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We have shown that a large fragment (-2339 to +57) from the rat CC10 gene directed lung-specific
expression of a reporter construct in transgenic animals. Upon transfection, a smaller fragment (-165 to +57)
supported reporter gene expression exclusively in the Clara cell-like NCI-H441 cell line, suggesting that a Clara
cell-specific transcriptional element resided on this fragment (B. R. Stripp, P. L. Sawaya, D. S. Luse, K. A.
Wikenheiser, S. E. Wert, J. A. Huffman, D. L. Lattier, G. Singh, S. L. Katyal, and J. A. Whitsett, J. Biol.
Chem. 267:14703-14712, 1992). The interactions of nuclear proteins with a particular segment of the CC10
promoter which extends from 79 to 128 bp upstream of the CC10 transcription initiation site (CC10 region I)
have now been studied. This sequence can stimulate both in vitro transcription in H441 nuclear extract and
transient expression of reporter constructs in H441 cells. Electrophoretic mobility shift assays using extracts
from H441, HeLa, rat liver, and fetal sheep lung cells were used to demonstrate that members of the AP-1,
octamer, and HNF-3 families bind to CC10 region I. Transcription factors from H441 cells which are capable
of binding to CC1O region I are either absent in HeLa, rat liver, and fetal sheep lung extracts or enriched in
H441 extracts relative to extracts from non-Clara cells.

Lung tissues contain mRNA for transcription factors
previously identified in other organs, including hepatocyte
nuclear factor 11 (HNF-1,B), HNF-3a and -1, and C/EBPa,
-1, and -8, which are known to be enriched in hepatic and
adipose tissues (2, 3, 17, 28, 31, 46). The lung also contains
ubiquitous transcription factors, including AP-1 and CREB-2
(21, 46). However, no studies have addressed the localiza-
tion of these transcription factors to any particular lung cell
type. The study of transcriptional regulation in the lung has
been complicated by the cellular heterogeneity of this organ.
Adult human lungs are composed of over 40 different cell
types (11), which has made the preparation of purified
epithelial cells for the purpose of biochemical analysis very
difficult. Recently, sequences for several lung-specific pro-
moters have been obtained, such as those for the lung
surfactant proteins A, B, and C and for CC10, a secretory
product of airway cells (for a review, see reference 40).
Genetic studies using these sequences have begun to provide
information on transcriptional regulation in the lung (12, 22,
25). For example, in situ hybridization in mice and rats has
shown that the surfactant protein C gene is expressed
exclusively in the alveolar epithelium and the CC10 gene is
expressed primarily in the airway, while the surfactant A and
B genes are expressed at high levels in both of these
locations (12, 20, 45). Defining the temporal and spatial
expression patterns of various lung-specific genes in differ-
ent pulmonary cell types, and determining the basis of their
regulation, may help in understanding the developmental
and functional relationships between closely related lung
cells.
CC10 is an abundant secretory product of Clara cells (36,

37) and is known by several names in the literature, including
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CC17 and RLL (for rat lung lavage [441), Clara cell secretory
protein (14), and polychlorinated biphenyl-binding protein
(30). Clara cells are the primary site of CC10 expression, but
CC10 is also produced at a low level in the uterus under
some conditions (16). We have previously shown that 2.4 kb
of upstream CC10 promoter sequence was sufficient to direct
airway-specific expression of a reporter gene in transgenic
mice (39). In transient expression assays, 165 bp of upstream
promoter sequence directed expression of a reporter gene in
NCI-H441 cells, a human lung adenocarcinoma with char-
acteristics of Clara cells, but not in HeLa cells or in A549
cells, a human lung adenocarcinoma which does not resem-
ble Clara cells. DNase I footprinting with H441 nuclear
extracts revealed a complex protein binding site, which we
termed region I, located 79 to 128 bp upstream of the
transcriptional start site. HeLa nuclear proteins also bound
this region, but the DNase I protection pattern with HeLa
extract was different from that seen with H441 nuclear
extract (39).

In this study, in vitro transcription and transient transfec-
tion assays were used to functionally characterize regulatory
properties of promoter proximal sequences of the rat CC10
gene. Electrophoretic mobility shift assays (EMSAs) utiliz-
ing H441, HeLa, rat liver, and fetal sheep lung (FSL) nuclear
extracts demonstrated that members of the AP-1, HNF-3,
and octamer families are capable of interacting with CC10
region I in these extracts. However, the same members of
each factor family did not bind in each extract. In particular,
the combination of factors that bound region I in H441 cells
did not bind in the non-Clara cells. These data suggest that
the cell-specific transcription of the rat CC10 gene in Clara
cells could result from the interactions of a specific combi-
nation of transcription factors from the AP-1, octamer, and
HNF-3 families within region I.
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FIG. 1. In vitro transcription, showing that positive transcriptional control elements responsive to factors in H441 extract but not HeLa
extract lie upstream of -97 in the rat CC10 promoter. (A) CC10 promoter-bearing templates were prepared from the original CC10 subclone
(pGEMRtCC10 [39]) by digestion with the restriction enzymes indicated. The heavy line indicates CC10 sequences; regions which we had
previously shown interact with H441 nuclear proteins are designated regions I and II (39). (B and C) Runoff transcripts were generated by
using the indicated nuclear extracts as described in detail in Materials and Methods. Size markers are present in lane MW (sizes are indicated
in nucleotides); reactions containing a-amanitin at 0.5 ,ug/ml are marked +A. Note that all of the reactions were done in duplicate except for
the a-amanitin controls. Separate preparations of RNA were synthesized with the CC10 -314 promoter and H441 or HeLa extracts for panels
B and C. The average ratio of the transcriptional (TXN) activity of the H441 and HeLa extracts on the various promoters is given below each
group of lanes; the value for the leftmost -314/HeLa lane in panel B, in which the sample did not efficiently chase (not shown), was not
included in the ratio.

MATERIALS AND METHODS

Preparation of nuclear extracts. NCI-H441 and HeLa cell
nuclear extracts were prepared as described previously (19,
39). Livers from adult Sprague-Dawley rats were used to
prepare nuclear extracts by the method of Gorski et al. (13).
FSLs (82 days of gestation; a gift from Harriet Yamamoto)
were used to prepare an extract (a gift from Charlene
McWhinney) by the method of Tian and Schibler (43).

In vitro transcription. CC10 promoter templates for in
vitro transcription were made by digesting pGEMRtCC10
(39) with pairs of restriction enzymes to yield promoter-
bearing fragments. In all cases, the restriction site down-
stream of +1 was PvuII (+226); the upstream site was AccI
(-314), SacI (-165), or DdeI (-97) (Fig. 1A). The minimal
globin promoter template was made by digesting pMB5T
with PvuII; this promoter contains 124 bp of the mouse
beta-globin locus cloned into pUC18 (18). These digested
plasmids were used as templates for in vitro transcription
without purification of the promoter-bearing fragment; CC10
templates were expected to generate a 226-nucleotide runoff
transcript; the globin template was expected to generate a
254-nucleotide transcript.
The total volume of each in vitro transcription reaction

was 30 ,ul. Preinitiation complexes were assembled in 20-pul
reaction mixtures containing 16.5 pug of cut plasmid per ml,
5 mM MgCl2, 75 mM KCI, 10% glycerol, and approximately
50 pug of H441 or HeLa nuclear proteins; these reaction
mixtures were incubated for 25 min at 30°C. a-Amanitin at
0.5 pg/ml was added to some preinitiation complex assembly
reactions to demonstrate that transcription is dependent on
RNA polymerase II. Transcription was then performed as a

pulse and chase. Pulse reagents were added in 5 ,ul to bring
the reaction mixtures to 1 mM adenylyl cytidine (ApC-10
,uM ATP-0.5 puM UTP-0.25 p,M CTP-0.25 ,uM [a-32P]CrP

(800 Ci/mmol). After 5 min at 30°C, 5 pl of chase mix was

added to give final concentrations of 0.5% Sarkosyl and 500
p,M ATP, CIT, GTP, and UTP. After 10 min at 30°C, the
reaction mixtures were brought to 110 RI and digested with
150 p,g of proteinase K per ml at 55°C for 20 min. The nucleic
acids were then phenol-CHCl3 extracted, ethanol precipi-
tated, and resolved on 10% polyacrylamide sequencing gels
containing 8 M urea. The amount of radioactivity in each
transcript was quantified on a Molecular Dynamics Phos-
phorImager with ImageQuant software.

Linker substitution mutagenesis. Substitution mutants
were introduced within CC10 upstream sequences by the
method of Kunkel et al. (24). A 2.0-kbAccI-BamHI fragment
was liberated from plasmid pCC1OCAT-2300 (39) and sub-
cloned into M13 mpl9. Mutagenic oligonucleotides were 40
bases in length. Each oligonucleotide encoded an AccI
restriction site in the context of a 10-base substitution
(CC10-1 through CC10-9) which was flanked on each side by
15 unaltered bases (Fig. 2). The identities of mutants were
confirmed by dideoxy DNA sequence analysis, and CC10-
chloramphenicol acetyltransferase (CAT) expression cas-
settes were subcloned into the multiple cloning site of
pGEM7Z (Promega). A substitution/deletion mutant lacking
region I was generated by replacement of the 235-bp AccI
fragment from CC10-8 with the 195-bp AccI fragment from
CC10-5 (Fig. 2).

Expression assays. Transient CAT expression assays were
performed with the human lung adenocarcinoma cell line

A -314

Acc I

CCIO-314 CC10-97 GLOBIN
HeL H441 HeLa H441 HeLa H441

... . .-.. ;::.:: .-:-Z7 ...............

WMMMOMWMMMMMMMM6..

b. .. ''.., .:
..: .:. .... .: | - - -- ; - l- - j 3861VOL. 13, 1993

Z57
246

ZZ6

257
246

226



3862 SAWAYA ET AL.

A.
CAAT TATAAA

m r[
I

Region I
I CAT/SpllceIPolyA |

L1+1

B.

Construct Substituted Sequence Relative CAT Activity / %
Designation 5g0

wild-type 100

CCI 0-1 (-220) ATGIQGACAT (-210)

CCIO-2 (-162) GTCGACATCA (-153) a98
CC10-3 (-149) ACTAGTCGAC (-140) 104

CCIO-4 (-136) ACGTCGACTA (-127) 104

CC1O-5 (-123) GCGTCGACGA (-114) _ 4

CCIO-6 (-110) ACTGTCGACG (-101) .48

CCIO-7 (-97) GTCGACTGCT (-88) 77

CCIO-8 (-84) TGGTCGACAT (-75) 60

CCIO-9 (-42) TACGTCGACT (-33) I3
CCIO-5/8 (-123) GCGTC(-I 118/-80)GACAT (-75) 27

FIG. 2. Site-specific mutagenesis of the upstream CC10 promoter region. (A) Locations of substitution mutations introduced into the
promoter proximal region of the CC10 gene; (B) substituted sequences and relative CAT expression for each of the mutations. Transfections
were performed three to nine independent times, using different preparations of plasmid DNA. Standard deviations were typically in the range
of 5 to 20% of activity. Boundaries of sequences substitutions are indicated in parentheses.

H441 as described previously (39). Mixtures of plasmid
DNA containing 5 pmol of test plasmid and 2 pmol of the
internal control plasmid pCMVPi were cotransfected into
H441 cells. CAT and ,-galactosidase assays were performed
on cell extracts 72 h posttransfection. The percentage of
CAT acetylation was measured by ascending thin-layer
chromatography followed by quantitation of the acetylated
and nonacetylated products with a Molecular Dynamics
PhosphorImager. CAT activities were normalized to p-ga-
lactosidase expression and reported as percentage of CAT
expression relative to the value for the wild-type CC10
construction.
EMSA. All oligonucleotides used as probes or competitors

for EMSA were synthesized on an Applied Biosystems 394
DNA/RNA synthesizer (Fig. 3). Probes were end labeled
with [-y-32P]ATP by polynucleotide kinase. Labeled oligonu-
cleotides were then end filled with Klenow enzyme, since
most sequences contained GC overhangs for other purposes.
Labeled end-filled probes were then purified on Schleicher &
Schuell Elutips. Sources of the oligonucleotide sequences
are as follows: CC10 sequences are from the rat sequence
(16); the HNF-3 binding site TTR is positions -111 to -90 of
the mouse transthyretin promoter (6); the octamer binding
site is from Ponce et al. (35), and the oligonucleotide was a

gift from Elvira Ponce; the AP-1 binding site is positions + 15
to +27 of the surfactant B gene (33); the eG HNF-3 binding
site is from the albumin enhancer (29), and the oligonucleo-
tide was a gift from Kenneth Zaret. Region I oligonucleo-
tides with point mutations (see Fig. 10) contained wild-type
CC10 sequence from -139 to -70 except for the following
substitutions (shown in lowercase): probe B,C was (-121)

AgTTGaTTgTTGaAT(-107), probe A,C was (-105)GAGA
gtACTAA(-95), probe A was (- 105)GAGAgtACTAAtTAA
cTA(-88), and null was (-121)AgTTGaTTgTTGaATGGAG
AgtACTAAGcAgcTA( -88).
EMSAs were performed as described previously (5), with

the following modifications. Binding reactions were carried
out in a volume of 15 ,l containing 200 ,ug of double-stranded
poly(dI-dC) per ml, 10 p,g of sheared salmon sperm DNA per

ml, 200 p,g of bovine serum albumin per ml, 3 mM MgCl2, 75
mM KCl, 10 mM Tris (pH 8.0), 1 mM dithiothreitol, 100 ,uM
phenylmethylsulfonyl fluoride, and 12% glycerol. A total of
25,000 cpm of end-labeled oligonucleotide (specific activity,
109 cpm/p,g; 50 to 500 pmol) and 1 or 2 ,ul of nuclear extract
(5 to 15 p,g of protein) were used in each reaction, and
binding was allowed to occur for 15 min at 30°C before the
reactions were run at 120 V on 4% nondenaturing acrylamide
gels (80:1 acrylamide/bisacrylamide ratio) in 50 mM Tris-380
mM glycine-2 mM EDTA. The HeLa extract lanes of Fig.
8C were run on an 8% acrylamide gel.
When competitions were performed with an excess of cold

oligonucleotide, competitor was preincubated with the nu-

clear extract for 10 min at 30°C prior to the addition of the
labeled probe; the reactions were then allowed to incubate
for an additional 15 min at 30°C before electrophoresis.
When supershifts were performed with HNF-3 antibodies (1
pl), antiserum to Oct-1 (0.5 pl), or antisera to AP-1 family
members (1 ,ul), nuclear extract was preincubated with
antibody for 20 min at room temperature prior to the addition
of labeled probe; the reactions were then allowed to incubate
for an additional 30 min at 30°C before electrophoresis. The
anti-Oct-1 antiserum was a gift from Robert Roeder. Affini-
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GCTCCAGGGMTGTTGTTCGTCTTIAATACCATGCT eG
* *

GCGAGATGACTMTTMACTAGTGCA 'D

AP-1 AGGTGTGACTCAGCCAT AP-1

*B' GATTAGTTGATrATTGCATGGAGCG *
FIG. 3. CC10 region I, HNF-3, octamer, and AP-1 binding site probes and competitors for EMSA. CC10 oligonucleotides spanning -139

to -70 and -132 to -86 are complete region I probes. Factor binding sites predicted from consensus sequences are indicated by brackets
on the CC10 -139/-70 sequence. The positions at which sequence changes were made in oligonucleotides B, C, and D relative to wild-type
CC10 region I are indicated by asterisks. Locations of consensus factor binding sites in the TTR (HNF-3), octamer, and AP-1 oligonucleotides
are indicated by underlines. See Materials and Methods for sequence sources.

ty-purified antibodies to HNF-3at and HNF-30 were a gift
from Robert Costa. Antisera to the AP-1 factors were a gift
from Rodrigo Bravo (for a description of these antibodies,
see reference 23).

RESULTS

Stimulation of in vitro transcription in H441 extracts by
CC10 upstream sequences. Two distinct DNA binding sites
were identified on the CC10 gene fragment spanning -314 to
+59 by DNase I protection analysis using H441 and HeLa
nuclear extracts. Region I was centered at -110, and region
II was centered at -220. The locations of these sites
correlated with transfection data from H441 cells, which
suggested that Clara cell-specific regulatory sequences re-
side on fragments spanning -314 to -165 and -165 to +59
of the CC10 gene (39). DNA fragments with various amounts
of CC10 upstream promoter sequence (Fig. IA) were tran-
scribed in a cell-free system utilizing H441 or HeLa cell
nuclear extract. H441 extracts supported transcription from
all CC10 promoters tested, whether they contained 833 (not
shown), 314, 165, or 97 bp of upstream promoter sequence
(Fig. 1B). However, H441 extract produced twice as much
runoff transcript from the CC10 -314 and -165 promoters,
which contain region I, as from the CC10 -97 promoter,
which lacks region I (Fig. 1B).
Although HeLa cells did not support transient expression

of the CC10 promoter in vivo (39), HeLa extract did support
transcription of CC10 promoters in vitro. However, unlike
H441 extract, HeLa extract transcribed all CC10 promoters
to an equivalent extent. The ratio of transcriptional activity
of H441 extract relative to HeLa extract was about 2 for the
region I-containing promoters but only 0.7 for the -97
promoter which lacks an intact region I (Fig. 1B).
As a control for variations in the transcriptional compe-

tency of the nuclear extracts, the H441 and HeLa extracts
were also assayed on a mouse 3-major globin promoter
bearing no mammalian sequences upstream of TATA. HeLa
extract transcribed equal amounts of RNA from the minimal

globin promoter, CC10 -314 promoter, or CC10 -97 pro-
moter, confirming that CC10 upstream sequences do not
stimulate transcription in HeLa extract (Fig. 1C; compare
HeLa lanes). In contrast, H441 extract transcribed 2.8 or 2.4
times as much transcript from the CC10 -314 promoter
compared with the CC10 -97 or globin minimal promoter
(Fig. 1C; compare H441 lanes). In several replicates of this
experiment, the ratio of H441 to HeLa transcription was
typically greater than 2.0 from promoters that contain CC10
region I but only 0.4 to 0.7 from promoters lacking region I.

The transcriptional activation conferred by upstream re-

gions of the CC10 promoter in reactions with H441 extract
provided evidence for the existence of a positive regulatory
element between -165 and -97 of the CC10 promoter,
consistent with the location of region I. At least one essential
member of the set of nuclear proteins required to confer
stimulation from this element was apparently absent in HeLa
extracts. Although the region I-mediated in vitro stimulatory
activity of some H441 extract preparations on the -165
CC10 promoter was as great as fivefold (not shown), other
preparations failed to show stimulatory activity. We believe
that at least one component of the activity required to
stimulate in vitro transcription of the CC10 promoter is very
labile, since H441 extracts rapidly lost stimulatory, but not
basal, transcriptional activity upon storage at - 135°C (not
shown). Since the region I-mediated stimulation observed in
the in vitro transcription assay was not great enough to
undertake detailed deletion analysis, the importance of re-
gion I in CC10 expression was corroborated by extending the
previous transfection experiments of H441 cells with CC10-
driven CAT expression constructs (39).

Transient expression assays in H441 cells demonstrate the
importance of region I for CC10 expression. To determine the
regulatory properties of protein-binding motifs within the
CC10 promoter, a series of 10 base substitutions was made
and the influence of these changes on promoter function was
monitored in transient expression assays (Fig. 2). Five
substitution mutations resulted in decreased promoter
strength, as monitored by CAT expression. Mutations

CC10 -1 05/-83
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FIG. 4. Evidence that the EMSA pattern of nuclear proteins
binding to CC10 region I is unique in H441 extracts. EMSAs were
performed with the -132 to -86 region I probe and H441, HeLa, or
rat liver extract or the -139 to -70 probe and FSL extract as
described in Materials and Methods. The slow-migrating band in the
H441 and HeLa patterns is indicated by an asterisk. The FSL
pattern was produced on a different gel than that used for the other
lanes; the FSL bands were aligned with the liver bands, since the
major liver and FSL bands always comigrated in other EMSA
experiments (not shown).

CC10-5, CC10-6, CC10-7, and CC10-8 involved sequence
substitutions within region I and resulted in reduction of
CAT expression to 44, 48, 77, and 60%, respectively, of the
wild-type level. Additionally, mutation CC10-1, which elim-
inated the majority of sequences comprising region II, re-
sulted in a 47% reduction in promoter strength (Fig. 2).
To determine the influence of the entire region I element

on promoter strength, reporter gene expression was moni-
tored following transfection of the H441 cell line with a
substitution/deletion mutation of the -314 to +57 fragment
which lacks region I (CC10-5/8; Fig. 2). Expression of CAT
from the CC10-5/8 mutation was reduced to 27% of wild-type
levels. However, reporter gene expression from the CC10-
5/8 mutation was still H441 specific, as no CAT expression
was detected after transfection into HeLa cells (not shown).
EMSAs of region I. To investigate the interactions of

potential regulatory proteins with region I of the CC10
promoter, EMSAs were performed with H441, HeLa, rat
liver, and FSL nuclear extracts. Liver extract was included
as a source of factors such as HNF-1 and HNF-3, which
have also been reported to be present in the lung (28, 31).
The FSL extract (82 days of gestation) provided a source of
nuclear proteins from alveolar epithelial and pulmonary
endothelial cells; this tissue does not contain a high percent-
age of Clara cells. The DNA probes that were used in these
assays are diagrammed in Fig. 3 and 10. EMSA patterns
generated with each of these extracts by using CC10 region
I as a probe are shown in Fig. 4. The H441 pattern had four
bands, including three strong complexes and a fourth weaker
complex (marked with an asterisk in Fig. 4), which was
occasionally visible only upon overexposure of the autora-
diograms. HeLa extract produced a three-band pattern
which was different from that of H441. Although equivalent
amounts of nuclear protein were used in all assays, the HeLa
bands were considerably less intense than those formed in
H441, liver, or FSL extracts. The fastest- and slowest-
mobility bands in the H441 and HeLa EMSA patterns
comigrated. Rat liver and FSL extracts yielded an identical

extract

comp.
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ng _ 20 :60 20 20
- 20

2 3 4 5 6 7

FIG. 5. Challenge by consensus AP-1 and octamer oligonucleo-
tides in region I EMSA, revealing differential competition in each
nuclear extract. EMSAs were performed as described in Materials
and Methods with the -132 to -86 (H441, HeLa, and liver) or -139
to -70 (FSL) probes after preincubation with the indicated amounts
of nonlabeled competitor DNA. NS, nonspecific competitor
(HaeIII-digested pUC18) which could be included in the reactions at
up to 80 ng with no competition of major bands (not shown). Sixty
nanograms of octamer competitor was used because smaller
amounts do not compete for major H441 or liver complexes (see
Results).

pattern with two major bands, neither of which comigrated
with H441 or HeLa complexes. FSL extracts from early-,
middle-, and late-gestation fetuses gave similar results (not
shown).
To further characterize protein-DNA interactions on

CC10 region I, a series of probes was designed to isolate
potential protein binding sites within this DNA (Fig. 3). The
region was divided into two parts. The left (upstream) side,
from -139 to -105, contains a pair of overlapping octamer
(7/8 and 6/8 match) sites; within these sites is an 8/11 match
to the consensus HNF-3 binding site (9). The right (down-
stream) side, from -105 to -83, contains an AP-1 site which
overlaps with an 10/11 match to the HNF-3 consensus site.
The latter sequence includes within it a 6/8 match to the
octamer binding site. Point mutations were introduced into
the left side to yield probe B, which still contains one
octamer site but has an impaired upstream HNF-3/octamer
site. Mutations were introduced into the right side to yield
probe C, which has an intact HNF-3/octamer motif but an
impaired AP-1 site. Finally, probe D contains an intact AP-1
site but an impaired HNF-3/octamer site. These CC10 se-
quences, along with others containing consensus binding
sites for AP-1, octamer, and HNF-3 transcription factors,
were used to investigate the binding of factors in each
nuclear extract to CC10 region I.
AP-1 binding to CC10 region I. Although all region I

EMSA patterns were stable to competition with an excess of
nonspecific competitor such as pUC18 DNA fragments (Fig.
5, NS lanes), a consensus AP-1 site was an efficient compet-
itor of the central bands in region I EMSAs in assays using
H441 and HeLa extracts (Fig. 5A, lanes 4 and 9). In contrast,
the region I complexes formed in EMSAs using liver or FSL
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FIG. 6. Evidence that antisera to AP-1 family members super-
shift H441 and HeLa extract/region I complexes which were shown
to contain AP-1 via oligonucleotide competition. EMSAs were

performed as described in Materials and Methods with the -132 to
-86 region I probe and the indicated extracts. Each extract was

preincubated with AP-1 oligonucleotide or antiserum for 20 min
prior to the addition of the -132 to -86 probe, as indicated.

extracts were not sensitive to competition by the AP-1
oligonucleotide (Fig. SB, lanes 4 and 7). The central AP-1
complexes in H441 and HeLa extract were sometimes seen
as a poorly defined doublet, the lower part being stable to
competition with the AP-1 oligonucleotide (see Fig. 8A, lane
7, for H441 and Fig. 6B, AP-1 lane, for HeLa). However,
since the presence of this lower band of the doublet was
erratic, we have been unable to identify it.
A preliminary Northern (RNA) blot analysis indicated that

H441 cells contain mRNAs for junB and fral but not for
c-jun, junD, or c-fos (not shown). To identify which mem-

bers of the AP-1 transcription factor family were binding to
region I in H441 extract, antisera specific for JunB, JunD,
Fral, all Jun family members, or all Fos family members
were used to supershift the AP-1-containing EMSA com-
plexes. Figure 6A shows that in H441 extract, antisera to
JunB and Fral produced supershifted complexes. The JunD
antiserum failed to react with the H441 complexes. The Jun
family and Fos family antisera prevented formation of the
AP-1 complex with H441 extract and the region I probe but
did not produce supershifts.

It has been reported that the AP-1 activity in HeLa
extracts is predominantly due to c-Jun homodimers (8).
However, when we used the AP-1 family antisera to classify
the AP-1 activity in HeLa extract/region I EMSAs (Fig. 6B),
we found that the JunB and JunD antisera supershifted the
HeLa AP-1 complex. As in the H441 reaction, the Jun family
antiserum did not form a supershift but did prevent forma-
tion of the AP-1 complex. These data indicate that JunB and
JunD, and probably c-Jun, bind region I in HeLa extract to
some extent. In contrast to the H441 result, the Fos family
and Fral antisera reacted very weakly with the HeLa/region
I complex.

Oct-i binding to CC10 region I. When a consensus octamer
site was used as competitor in region I EMSAs, some

complexes generated with H441, HeLa, or liver extracts
were sensitive (Fig. 5). The octamer site oligonucleotide
competed for all of the HeLa complexes which were not
sensitive to the AP-1 oligonucleotide (Fig. 5A, lane 8).
However, a competitor titration revealed that the consensus

octamer oligonucleotide was only one-seventh as effective as

the region I oligonucleotides in reducing the level of the
major H441 and liver EMSA complexes (not shown). The
upper major bands in H441 and liver were most sensitive to

pract

probe

2 3 4 5 6 7 8 9 10

serum

2 3 4 5 6 7 8 9

FIG. 7. Evidence that Oct-1 binds to CC10 region I weakly in
HeLa and H441 extracts but does not bind at all in liver extracts. (A)
EMSAs were performed as described in Materials and Methods with
the indicated probes and extracts; the region I probe spanned -132
to -86. (B) EMSAs were performed with the -132 to -86 region I
probe and the indicated extracts. Some reactions were incubated
with anti-Oct-1 antiserum or preimmune serum for 10 min prior to
the addition of the -132 to -86 probe, as indicated. Twice as much
HeLa extract was used in this experiment to match the signal in the
HeLa EMSAs to that of H441 and liver extracts.

octamer competition (Fig. 5A, lane 3; Fig. SB, lane 3); note
that three times the mass of octamer oligonucleotide was
used in these experiments relative to the other competitors.
To investigate the possibility that H441 cells might contain

a lung-specific octamer factor, a consensus octamer site was
used as probe in EMSAs with H441 or HeLa extracts (Fig.
7A). H441 extract yielded a single complex with this probe.
A complex of identical mobility was produced by HeLa
extract with the octamer probe (compare lanes 1 and 6).
Since HeLa cells are known to contain the ubiquitous
transcription factor Oct-i as their only octamer-binding
activity (34), this comigration indicated that H441 cells also
contain Oct-1 as their only identifiable octamer binding
activity. None of the major complexes produced with H441
proteins and various partial CC10 probes (lanes 3 to 5)
migrated with the bona fide Oct-1 complex from HeLa
extract (lane 6). This finding suggested that in H441 extract,
Oct-1 does not bind strongly to region I. However, the
weaker complex produced with H441 extract and the region
I probe (asterisk in Fig. 4) did appear to migrate with the
complex obtained with the octamer consensus probe, sug-
gesting that this complex could be due to Oct-1 binding. The
significance of the observation was uncertain, since the
lengths of the region I and octamer oligonucleotides were
different in this experiment.
To definitively establish the role of the Oct-1 protein in the

complexes formed with region I probes, antiserum raised
against Oct-1 was used in EMSAs with region I probes and
H441, HeLa, or liver extract (Fig. 7B). Preincubation of the
nuclear extracts with anti-Oct-1 antiserum prior to probe
addition prevented formation of the slowest-mobility com-
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FIG. 8. Binding of HNF-3 family
EMSAs were performed as described i]
the -132 to -86 probe and H441 (A) c

after preincubation with the indicated
petitor DNA. (C) Reactions containin,
preincubated with the TTR oligonuclec
or HNF-31 for 20 min prior to addition
indicated. The difference in migration
supershift in the HeLa lane relative to
difference in porosity of the gels (see
HNF-3a band in HeLa extract is indi
extract was used in this experiment to
EMSAs to that of H441 and liverextr

plex in H441 and HeLa extract EN~
effect was not seen with preimmu
therefore, this complex must cor
none of the partial region I probe
H441 or HeLa extract (Fig. 7)
indicating that Oct-1 needed anin
these conditions. Neither immur
prevented the formation of any co
extract (lanes 8 and 9).
HNF-3 binding to CC10 region

sites were used as competitorsi]
plexes in H441 and liver extracts
(Fig. 8). The HNF-3 binding sites
the strong HNF-3 binding site pr

thyretin promoter (TTR [6]) andal
the albumin enhancer (eG [29]), v

one-fourth as well as TIR does
extract (Fig. 8A), TTR, eG, an
HNF-3 site (C) competed equally
lower complexes. As noted aboN
competed for the central band oI
CC10 B oligonucleotide was inclu(
nonspecific control since this seqt
HNF-3 binding sites; as expecte
major H441 complexes. However,
and1TR contains a 5/8match to t
therefore not surprising that bott
competed for the weaker Oct-1 coI
extract, the TIR, eG, and C DN

B Liver extract plexes as effectively as self (Fig. 8B). The AP-1 and B
self "B" TrR eG 40"CM Ap-I oligonucleotides did not compete for liver complexes. These
2020-20 20 results indicated that HNF-3 is a major component of the

complexes formed with CC10 region I and H441 extracts.
qp Essentially all of the complexes generated with liver nuclear

W w _ extracts appeared to contain HNF-3.
Distinct HNF-3 factors bind the CC10 HNF-3 sites in H441

u n !w and liver extracts. HNF-3 is a family of transcription factorswhich was first found in liver extracts (28). Since the
complexes sensitive to competition by HNF-3 sites in H441

2 3 4 5 6 7 and liver extracts did not comigrate in the EMSAs, it was
considered likely that they were formed by different mem-

HeLa bers of this transcription factor family. EMSAs using the
TTR and C probes with H441 and liver extract were per-
formed; comparison with published HNF-3 EMSA patterns
(28) suggested that HNF-3a was binding region I in H441
extract and HNF-31 was binding region I in liver extract (not
shown). To verify this finding, antibodies specific to HNF-3a
and HNF-31 were used to supershift H441 or liver com-
plexes formed with the region I probe. The results in Fig. 8C

-HNF-3 confirm that the upper and lower major complexes generated
with H441 extract and the region I probe contained HNF-3a,

8 9 10 TI as they were both supershifted by the antibody to HNF-3ct
members to CC10 region I. (lane 2). These same complexes were unreactive with the
n Materials and Methods with HNF-31 antibody (lane 3). In contrast, region I complexes
)r rat liver (B) nuclear extract generated in liver extract were predominantly reactive to the
amounts of nonlabeled com-amounts o nonlabeedcor HNF-33 antibody (lane 7) and showed greatly reducedIgthe indicated extracts were ..gtideorantibodies to HNF-3a reactivity with the HNF-3a antibody (lane 6).
ofthe -132 to-86 probe, as The amount of H441 or liver extract used in EMSAs withof theHNF-3a complex and the region I probe dictated the proportion of each HNF-3
the H441 lane was due to the complex produced in the reaction. At very low extract
Materials and Methods); the concentrations, only the faster-mobility HNF-3 complex
icated. Twice as much HeLa formed. However, at high extract concentrations, the slow-
match the signal in the HeLa er-mobility band predominated. Indeed, when very high
'acts. concentrations of liver extract were used, only the slower-

mobility complex formed. These results (not shown) suggest
that in the faster-mobility HNF-3 complex, only one of the

4SAs (lanes 2 and 5). This two region I HNF-3 binding sites is occupied, whereas in the
ine serum (lanes 3 and 6); slower-mobility complex, both HNF-3 binding sites are
itain Oct-1. Interestingly, occupied. This assertion is supported by the fact that the
s were bound by Oct-1 in degenerateHNF-3 binding site contained within the octamer
k and data not shown), probe competed to a much greater extent for the slower-
tact region I to bind under mobility HNF-3 complex than for the faster-mobility HNF-3
ie nor preimmune serum complex (Fig. 5A, lane 3; Fig.5B, lane 3).
mplexes observed in liver HeLa extract has not been reported to be a source of

HNF-3. However, the identity of the fastest-migrating com-
I. When HNF-3 binding plex in HeLa/region I EMSAs had not yet been established.
n region IEMSAs, com- Since this band comigrated with the faster-mobility HNF-3aX
were found to be sensitive complex of H441 extract (Fig. 4), it was possible that this
used as competitors were band contained HNF-3a. Competition of a HeLa/region I
esent in the mouse trans- EMSA with the consensus HNF-3 site (TTR) efficiently
n HNF-3 binding site from competed for this complex (Fig. 8C, lane 9). Additionally,
which binds HNF-3 about inclusion of the antibody to HNF-3oa, but not the antibody to
,. In reactions with H441 HNF-313, supershifted this complex, indicating that this band
Id the CC10 downstream is due to HNF-3ac binding (lane 10). Notice that for lanes 8 to

e for the major upper and 11 of Fig. 8C, a higher percentage polyacrylamide gel was
{e (Fig. 5), the AP-1 site used (8%) than in the experiments shown in Fig. 4 and Fig.
nly. Competition with the 8, lanes 1 to 7 (4%).
ded in this experiment as a Can AP-1 and HNF-3 bind region I simultaneously? The
aence contains no AP-1 or AP-1 and downstream HNF-3 binding sites present in region
d, B failed to affect the I overlap, and it seemed unlikely that both AP-1 and HNF-3
note that B contains a 6/8 would bind these sites simultaneously. To test this inference,
he octamer sequence. It is the region I probe which contains only these two binding
i of these DNAs partially sites (right probe) was used in EMSAs with either the CC10
mplex. In assays with liver HNF-3 site or the CC10 AP-1 site (contained on oligonucle-
'As competed for all com- otides C and D, respectively; see Fig. 3) as competitor. The
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extract

competitor
or ul extract
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FIG. 9. Ability of HNF-3 or AP-1 to bind to the CC10 right
probe. EMSAs were performed as described in Materials and
Methods with the CC10 right probe and the indicated extracts.
Lanes 1 to 3 contained 1 pl of H441 extract; lanes 2 and 3 were
preincubated with 20 ng of the indicated nonlabeled competitor
DNAs. Lanes 4 to 7 contained 1 or 2 Ill of extract as indicated and
no competitor DNA.

H441 extract EMSA pattern with the right probe consisted of
two bands (Fig. 9, lane 1). The slower complex was due
solely to AP-1 binding, as it was sensitive to competition
with either the CC10 AP-1 site (lane 2) or the consensus AP-1
site (not shown) but not the CC10 HNF-3 site (lane 3). The
faster complex was due solely to HNF-3a, as it was sensitive
to competition with the CC10 HNF-3 site (lane 3) or TTR
(not shown) but not the CC10 AP-1 site (lane 2). The faster
complex was also supershifted by anti-HNF-3a antibody
(not shown).
As expected, two complexes were observed with the right

probe in HeLa extract (Fig. 9, lane 6), but only a single
complex was observed in liver extract (lane 7). Competition
with appropriate oligonucleotides has shown the slower
band in EMSAs with HeLa extract and the right probe to be
the AP-1 complex and the faster band to be the HNF-3
complex (not shown). The region I AP-1-containing com-
plexes from H441 and HeLa extracts did not comigrate,
supporting the conclusions from the antibody analysis that
these complexes contain distinct AP-1 activities. In contrast,
the H441 and HeLa HNF-3 complexes did comigrate, indi-
cating that they contain the same factor, namely, HNF-3a.
The intensities of the faster complexes in lanes 4 and 6 of
Fig. 9 indicated the relative amount of HNF-3a in H441 and
HeLa extracts, since the extracts used had roughly equiva-
lent protein concentrations (7.4 and 6.5 mg/ml for H441 and
HeLa, respectively). The EMSA with liver extract and the
right probe showed a strong but diffuse band. This band was
not sensitive to competition by the CC10 AP-1 site (not
shown). Competition and antibody supershift experiments
proved that this band was composed of predominantly
HNF-3,, although some HNF-3a was also able to bind (not
shown); HNF-3a binding accounted for the indistinct upper
border of this band.
Do proteins from H441 nuclear extract bind region I probes

which contain point mutations in factor binding sites? Once
the factors which bound region I in the Clara cell-like H441
extract were identified, mutations were introduced into this
region to demonstrate that disruption of one or more binding
sites resulted in the predicted loss of factor binding. The
mutations were designed to contain the minimal number of
base substitutions necessary to recreate the loss of binding
sites caused by the linker scanning mutations CC10-5, -6,
and -7. For the purpose of describing these probes, the
upstream HNF-3/octamer site was called A, the central
octamer/AP-1 site was called B, and the downstream oc-

probe

oct-i

HNF-3 (both sites)

AP-I

HNF-3 (one site)

H441 Extract

Null WT B.C A,C! A

I

-4w

1 2 3 4 5

B

m-
a-CrzXED
I HF-3HN11LIF-3 I

A c

FIG. 10. H441 extract EMSA patterns on region I probes con-
taining point mutations in factor binding sites. EMSAs were per-
formed as described in Materials and Methods with H441 extract
and either wild-type region I (WT) or the point-mutated versions of
region I diagrammed in the simplified cartoon at the bottom. Probe
names reflect the presence of the factor binding sites indicated in the
cartoon. Sequences for the probes are given in Materials and
Methods. The proteins whose binding generates the four complexes
observed with the wild-type region I probe are indicated at the left.

tamer/HNF-3 site was called C (see simplified cartoon in Fig.
10). Probe B,C contained only the AP-1 and downstream
HNF-3/octamer binding sites (similar to CC10-5). Incubation
of this probe in H441 extract generated two complexes (Fig.
10, lane 3); one comigrated with the AP-1 complex and the
other migrated with the fast (monomeric) HNF-3 complex of
the wild-type -139/-70 probe (lane 2). Probe A,C contained
the upstream and downstream HNF-3/octamer binding sites
(similar to CC10-6). This probe bound two complexes (lane
4), which comigrated with the fast (monomeric) and slow
(dimeric) HNF-3 complexes of the wild-type probe. Probe A
contained only the upstream HNF-3 and octamer binding
sites (similar to CC10-7). Two of the complexes generated
with this probe (lane 5) comigrated with the fast HNF-3 and
Oct-i complexes of the wild-type probe. A weaker third
band comigrated near the AP-1 complex of the wild-type
probe but was not sensitive to AP-1 competition (not
shown). We have not yet determined the identity of this
band; it does not correspond to any of the complexes
described above. The null probe contained point mutations
which would disrupt binding sites A, B, and C (similar to
CC10-5/8). Although this probe is 70 bp in length, just nine
nucleotide substitutions abolished all specific protein binding
to this mutated version of CC10 region I (lane 1).

DISCUSSION

Our earlier analysis of the protein-DNA interactions at the
CC10 promoter demonstrated that region I, located 79 to 128
bp upstream of the transcriptional start site, bound nuclear
proteins in a cell-type-dependent manner and may therefore
be involved in the Clara cell-specific expression of CC10
(39). In the present study, in vitro transcription results and
transient expression experiments utilizing linker scanning
mutations of region I are consistent with a role for this
element in regulation of the CC10 gene in H441 cells. The
identities of the transcription factor families which bind to
region I were determined by using CC10 sequences and
consensus transcription factor binding sites as probes and

H441 H441 HeLa Liver
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competitors in EMSAs. Reaction of the EMSA complexes
with antibodies confirmed the identity of factors from H441,
HeLa, and liver nuclear extracts which bind to region I.
These factors are either ubiquitous (Oct-1) or expressed in
many cell types other than lung cells (members of the AP-1
and HNF-3 families). Since the elimination of region I does
not completely abolish H441-specific expression in our as-
says, it is possible that lung specificity resides, entirely or in
part, in elements outside of region I, such as region II.
However, since the CC10 -165 promoter, which lacks
region II, was active in transfections of H441 cells (39), lung
specificity could be conferred by a lung-specific array of
generic factors which bind region I. Consistent with this
idea, the particular collection of region I binding proteins in
H441 extracts was unique among the cell types that we
tested.
Which factors interact with CC10 region I? Oct-1 was

found to bind weakly to CC10 region I in H441 and HeLa
extracts, giving rise to the slowest-migrating complex
formed on the region I probe with either of these extracts
(Fig. 7B, lanes 1 and 4). This weak Oct-1 binding (Fig. 7A;
compare Oct-1 binding to the consensus octamer probe in
lane 1 versus the region I probe in lane 2) can be explained
by the presence of four degenerate octamer sites within
region I. It has been demonstrated that Oct-1 can bind
degenerate octamer sequences, although an imperfect match
to consensus reduces affinity (1). Oct-1 did not bind any of
the partial region I probes (Fig. 7A), so initially we could not
determine which octamer binding site was occupied by Oct-1
in H441 nuclear extracts. However, in the experiment in Fig.
10, Oct-1 was found to bind strongly to a point-mutated
probe lacking the downstream octamer sites (probe A, lane
5), suggesting that the two upstream sites within region I are
most important for Oct-1 binding. Oct-1 bound probe A
much more strongly than did the wild-type probe (Fig. 10;
compare lanes 2 and 5). Interestingly, the point-mutated
region I probe A,C does not bind Oct-1 (Fig. 10, lane 4),
despite the fact it contains the same upstream octamer
binding sites as does probe A. This situation mirrors that of
the left probe (Fig. 7A, lane 5), which also contains both
upstream octamer binding sites but does not bind Oct-1.
Further studies will be required to determine how protein-
protein interactions within region I influence the binding of
Oct-1 to this DNA sequence.
The initially confusing observation that competition with

the consensus octamer site eliminated some HNF-3 com-
plexes in H441, HeLa, and liver EMSAs at high oligonucle-
otide concentrations (Fig. 5A, lanes 3 and 8; Fig. 5B, lane 3)
is explained by the fact that our octamer probe contained a
7/11 match to the HNF-3 consensus site. The EMSA reac-
tions employing the anti-Oct-i-specific antisera demon-
strated that the complexes which were only moderately
sensitive to competition with the octamer oligonucleotide
did not contain Oct-1.
Complexes formed with H441, liver, or HeLa extract on

region I were sensitive to competition with HNF-3 binding
sites in an EMSA (Fig. 8). Antibodies specific to HNF-31
supershifted region I complexes made with liver extract (Fig.
8C, lane 7) but were unreactive in H441 or HeLa assays
(lanes 3 and 11). Antibodies specific to HNF-3o supershifted
region I complexes with all three extracts (lanes 2, 6, and
10), although the liver extract/HNF-3a supershift was much
weaker than the HNF-3P supershift.
The relatively simple EMSA pattern formed with the

region I probe and rat liver extract was the result of HNF-31
binding. We believe that the region I HNF-3 sites are

occupied by HNF-3, in FSL extract as well as in liver
extract, since both extracts gave complexes of identical
mobility with region I probes (Fig. 5B). Although expression
of CC10 in the lung is detectable before birth (37), CC10-
producing cells would not represent a major proportion of
the cells in a lung tissue preparation. Thus, we were not
expecting to detect an identical factor set in the Clara
cell-like H441 cell line and in fetal lung tissue. The similarity
of region I complexes found in liver and FSL nuclear
extracts is perhaps not surprising. Transcription factors once
thought to be hepatocyte specific have recently been found
to be present in a variety of tissues derived from primitive
gut endoderm, such as the lung and the intestine (27). It will
be of interest to compare transcriptional regulation in these
two organs of foregut origin, as it has been suggested that
their biochemical maturation processes may be analogous
(10).
Only HNF-3ot binds region I in H441 and HeLa extracts,

in contrast to liver extracts, in which HNF-3P binding
strongly predominates. EMSAs performed with partial re-
gion I probes which contain only the upstream or down-
stream HNF-3 site demonstrated that a single major complex
was observed in H441 extract (Fig. 7A, lanes 3 and 5).
Antibody supershifts have confirmed that these complexes
contain HNF-3a (not shown). Indeed, we have been able to
detect little, if any, HNF-3P in H441 extracts with use of a
variety of probes (not shown). As in the case of liver and
FSL extracts, titrations of H441 extract in region I EMSAs
suggested that both HNF-3 sites are occupied at high extract
concentrations; only the fastest-migrating HNF-3a complex
formed at low extract concentrations, while the slower-
migrating HNF-3a complex predominated at high extract
concentrations (not shown).
The low amount of HNF-3a binding to region I seen with

HeLa extract is consistent with the weak HNF-3a signal this
extract produces with the TTR probe (not shown). Incuba-
tion of high levels of HeLa extract with a region I probe did
not generate two bands sensitive to competition with HNF-3
binding sites. EMSAs employing HeLa extract and the
partial region I probes showed low but reproducible levels of
HNF-3a binding to the right probe (faster band in Fig. 7A,
lane 9) but almost no binding to the upstream HNF-3 site on
the left probe (lane 10). This finding indicates that the
upstream CC10 HNF-3 site probably has a weaker affinity
for HNF-3oa than does the downstream site and would thus
be the second site to be occupied at high extract concentra-
tions in H441 extract. This conclusion is consistent with the
fact that the upstream sequence matches the HNF-3 consen-
sus at only 8 of 11 positions, while the downstream site
present on the C probe matches at 10 of 11 positions.
AP-1 was found to bind to CC10 region I in H441 and

HeLa cell nuclear extracts. Antisera specific to two AP-1
family members, JunB and Fral, were able to supershift the
H441 extract/region I AP-1 complex. These data agree with
our observation that H441 cells contain mRNAs forjunB and
fral but do not contain messages for c-jun, junD, or c-fos
(not shown). Therefore, the AP-1 type that binds region I in
H441 extract is most likely JunB/Fral heterodimers; how-
ever, we have not yet determined whether Fra2 or FosB is
present in H441 extract. In HeLa extract/region I EMSAs,
antisera specific to JunB, JunD, and all Jun family members
reacted strongly with the HeLa AP-1 complex, whereas
antisera specific to Fral and Fos family members reacted
weakly. Therefore, we cannot determine from our experi-
ments the most likely composition of the AP-1 binding to
region I in HeLa cells. The differential reaction to anti-AP-1
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antisera of AP-1-containing complexes formed on region I
with H441 or HeLa extract suggests that these complexes
contain different AP-1 proteins. This observation is sup-
ported by the fact that the mobilities of these complexes are
different in region I EMSAs (Fig. 9; compare slower com-

plexes in lanes 5 and 6).
Use of CC10 right as the labeled probe in EMSAs with

H441 and HeLa extracts confirmed that both AP-1 and
HNF-3 interact with their binding sites on this DNA. How-
ever, since neither band was sensitive to competition by
both binding sites, it is clear that AP-1 and HNF-3 cannot
bind simultaneously (Fig. 9). Even in experiments using very
high concentrations of extract, we cannot force both factors
onto this sequence (not shown). This is not surprising, since
these protein binding sites overlap (Fig. 3). Interestingly,
although liver extract has been shown to contain AP-1
activity (46), liver extract does not appear to contain an AP-1
factor which will bind to the CC10 region I AP-1 site. Since
the region I HNF-3 sites are occupied predominantly by
HNF-30 in liver extract, as opposed to HNF-3a in H441 and
HeLa extracts, we thought that the strong binding of
HNF-3p to region I might exclude potential AP-1 binding.
However, competition of a liver extract/region I EMSA
reaction with an HNF-3 binding site which lacks an AP-1 site
did not reveal an AP-1 binding activity (Fig. 8B, lanes 5 and
6). Additionally, we have recently discovered that in nuclear
extracts from the A549 cell line, a human lung adenocarci-
noma lacking any Clara cell characteristics, HNF-3p or AP-1
can bind to region I (not shown). Therefore, our failure to
detect an AP-1 binding activity in liver extract was not
simply the result of the presence of HNF-3t3.
What is the significance of the factor interactions within

region I for CC10 expression? The strongest evidence for the
importance of region I in CC10 expression is the drop in
activity of linker scan mutation CC10-5/8 in transient assays

relative to the activity of the intact parental construct. In
CC10-5/8, entirely unrelated sequence has replaced region I,
resulting in a fourfold reduction of promoter activity.
Smaller sequence substitutions within region I, namely,
CC10-5, -6, -7, and -8, reduced activity of the promoter at
most twofold. We would expect that the upstream HNF-3
and octamer sites are lost in CC10-5, the AP-1 site is lost in
CC10-6, and the AP-1 site and the downstream HNF-3 and
octamer sites are missing in CC10-7. To confirm that the loss
of these sites caused a loss of factor interactions, we

synthesized four new region I oligonucleotides which should
also lack the relevant factor binding sites. To simplify
interpretation, we recreated the effects of the linker scans by
using the smallest number of point mutations expected to
eliminate the sites which were disrupted by linker scanning.
These new probes (Fig. 10) were called B,C (the analog of
CC10-5), A,C (the analog of CC10-6), and A (the analog of
CC10-7). The null oligonucleotide, with a total of nine base
changes, should not contain any of the binding sites that we
characterized and was thus analogous to CC10-5/8. As
shown in Fig. 10, each of the point-mutated versions of
region I failed to produce at least one of the four factor
complexes generated by H441 extracts on wild-type region I;
none of these complexes were obtained with the null oligo-
nucleotide. Thus, the loss of transcriptional activity of the
CC10-5, -6, -7, and -5/-8 constructions may reasonably be
interpreted as loss of the ability to bind some or all of the
transcription factors characterized here.

Surprisingly, mutation CC10-8 occurs in a region in which
we did not detect protein binding. However, examination of
this region reveals a highly AT-rich sequence. Proteins

which bind AT-rich DNA sequences are often difficult to
detect in the presence of high amounts of some nonspecific
competitor DNAs, such as poly(dI-dC), which were used in
these experiments (38). For example, HMG I(Y), which
binds DNA in the minor groove, has recently been shown to
be important in the regulation of the beta interferon pro-
moter; the sequence disrupted in mutation CC10-8 is very
similar to the HMG I(Y) binding site in PRD2 of the beta
interferon promoter (42). It is therefore possible that other
factors bind to the most downstream portion of region I but
were not detected in our binding assays.

Specific members of transcription factor families are re-
quired for transcriptional activation by region I. Although we
have determined that HeLa extract contains three transcrip-
tion factors capable of binding to region I in vitro, HeLa cells
do not support transient expression from the CC10 promoter
(39). We did find that the binding of HeLa nuclear proteins to
CC10 region I was weaker than binding of H441 or liver
proteins (Fig. 5A or 9). In particular, it is possible that HeLa
cells do not contain a high enough level of HNF-3a to
activate this promoter. Alternatively, since the type of AP-1
from HeLa extracts which binds region I appears to be
different from the region I-binding AP-1 activity in H441
extracts, the binding of the incorrect AP-1 to this promoter
could have failed to activate or even repressed transcription
in vivo (8). It is important to note that we have also
examined the region I factor binding set in A549 cells, which
do not support CC10 expression in transfection assays. A549
contains a member of each of the transcription factor fami-
lies (AP-1, Oct-1, and HNF-3) which bind CC10 region I in
H441 extracts; however, the HNF-3 type in A549 is HNF-31
(not shown). The inactivity of the CC10 promoter in A549
cells may indicate that the binding of the "incorrect" tran-
scription factors, such as HNF-3,B, to region I may serve to
negatively regulate CC10 in lung cell types related to the
Clara cell, as has been suggested for other genes (see, for
example, reference 4).
Importance of region II to CC10 expression. Our initial

survey of the upstream sequences of the CC10 promoter via
DNase I footprinting and transient transfection indicated
that a second region, located around -220, was also impor-
tant to CC10 transcription; we termed this region 11 (39).
Although the reduction in activity of CC10-1, a linker
scanning mutation of region II, confirms that this region is an
important component of CC10 expression, stimulatory tran-
scriptional activity was not observed on the -314 promoter
relative to the -165 promoter in the in vitro transcription
assay (Fig. 1B). Additionally, we have been unable to
produce cell-specific EMSA patterns with region II (not
shown). The fact that complete removal of region I failed to
abolish all transcription from the CC10 promoter may have
been due to the positive effect of region II on the CC10-5/8
promoter.

Transcriptional regulation of CC10 and uteroglobin. Both
the amino acid sequence and the sequence of the upstream
promoter region of CC10 are very similar to those of rabbit
uteroglobin (16). In rabbits, uteroglobin is expressed at high
levels in the uterus and at low levels in the lung, which is the
reverse of the expression pattern seen with CC10 (16). While
the functional and evolutionary relationship between CC10
and uteroglobin is not clear, a comparison of the transcrip-
tional regulation of these genes is of interest since both genes
are expressed in the lung and uterus. The uteroglobin
promoter contains a region located 90 to 130 bp upstream of
the start site which is similar to CC10 region I. This region
contains two octamer-like motifs which are believed to bind
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Oct-1 (41). Additionally, three sequences in this region of the
uteroglobin promoter match the HNF-3 consensus at 9 of 11
positions; however, none of these sequences match either of
the CC10 HNF-3 sites.

Studies by Misseyanni et al. (32) detected protein binding
to this region in uterine (Ishikawa) and nonuterine (HeLa)
extracts in a DNase I protection assay. Analysis of subse-
quent linker scanning mutations suggested that this region of
the promoter was important for transient expression in
Ishikawa and H441 cells (41). Interestingly, the effects of
each mutation were not equivalent in the two cell types.
Preliminary EMSAs using the uteroglobin -90 to -140
sequence as a probe failed to demonstrate binding of H441
proteins. Furthermore, this sequence did not serve as an
efficient competitor in H441/region I EMSAs, despite the
presence of the three degenerate HNF-3 sites (not shown).
Recent studies in which the uteroglobin promoter was used
to drive reporter expression in transgenic mice demonstrated
that animals carrying a transgene with 600 bp of the utero-
globin promoter expressed the transgene in the uterus and
lung (7), while animals carrying a transgene with 400 bp of
the uteroglobin promoter expressed the transgene in the
uterus only (26). These experiments suggest that sequences
present between -400 and -600 bp are responsible for the
expression of uteroglobin in the mouse lung. Considering
these observations, it seems likely that the sequences re-
sponsible for lung-specific expression of the rabbit uteroglo-
bin gene in mice are different from the sequences examined
in this study.

Region II is highly GC rich and resembles an SP-1 site.
Another group has recently shown that novel transcription
factors related to SP-1 interact with a site in a similar
location on the uteroglobin promoter (15). We therefore
challenged an H441 extract region II/EMSA complex with an
SP-1 sequence as competitor. However, this sequence did
not compete for the H441/region II complex (not shown). It
therefore seems unlikely that an SP-1-like factor is interact-
ing with region II of the CC10 promoter in H441 cells.
Further study will be required to determine the importance
of region II to CC10 transcriptional regulation.
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