrium at different phases of the ovarian cycle will be neces-

sary to clarify the regulation of cclOkD expression in this
tissue.

That the PCRproducts obtained in these experiments re-

flected cc lOkD transcription in various tissues was validated by
the following criteria: (a) two different sets of primers were

used for each cDNAamplification, (b) the products were recog-
nized by a specific oligonucleotide probe corresponding to an

internal sequence of cc l OkDcDNA, and (c) the PCRproducts
from prostate (first group) and thymus (second group) were

partially sequenced directly to avoid cloning artifacts that may
have been caused by Taq polymerase. These sequences were

identical to the published sequence of cc lOkD cDNAfrom the
lung (3).
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It has been demonstrated that, at least in rats, the ccIOkD
gene (45), like the UGgene (46, 47), is composed of three
exons and two introns. In the human cclOkD gene, the se-
quence analysis of the 5 '-flanking region revealed a strong simi-
larity with the rabbit UGgene at the first exon-intron bound-
ary (4). In our study the primers for PCRanalyses covered the
entire coding region of ccIOkD cDNA. Therefore, any genomic
DNAamplification would have included introns, resulting in a
higher molecular mass PCRproduct than those actually ob-
tained from amplification of cDNAs derived from various or-
gans. Thus, we rule out the possibility that our results are arti-
facts due to genomic DNAcontamination of the cDNAs used
in our study.

Someof the tissues in which transcription of ccIOkD gene
had been demonstrated by PCRwere also tested by Northern
blot analysis. Specific bands could be detected in the lung, tra-
chea, prostate, and mammary gland under our experimental
conditions. To our knowledge, this is the first time that mRNA
for ccIOkD is detected in human organs other than the lung (3,
4) by Northern blotting. The relatively low sensitivity of this
technique may explain the absence of specific bands for other
organs, which were positive by PCRanalysis. In rats, Northern
blot analysis of total RNAextracted from various tissues re-
vealed that, besides the lung, ccIOkD gene is transcribed in the
esophagus and in the uterus of animals treated with estrogen
and progesterone (45). However, no transcriptional activity
was detected in the liver, heart, kidney, small intestine, brain,
and parotid gland by this method (45).

Since only a particular cell type in an organ may produce
cc I OkDmRNA,the results obtained from Northern analysis of
RNAsprepared from whole organs cannot be used reliably to
assess the abundance of transcript in specific cells. Detailed in
situ hybridization studies will be necessary to establish which
cell types express ccIOkD in each organ. An additional caveat
in quantitating the expression of ccIOkD is that the levels of
protein synthesis are not necessarily proportional to the steady-
state amount of mRNA. This has been observed for UGpro-
duction in the rabbit endometrium (43, 44), in which after
progesterone treatment, a disproportionately high level of pro-
tein was detected compared with the increase in mRNAlevel.

Wealso performed immunofluorescence studies in human
lung, prostate, thymus, and pituitary using an antipeptide anti-
body against a specific epitope of human cc IOkD. Our results
indicate that ccIOkD protein is present in these four organs. In
the prostate and in the lung, it is clear that ccI0kD protein is
specifically expressed in the epithelial cells. These data are simi-
lar to those obtained for rabbit UG, which is produced mainly
by epithelial cells (for a review see references 9, 48). In addi-
tion, the cellular distribution of cc 1OkDprotein in human pros-
tatic and respiratory epithelia is virtually identical to that previ-
ously observed with an antibody directed against rabbit UG,
which cross-reacts with human cc0OkD (40, 41 ).

It should be noted that our cc0OkD antibody was raised
against an oligopeptide derived from the a-helix-3 of cc0OkD
protein. Crystallographic data (2) have revealed that in rat
cc0OkD this region of the molecule is exposed to the solvent
and therefore, readily accessible for interaction with its anti-
body. Antibodies directed to other epitopes may not bind as
avidly as our antibody. This could explain why an earlier study
( 1 ) did not detect cc lOkD in organs other than the lung. Addi-
tional differences may also exist in the affinity of different

ccI OkD antibodies, as well as in the preservation and fixation
techniques.

All in all, our data indicate that although the respiratory
epithelium is the major site of expression of the cclOkDa gene
in humans, the pattern of tissue distribution of cc10kD tran-
script is considerably more complex than previously realized.
Our results suggest that the pattern of distribution of cc10kD
expression in human tissues is very similar, if not identical, to
that of UGin the rabbit. In rabbits, immunological evidence of
the presence of UGhas been described in the ovary, oviduct,
prostate, seminal vesicle, epididymis, vas deferens, lung, tra-
chea, esophagus, mammary gland, small intestine, bladder,
and thyroid (10-16). Fragments of the rabbit UGgene have
been recently used to generate transgenic mice (49). Expres-
sion of the rabbit UGgene varied between strains and was
dependent on the length of 5' nontranscribed sequences in-
cluded in the construct. In addition to the lung, UGgene was
expressed, in at least some animals, in the ovary, uterus, testis,
seminal vesicle, thymus, salivary gland, and kidney (49).

The possible physiological role(s) of cc IOkD production in
the organs identified by our study remains unknown. Several
years ago we hypothesized that proteins of the UG family
would be found in the epithelia of most mucosal organs com-
municating to the external environment (48). In view of the
antiinflammatory and immunosuppressive properties of UG,
it is tempting to speculate that local production of UG or
cc10kD by epithelial cells may be a mechanism directed to
prevent undue activation of inflammatory processes that may
cause tissue injury. Disregulated activation of inflammatory
response in mucosal epithelia exposed to the external environ-
ment (e.g., airway epithelia) can result in unnecessary tissue
damage in these organs. In addition, an inflammation-free envi-
ronment is essential for the physiological function of other or-
gans, such as the endocrine glands and especially the thymus,
in which T cell maturation occurs. The secretion of large
amounts of cc10kD in the airways, which are a major site of
migration of leukocytes and exposure to extraneous agents, is
consistent with this hypothesis. Moreover, the lung produces
pancreatic type PLA2 (50), which is inhibited by cclOkD (5,
38a). It is conceivable that cclOkDa may participate in protect-
ing the airways from accidental activation of inflammatory
processes, as well as from surfactant degradation by PLA2. A
similar role has been recently suggested for rabbit UG(51 ).

The presence of cc I0kD transcripts in numerous nonre-
spiratory organs also underscores the need for a detailed inves-
tigation of the regulation of cc0OkD gene expression. The use
of the 5' region of human ccI OkD gene has been suggested in
gene transfer experiments (4). This might elucidate the signifi-
cance of cis-acting elements for the cell-specific expression of
the human gene and might lead to the possible use of portions
of its 5' region in gene therapy for obtaining organ-specific
expression of a wild-type gene in the respiratory epithelia. The
5' region of rat ccI OkD contains a cell-specific regulatory ele-
ment located between positions -175 and +49 (52). This regu-
latory region confers lung-specific expression of a reporter gene
in transgenic mice (52). Our present data suggest that the regu-
lation of human cc l OkDgene expression in vivo may be more
complex, and that the high level of expression of this gene in
the lung is accompanied by lower level of expression in multi-
ple reproductive and nonreproductive tissues in vivo. It is possi-
ble that the relative abundance of cclOkD mRNAin various
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organs may reflect the levels of specific transcription factors
recognizing regulatory regions of its gene. This has been sug-
gested to be the case for UG(49). A detailed analysis of the 5'
region of the human gene will be necessary to establish whether
respiratory epithelial cell-specific regulatory elements exist,
and if so, what role these elements have in regulating the ex-
pression of this gene in vivo.
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